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Abstract 

 

In current buildings rigid structures are mainly used. To generate this rigidity a relatively large 

amount of material is needed. In some cases this rigidity isn’t necessary. So it is possible to use 

structures or structural elements which are more flexible. By using structures which are flexible, 

the amount of material could reduce significantly.  

In this project the development of a flexible banner is subject of investigation. The scope of this 

project is to reduce loads on and forces in the structure by making use of large deformations. By 

studying this banner the usefulness of investigation of flexible structures should become clear. 

The research goal is: 

 

“To investigate and design a banner, which uses flexibility to reduce loads on and forces in the 

structure and makes clear the usefulness of research about flexibility in structural design.” 

  

Flexibility is the passive adaptation of a structure. The structure deforms due to external loads. 

These deformations are very large and influence the loads on the structure and the forces in the 

structure. The goal is to reduce these loads on and the forces in the structure when deformations 

appear. The passive adaptation of a structure can be divided into different flexibility typologies. 

These are: 

 

Principle 1: Avoiding loads 

 Reduction of loaded surface 

 Reduction of drag coefficient 

 Reduction of friction 

 

Principle 2: Efficient use of material 

 Activation of material 

 Configuration of material 

 

Principle 3: Dynamic introduction of forces 

 

In nature countless number of organisms can be found which use one or several of these 

flexibility principles. Nature developed over billions of years and only the fittest organisms 

survived. These organisms contain the most efficient and lightweight structures which are 

created with the least amount of energy. These organisms and structures are very complex so 

the principles of it should be abstracted. By simplifying these principles it will be possible to 

produce it with the nowadays available fabrication techniques. So by studying organisms which 

use flexibility it should be possible to develop new structural principles. The science of 

mimicking nature is called biomimicry. Biomimicry is the examination of nature, its models, 

systems, processes and elements to emulate or take inspiration from in order to solve human 

problems. 
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In this project nature and especially the bat wing is used as inspiration for the development of a 

flexible banner. By abstracting the principles of the bat wing a design concept for a flexible 

banner is developed and improved during the project.  

The first two banners consist of a flexible membrane which is pre-stressed between stiff 

elements. These stiff elements are mutually spring connected. The third variant consists of 

flexible members with a membrane stressed in between. The flexible members are mutually rigid 

connected and can mainly bend perpendicular to the plane of the membrane. 

 

The banners are analyzed by using three kinds of models, which are: 

 Physical models 

 Analytical models 

 Numerical models 

 

The physical models show the difficulty to develop a flexible but also stable structure. When 

large deformations occur, the membrane flaps like a flag in the wind. When a relatively stiff edge 

cable is introduced to stabilize the membrane, it will form a sack when it deforms. This 

behaviour is undesirable. These physical models also showed the influence of the Young’s 

modulus of the membrane. When the Young’s modulus is low, large strains occur and the frontal 

area doesn’t decrease. 

 

In the next phase analytical models are developed. These models are a simplification of the 

structure which shows a much more complex behaviour. The analysis show relatively large 

deformations at low wind speeds and relatively smaller deflections at higher wind speeds. This 

principle also occurs at a lot of flexible structures in nature.  

The first analyses show a reduction of frontal area. The deformations also have a positive 

influence on the stresses in the membrane. This is due to the increased curvature of the 

membrane. This causes a reconfiguration of the material of the membrane and leads to an 

increased efficiency of material usage. 

The analytical models are limited by the used approximation formulas. These formulas are valid 

for a relatively small range of deformations. In this phase of the project the rough estimations 

for spring stiffnesses and deflections are of main interest. 

 

At last, numerical models are developed to analyse the structures. These analyses can be 

divided in two parts: 

 Finite element method analyses (FEM) 

 Fluid structure interaction analyses (FSI) 

 

The FEM analyses show once more the influence of the support conditions and the difficulty of 

developing a flexible but also stable structure. The analyses show the direct influence of spring 

stiffness on the deformations. In addition, it shows that the amount of pre-stress doesn’t 

influence the deformations enormous. 

The Young’s modulus of the membrane should be chosen large enough to avoid large strains in 

the membrane. These strains often result in an undesirable deformed shape of the structure. 
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Because there isn’t a commercial FSI tool available, a partitioned fluid-structure interaction tool 

is developed to do the numerical analyses. This tool is developed with the available commercial 

software at the TU/e. With this tool it’s possible to investigate the influence of the large 

deformations of a structure on the loads on and the forces in the structure. This tool calculates 

the deformation of a structure loaded at a certain wind speed very accurately. In an iterative way 

the equilibrium between pressures and deformations is found. 

This semi-automated tool is developed to calculate a relative simple structure, but it’s also 

usable to investigate and calculate more complex structures.  

 

With the developed FSI-tool and methodology three variants of the banner are analyzed. The two 

banners which use bar elements to stabilize the structure show convergence with some 

disturbance. This is caused by small instabilities in the structure. The third variant is much more 

stable and shows likewise smooth behaviour in convergence. 

 

The results of the three banners are divided by the flexibility typologies of passive adaptive 

structures earlier mentioned. The results are: 

 

Principle 1: Avoiding loads 

 Reduction of loaded surface; up to 20% 

 Reduction of drag coefficient; up to 18% 

 Reduction of friction; not considered in this project 

 

Principle 2: Efficient use of material 

 Activation of material; used to stabilize the structure 

 Configuration of material; has a positive influence on the stresses in the membrane 

 

Principle 3: Dynamic introduction of forces; not analyzed in this project 

 

The reduction of loaded surface, drag coefficient and the reduction of these loads at specific 

locations lead to a reduction of forces and moments on the banner. 

 Reduction of forces on the banner up to 34% 

 Reduction of moments at the foot of the banner up to 46% 

 Reduction of moments at the column of the banner up to 36% 

 

The study shows that besides reduction of loaded surface and drag coefficient also the locations 

of the reductions can have a large influence. When these reductions are achieved far away from 

the column, the moments can be enormously reduced. 

The reductions of stresses in the membrane are due to an increase in curvature of the 

membrane. These changes are in this project mainly qualified and not quantified.  

 

At last, this project shows the importance of investigating flexible structures and can be seen as 

an example and an inspiration for future investigations about flexibility in structural design 

inspired by compliance in nature. 
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1. Introduction 
 

In current buildings rigid structures are mainly used. To generate this rigidity a relatively large 

amount of material is needed. In many cases this rigidity isn’t necessary, so it is possible to use 

structures or structural elements which are more flexible. By using structures which are flexible, 

the amount of material can possibly be reduced. Before applying flexible elements it’s necessary 

to study flexibility in structural design, to understand the possibilities for flexible structures or 

flexible elements.   

Nature contains countless examples of flexible structures which use a minimum amount of 

material. The structures are optimized over billions of years and have developed to the most 

efficient structures and structural principles. When these principles are studied abstracted and 

translated to flexible structures it should be possible to develop more efficient and flexible 

structural principles.   

This project focuses on flexibility and how it can be used in structural design. Structures which 

are literally flexible and use their flexibility to reduce the forces in and loads on the structure are 

subject of investigation. In this project a flexible banner is developed and investigated. The 

banner is initially based on the principles of the batwing and other general principles out of 

nature. The different parts of the banner are examined and the effects of the different variables 

are calculated, analyzed and described. At the end, the influences of the different variables and 

the influence of varying geometries will become clear and will lead to a banner which uses 

flexibility to reduce the loads on and forces in the structure. 

 

The report starts by explaining the research goal and the scope of this project (Chapter 2). 

Subsequently, the meaning of flexibility in this project and the link with nature is set out 

(Chapter 3). After that, the research definition is handled (Chapter 4). This chapter handles the 

design concept of the banner.  

The next chapter handles the scientific approach of this project (Chapter 5). After this, the 

results of the analysis of the physical models (Chapter 6), the analytical calculations (Chapter 0) 

and the numerical calculations and analysis (Chapter 8) are handled.  

The report ends with the conclusions and recommendations for future investigations (Chapter 

9). 
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2. Research goal 
 

The main scope of this project is to create a flexible structure which uses material in a more 

efficient way in comparison with rigid structures. In the literature study (Bosma, 2012) different 

examples of flexibility in nature are studied. The principles and models of these examples are 

used as inspiration for the graduation project. During this study the bat wing showed to be one 

of the most promising structures. By abstracting and concretizing the principles of the bat wing 

a design concept for a flexible surface is developed. This surface will in first place be treated as 

a flexible banner. The different parts of the banner are investigated and the influences of 

variables and configurations are explored.  

The second goal of the project is to make clear the usefulness of studying flexibility in structural 

design. It isn’t always possible to use flexibility in every part of a structure but flexibility should 

be investigated so it could possibly be used in structural design. Nature contains countless 

examples of flexibility which can be studied to improve our knowledge. When our knowledge 

about flexible structures increases it will become easier to use flexibility in structural design. 

Based on the literature study the following research goal arises. 

 

“To investigate and design a banner, which uses flexibility to reduce loads on and forces in the 

structure and makes clear the usefulness of research about flexibility in structural design.” 

  

The research goal can be divided in three parts.  

 The first component is the investigation and the design of a flexible banner. In this part 

the design concept of the banner, which uses principles of nature should become clear.  

 The second component is the application of flexibility in structures to reduce and 

withstand forces on the structure. In this part the different variables and their influence 

on the structure are investigated.  

 The last fragment contains the usefulness of research about flexibility in structural 

design. This project is a plea for more research about flexibility in structural design. We 

should try to understand what flexibility is and how and where it can be in structures. By 

a better understanding and an increased knowledge it becomes easier to implement 

flexibility in structural design. 
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3. Flexibility and nature 
 

This chapter illustrates the general results of the literature study about flexibility in structural 

design and compliant structures in nature (Bosma, 2012). At first, flexibility is described and the 

different flexibility typologies are handled. Subsequently several organisms are described. 

Herby the focus lies on how they use flexibility to withstand loads. In this part also a few objects 

which use flexibility are handled. From these organisms and objects the main principles are 

abstracted and described. The complete version of this study can be found in the report 

“Flexibility in structural design inspired by compliance in nature”. 

 

3.1. Flexibility 

Flexibility is taken very literally in this project. It is the ability of a structure to deform. These 

deformations can be introduced in two ways.  

 The first way is a passive adaptation of the structure. Here the loads on the structure 

introduce a certain deformation. If this deformation is designed in an efficient way, loads 

on the structure will be avoided or the internal forces will reduce.  

 The second way to introduce deformations is by an active adaptation of a structure. By 

using sensors and actuators the structure deforms actively when loads change. The 

structure deforms in such way that material is used highly efficient. 

In this assignment the focus is on the passive adaptive structures. How loads can be avoided by 

a passive but controlled way of deformations of a structure will be investigated. Also ways to 

reduce internal forces are studied to gain a flexible structure which uses its material in an 

efficient way. 

 

3.2. Classification of flexibility phenomena 

Flexibility can be divided in several typologies. This chapter discusses the classification of 

flexibility of passive adaptive structures.  The defined phenomena are also largely applicable for 

active adaptive structures.  

Deformations induce forces in the structure or structural elements. The structures and structural 

elements change their shape to reduce or avoid loads on or forces in the structure. All the 

different types of deformations have their own characteristics. With the classification it will 

become easier to understand why a certain deformation takes place and what are the 

advantages, disadvantages and opportunities to use it in structural design. The total field of 

flexibility through deformation is divided in three main principles with in total six typologies.  

 

Principle 1: Avoiding loads 

This principle consists of three typologies and is about hiding, forming and smoothing. 

 

Reduced loaded surface 

The first and simplest form of deformation is the decrease of loaded surface (Figure 3.1). This 

means that due to external loading the shape of a structure changes through what a part of 

these loads are avoided. This results in a structure that hides for loads. An example of this type 

is reed which bends in the wind. Through this bending a part of the wind will be avoided so the 
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total load on the stem reduces. This opportunity is often neglected in building concepts but can 

be found in nature very often. 

 

Reduced drag coefficient 

Every shape has its own physical properties regarding wind loadings. This is expressed in a so 

called form factor. For example the shape of a water drop has the most optimum shape to pass a 

fluid. This means that is has a very low form factor. On the other hand, a cube has a higher form 

factor because this isn’t a very aerodynamic shape and thereby it has to withstand much higher 

loads (Figure 3.2).  

Flexible structures, like for instance a tree, can change their shape. This means that the form 

factor reduces if the loads increase or when the loads change from direction. This capability 

reduces the loads a structure has to withstand and so reduces the amount of material needed. 

 

Reduced friction  

The third typology of avoiding loads is by reducing the friction of a surface. This typology can be 

seen as a local deformation which affects the total load on the structure. When the surface 

smoothens as a consequence of deformations, friction of the surface reduces (Figure 3.3).  

  

 
Figure 3.1: Reduced loaded surface 

 

 
Figure 3.2: Reduced drag coefficient 

 

 

 
Figure 3.3: Reduced friction 
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Principle 2: Efficient use of material 

By large deformations structures improve their efficiency. The following two types belong to this 

principle. 

 

Activation of material 

This typology contains the activation of material which is initially unused. When large 

deformations occur the material becomes activated and helps to resist the loads on the 

structure.  Due to these large deformations the material is positioned in a more optimal way to 

withstand the loads on the structure (Figure 3.4).  

Structures in nature often contain a lot of material which isn’t used in the unloaded state. This 

can be seen in structures with stiff fibres in soft tissue like the stem of the banana leaf (Jenkins, 

2005). When the loads on this leaf are small the stem shows relatively large rotations to prepare 

the structure for a further increase of loading. These large deformations of the stem activate the 

fibres in the soft tissue and strengthen the structure. The activation of material after large 

deformations ensures that the material is in an optimal position to withstand the loads on the 

structure.  

This principle also has the benefit that loads can grasp from different directions. The structure 

first needs large deformations before material is activated. These deformations can occur in 

different directions. This way material is used more efficiently.   

Another possibility of activation of material is to pre-stress a structure. Pre-stressing of a 

structure stabilizes a structure, but can at the same time make it possible for a structure to 

deform afterwards. This can for example be seen at pneumatic domes or even simpler at 

balloons. The membranes are initially very unstable. When air is pumped in the structure the 

material of the membrane is activated and the structure becomes stable. Besides this stability 

the structure is even capable to deform afterwards.   

 

Configuration of material 

The second typology of a more efficient use of material is the configuration of material. This 

occurs when loads on a structure causes large deflections which reshape the structure and 

configures the material in a more optimal position (Figure 3.5). The type and flow of internal 

forces change due to these deformations. This often leads to a configuration of material which is 

in tension or compression instead of bending. By this reconfiguration of the material the 

structure can resist larger loads with the same amount of material.  

This typology can be illustrated by the spider-web (Volrath, 1996). The spider-web is a highly 

flexible structure and in the unloaded state it’s almost flat. When the loads on the web increase, 

by for instance the wind, the structure becomes more and more curved and can take very high 

loads. The material of the web is due to the increased curvature of the web loaded in tension 

instead of bending. The same amount of material is reconfigured to resist the increased loadings 

more efficiently.  
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Figure 3.4: Activation of material 
 

Figure 3.5: Configuration of material 

 

  

Principle 3: Dynamic introduction of forces 

The dissipation of the total energy of an impulse loading is spread over a certain time period so 

the maximum load on the structure reduces. 

     

Dynamic introduction of forces 

This flexibility type dissipates the energy of an impulse load over a certain time period. Due to 

this dissipation of energy over a longer time period the maximum value of loads on the structure 

reduces. The spreading of loads over time needs the ability of a structure to deform (Figure 3.6). 

When a structure is very stiff the energy of an impulse load has to be dissipated over a very short 

time period. If the impulse load is resisted by a flexible structure, the energy of the impulse can 

be dissipated over a certain time period and the maximum load on a structure could reduce 

(Figure 3.7).  

This typology can also be seen in the spider-web (Volrath, 1996). When an insect flies into the 

web dissipation of the impulse of that load is spread over a certain time period. This is possible 

because the web is able to deform largely without breaking.  

 

 
Figure 3.6: Dynamic introduction of forces 

 
Figure 3.7: Dissipation of energy over a longer time 

period 
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3.3. Flexibility in nature 

 

In the previous paragraph the different flexibility phenomena are described and shortly 

explained by examples in nature. This paragraph focussed on the link between structural design 

and nature. At first, the reason why nature should be studied to gain improved design solutions 

will be discussed. This is done by discussing biomimicry. Biomimicry is the examination of 

nature, its models, systems, processes and elements to emulate or take inspiration from in 

order to solve human problems. Two examples are mentioned in which nature was used as 

inspiration to solve a human problem. 

After this, the batwing is described. This is one of the studied organisms in the literature study 

and is the main inspiration for the design concept of the flexible banner. At last, the general 

flexibility principles of nature are described. 

 

3.3.1. Biomimicry 

Nature developed over billions of years and, by the theory of Darwin, only the fittest organisms 

survived. This is probably the main reason to study nature in every part of science. The science 

to learn from and mimic nature is called biomimicry or bionics.  

Biomimicry is an ecologically informed design approach. It doesn’t have the scope to copy 

nature in detail, but tries to learn from nature and uses its principles to gain improved or new 

design solutions. Benyus (Benyus, 1997) stated the biomimicry approach as follows: 

 Nature as model. Biomimicry is a new science that studies nature’s models and then 

imitates or takes inspiration from these designs and processes to solve human 

problems. 

 Nature as measure. Biomimicry uses an ecological standard to judge the ‘rightness’ of 

our innovations. After 3.8 billion years, nature has learned: What works. What is 

appropriate. What lasts. 

 Nature as mentor. Biomimicry is a new way of viewing and valuing nature. It introduces 

an era based not on what we can extract from the natural world, but on what we can 

learn from it. 

 

A second approach of using nature to solve human problems is the bionics approach. Bionics 

takes a systems approach to the technical realization and application of construction processes 

and developmental principles observed in biological systems (Wahl, 2006). This approach is a 

more technically orientated approach in comparison with biomimicry. Examples of bionics are 

artificial body parts like bionic ears, limbs and eyes. 

In this project the biomimicry approach is governing. It’s not the goal to create a structure which 

is a technical realization of a structure in nature. Nature is studied and used as a source of 

inspiration to develop a structural principle.   

 

An example of biomimicry is the nose of the Shinkanzan bullet train (Figure 3.9). This nose is 

based on the beak of the kingfisher (Figure 3.8). The initial design of the train made a lot of 

noise when going in or out of a tunnel. To reduce this noise engineers where looking for 

examples in nature. They found a similar situation by the kingfisher which dives into the water 

without any splashing. By redesigning the nose of the train using the beak of the kingfisher as a 
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model, the noise reduced when the train went in or out of a tunnel. The new nose of the train 

made the train also faster and more efficient (Chen et al., 2012).  

 

 
Figure 3.8: Kingfisher 

 
Figure 3.9: Shinkanzan bullet train 

 

The second example shows how principles of nature can be used in building engineering. This 

example is the Eastgate Centre in Harare, Zimbabwe designed by Arup. The cooling and heating 

system of this building is based on the termite mound (Figure 3.10 and Figure 3.11). The termite 

mounds are situated in areas where the outside temperature differs over 50 degrees during a 

day. By an ingenious system of tunnels and corridors the mounds have an almost constant 

temperature. By mimicking the principles of the termite mound the engineers of the Eastgate 

Centre succeed to reduce the energy usage of the cooling system by 90 percent 

(www.asknature.org).  

 

 
Figure 3.10: Schematization of termite mound 

 
Figure 3.11: Eastgate centre and termite mound 

 

These two examples show the opportunities of biomimicry. In the field of flexible structures, 

nature is an excellent teacher. In nature the loads are varying constantly. The wind speed 

changes and also its direction. There will be rain, snow or even hurricanes and even then a lot of 

organisms, like for instance the banana leaf (Ennos et. al.,2008),  survive with a minimum of 

damage. This is amazing if you think about the lightweight of these structures. It all has to do 

with flexibility and compliance. Flexible structures can possibly take higher loads with less 

structure and nature has countless examples of these structures. 

In nature only the organisms with the most efficient structures which need the least energy to 

create these structures survived. These structures are often very complicated and with the 
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current available fabrication techniques impossible to copy. By abstracting the main principles it 

should still be possible to gain new or improved design solutions and principles.  

Optimization of the structures in nature took billions of years. Human can do the optimizing part 

a lot faster because we don’t have to work by trial and error. However, there should be started 

with a good design solution instead of optimizing initially bad design solutions. 

This doesn’t mean that we only have to study nature. We have other demands regarding 

deflections, isolation and other building properties. So we can’t apply these principles in all 

structures and design solutions but we should at least investigate the principles and where it 

can be applied in structures to gain lighter and more efficient structures. 

This project focuses on flexible and compliant structures. It’s the goal to understand the 

structural principles of nature and how it can be used in structural design to gain other and 

probably improved design solutions.  

 

3.3.2. Bat wing 

In this project the bat wing is the main source of inspiration. This paragraph discusses the built-

up and the structural principles of the wing. 

The batwing consists of a bone structure with in between a thin membrane. The wing is very 

flexible and can easily fold around the bat. When the bat flies, the wing is loaded from variable 

directions and the membrane reconfigures constantly. These reconfigurations result in variable 

shape of the membrane and position of the bones (Jenkins, 2005). 

The membrane of the bat wing consists of two layers of skin with a high density of nerves, 

tendons and veins. It also contains elastin vessels which can store energy. The flexibility of the 

membrane allows a variety in curvature which makes it capable to fly at varying wind speed. 

When it flies at low wind speed a sharp curvature makes it possible to fly due to the high lift. 

During flight the membrane is stressed constantly so it doesn’t tear when the directions of loads 

change. This stressing is done through a combination of muscles and tendons at places where 

bones come together (Figure 3.12). This can be schematized by a spring between these bones 

which pre-stress the membrane but at the same time let the membrane deform easily and in 

different directions. This flexibility results in different curvatures in the membrane and 

configures the material in an optimal position to withstand the loads. 

The second elements in the wing are the bones. These are light and often oval shaped. This oval 

shape results in a streamlined design with a minimum use of material. The second and third 

fingers are close together or fused to create a stiff leading edge. The other edge is unsupported 

which allows large deformations of the wing. Through this unsupported edge the configuration 

of the wing can change constantly and the membrane deforms easily. 

The principles of the batwing are already used in modern sailboats. The bones and membrane 

are comparable with the mast, boom and the sail. The ropes are comparable with the muscles. 

These principles of the batwing may also be used in flexible structural design and especially in 

open structures where loads grasp from different directions. 

 

 



27 

 

 
Figure 3.12: Built-up of the batwing 

 
Figure 3.13: Bat in flight 

 

3.3.3. Principles of nature 

In this paragraph the promising structures and principles out of the studied examples in the 

literature study are handled. The strength, weaknesses, opportunities and threats of these 

principles are discussed.  

 

The studied structures, like for example reed, are often very flexible in the unloaded stage. After 

a small increase of external loads or pre-stress, the structure is forced in an ideal position to 

withstand further increase of loading. This is often accompanied by large deflections of the 

structure. When the external loads further increase the structure starts to avoid more and more 

loadings by decreasing the loaded surface and lower the drag coefficient (Figure 3.14). This 

leads to a more even load on the structure at variable wind speeds without high peak loads. If 

the loads after a while decrease the structure will take its original position. It uses almost all 

flexibility phenomena mentioned in this chapter. It uses a decrease of loaded area, a decrease of 

drag coefficient, activation and optimising configuration of material and a dynamic introduction 

of forces.  

 

 
Figure 3.14: Increase loads, increase the stability 

 
Figure 3.15: Deformations of the banana leaf 

 

A lot of structures in nature are very flexible and unstable and need a certain external loading to 

become stable. Sometimes this is done by the organism itself, for instance the bat who pre-

stresses its membrane, but often this is done by external loadings like the wind. If this is done 

by external loadings the direction of loadings often doesn’t really matter. This can be seen at the 

banana leaf which first twists to an optimal position before it starts bending (Figure 3.15). 

When the pre-stressing is done by the organism itself it has often a preference for the direction 

of loading. This can for example be seen in the bat wing were the leading edge is rigid and the 
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trailing edge is flexible. It has a preference for a wind flow which first goes over the leading 

edge. 

The studied organisms also show great compliance of torsion. This torsion flexibility is often 

used to reconfigure the shape of a structure to make it ready for increasing forces (Figure 3.16). 

Torsion flexibility is also used as a damping instrument; it spreads the dissipation of energy of 

an impulse load over a longer period which prevents the structure against damage. This can be 

seen at the wings of the dragonfly ( 

Figure 3.17). The oval shaped veins are flexible in torsion. When the wing is now loaded, the 

veins are able to rotate and receive the impulse force and dissipate the energy of it over a certain 

time period. 

 

 
Figure 3.16: Torsion compliance of sedge 

 

 
 

Figure 3.17: Section of the dragonfly wing 

 

Structures in nature also show a good performance against damage. Due to the high flexibility it 

is often prevented from it. And when it is locally damaged this doesn’t lead till global damage or 

collapsing. This can for example be seen at a banana leaf (Ennos, 2008). In a hurricane the leaf 

is highly flexible which prevents it largely from damage. However, when the leaf tears locally 

this doesn’t result in global failure of the whole leaf.  

Combinations of soft material with stiff fibres are often seen in nature, like for example the stem 

of sedge (Ennos, 1993). This makes the structures lightweight and very flexible. The principles of 

soft and rigid material in a structure and the position of it are very hard to fabricate. This is one 

of the threads if principles out of nature are used in structural design. Nature is often very 

complex and hard to mimic but by new fabrication techniques and a more simplified model it is 

probably possible in the future.  

Also the scale of the structure can have a major influence. Some principles work perfectly on one 

scale but won’t work at another scale. This should be kept in mind when using principles out of 

nature in structural design.  

 

3.4. Conclusions 

The studied structures in nature show the principles of passive adaptive structures defined in 

this chapter. Avoiding loads is done by hiding, smoothing and reshaping of the organisms. 

Material is used in a more efficient way by reconfiguration of the material or activating material 

by pre-stress or large deformations. The large deflections of a lot of organisms also allow the 

dynamic introduction of forces. 

The results of the earlier carried out literature study showed a lot of interesting and sometimes 

amazing structures in nature. The way nature uses compliance and flexibility can be a huge 
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inspiration for flexible and lightweight structures. By abstracting and simplifying the main 

principles, they can be used in structural design. 
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4. Research definition 
 

This chapter describes the design concept of the flexible banner which is subject of 

investigation in this project. This design concept is largely based on the bat wing and the 

abstraction of this wing. 

The design concept of the banner is considered by the different flexibility typologies defined in 

the previous chapter. The investigated configurations in this project are described at the end of 

this chapter. 

 

4.1. Banner design concept 

The structural basis of the flexible banner is largely based on the principles of the bat wing 

(paragraph 3.3.2). The bat wing consists of a flexible membrane which spans between relatively 

stiff elements, the bones (Figure 4.1). The stiff elements are able to rotate relative to each other. 

By a combination of tendons and muscles the bones are pushed away from each other which 

pre-stress the membranes in between. The wing can be schematized by springs between the stiff 

elements (Figure 4.2).  

 

The structural principles of the batwing are divided in two main principles, the rotational 

principle and the sunscreen principle (Figure 4.3 and Figure 4.4).  

 In the rotational principle the membrane is pre-stressed by increasing the angle between 

two bones. This leads to a certain strain and accordingly to a pre-stress in the 

membrane.  

 The second principle is the principle which looks like a sunscreen. Here two bone 

elements push the third bone away which pre-stresses the membrane between the bone 

and the body of the bat. 

 

In first instance the rotational principle seems to be more stable because here is just one 

connection necessary in comparison with the three connections in the sunscreen principle. The 

three possibilities for rotations make the sunscreen principle less stable. In this project the 

rotational principle will be used. 

 

The principle of a pre-stressed membrane between two stiff elements can be schematized by a 

cable between a hinge and a rolling support which is connected by a spring (Figure 4.6). When 

the membrane is loaded the structure will deform and the membrane curves. The increase in 

curvature slows down when the loading becomes larger and larger. So the additional deflection 

of the membrane due to increased loadings decreases when the curvature is already large 

(Figure 4.5). The increase of stiffness is one of the main principles of nature (paragraph 3.3.3). 

 

When the rotational principle is abstracted a flexible face can be created. This face exists of a 

membrane between stiff elements. The stiff elements are able to rotate regarding each other and 

make it possible for the membrane to have different shapes. The stiff elements could be pushed 

away from each other by a spring which pre-stresses the membrane in between (Figure 4.7). This 

can also be done by a linear spring which pulls on a beam element (Figure 4.8). These elements 

can be seen as free standing structures on which only wind loads act.  
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Figure 4.1: Batwing built-up 

 
Figure 4.2: Batwing schematization 

  

 
Figure 4.3: Batwing rotational principle 

 
Figure 4.4: Batwing sunscreen principle 

  

 
Figure 4.5: Increased stiffness when loads increase 

 

 

 
 

 

 

Figure 4.6: Cable between hinge and rolling support, 

connected with a linear spring 

  

 
Figure 4.7: Schematization basic structure, with 

rotational spring 

 
Figure 4.8: Schematization basic structure, with linear 

spring. 
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The basic structure seems to contain a lot of flexibility phenomena mentioned in the previous 

chapter. Now the basic structure (Figure 4.7) is considered and the flexibility typologies which 

can be expected to occur are discussed.  

 

Avoiding loads 

The first phenomenon is the decrease of loaded surface (Figure 4.9). It is expected that when the 

wind load increases the membrane will change its shape which induces a change of angle of the 

upper beam. This leads to a decrease of frontal area which should lead to a decrease of loadings 

on the structure. 

 

The second effect is change of shape of the structure (Figure 4.10). Due to an increase of loads 

on the structure the shape of the structure will change. The beams rotate and the membrane will 

curve which will result in a change of drag coefficient. This change of drag coefficient has likely a 

positive effect on the structure but this has to be determined in detail. 

 

The last typology is friction. This typology will be neglected in this project. It’s expected that the 

change in friction doesn’t have a major influence on the reduction or changes in the loads on the 

structure. Only the change in angle of incline of the wind on the banner can cause some small 

changes but these are neglected. 

 

Efficient use of material 

The next flexibility phenomenon is the activation of material (Figure 4.11). Without the springs 

there is no stress or no controlled stress in the membrane and the membrane flaps like a flag in 

the wind. When the springs are placed, the membrane becomes activated and there is a certain 

control over the forces in it. The springs pre-stress and stabilize the membrane but the 

membrane is still able to deform in a controlled way (Figure 4.12).  

 

The way the membrane deforms will result in a more optimal position to withstand the loads 

(Figure 4.12). It will deform in such way that it can take the loads in pure tension and it increases 

its curvature when the loads increase. This prevents the membrane from damage and should 

have a positive effect on the stresses in the membrane. 

 

Dynamic introduction of forces 

The structure also needs a certain period of time to deform from its initial shape to the deformed 

shape (Figure 4.13). This time can be used to dissipate the energy from the wind on the structure 

(Figure 4.14). This dynamic introduction of forces should possibly lead to a lower maximum load 

on the structure. In this project the dynamic behaviour of the structure, which could possibly 

have a large influence, will be neglected. Also the risk of resonance of the structure is neglected, 

but this can also have a decisive influence.  
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Figure 4.9: Reduced loaded surface 

 
Figure 4.10: Section AA’, change of drag coefficient 

  

 
Figure 4.11: Activation of material 

 
Figure 4.12: Pre-stress and more efficient 

configuration of the membrane 

  

 
Figure 4.13: Dynamic introduction of forces 

 

 

 

 
Figure 4.14: Dissipate the energy of an impulse 

load over a certain time period 
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4.2. References 

In this paragraph a few principles for flexible banners are mentioned. These banners are divided 

in three groups (Figure 4.15-Figure 4.17).  

 The first group consist of a flexible membrane which is spring connected to a stiff frame. 

The rigid element takes compression forces and bending moments. The springs between 

the rigid element and the membrane pre-stresses (activate) the membrane and provide a 

dynamic introduction of forces. The wind loads on the structure are dissipated over a 

longer time period. 

 The second group contains banners which consist of two rigid parts which are mutually 

spring connected. This provides the banner to avoid loads and takes care of a dynamic 

introduction of forces.  

 The last group is more or less a combination of the first two groups. It consists of stiff 

elements which can mutually deform and consists of a flexible membrane which could 

deform to a more optimal shape. This last principle is the subject of this project. 

 

 
Figure 4.15: Stiff element spring connected 

with the membrane 

 
Figure 4.16: Stiff elements 

mutually spring 

connected 

 
Figure 4.17: Stiff elements mutually 

spring connected, with in between a 

flexible membrane 

 

4.3. Investigated configurations 

In this project three configurations of the design concept are developed and analyzed. These 

are: 

 Basic configuration 

 Triangular configuration 

 Configuration with flexible members 

 

 
Figure 4.18: Basic configuration 

 
Figure 4.19: Triangular configuration 

 
Figure 4.20: Configuration with 

flexible members 
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Basic configuration 

The basic configuration consists of relatively stiff members which are spring connected to a stiff 

column. The spring connections allow the members to rotate in the xy-plane. Between these 

elements a membrane is stressed. To provide pre-stress of the membrane in the x-direction two 

stability mechanisms are investigated. The first investigated mechanism is an edge cable at the 

free side of the membrane. The second investigated mechanism to pre-stress the membrane is 

the introduction of bar-elements in the plane of the membrane parallel to the x-axis (Figure 

4.18).  

 

Triangular configuration 

The second investigated configuration also consists of relatively stiff members which are spring 

connected to the column. The members are able to rotate in the xy-plane. In this configuration 

the members have the same origin (Figure 4.19). The pre-stress in this membrane is provided by 

bar elements (dotted lines in figure).   

 

Configuration with flexible members 

At last, a configuration with flexible members is considered (Figure 4.20). The members are in 

this case encastered to the column and they can bend in the z-direction. The membrane between 

the flexible members is pre-stressed by thermal heat in the beam and column elements. This 

configuration doesn’t contain bar-elements in the membrane. 

 

The basic configuration is analyzed by physical, analytical and numerical models. With the 

results and knowledge of this configuration the improved second and third configurations are 

developed.  These last two configurations are only analyzed numerically with the fluid-structure 

interaction methodology.  

4.4. Conclusions 
It’s expected that the concept based on the principles of the batwing will result in a more 

efficient structure in comparison with a stiff structure of the same size. A lot of the flexibility 

typologies, defined in chapter 3, are expected to occur. The effect of different variables and 

configurations will be investigated which will result in an increased knowledge about these 

phenomena. With the increased knowledge improved configurations are developed which uses a 

number of these expected principles in a more efficient way. 
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5. Scientific approach 
 

This chapter describes the scientific approach. The three analysis methods to analyze the 

flexible banners are discussed. Next, the developed research models to investigate the basic 

configuration are handled. Subsequently, the investigated variables are discussed and the 

chapter ends with a summary of the used programs. 

 

5.1. Analysis methods 

There are three analysis methods used to analyse the flexible banners. These are: 

 Physical study models; these models are investigated with a hairdryer and will give an 

indication of the behavior of the structure and the deformations of it (Chapter 6). 

 Analytical calculations; these calculations are carried out with Excel and iteratively with 

calculations in Wolfram Mathematica. This should give an indication for the 

deformations which can be expected when using certain spring stiffnesses (Chapter 7). 

 Numerical calculations; the basic configuration is first analyzed by FEM calculations with 

a wind load defined by the Eurocode. These calculations will show the influence of 

different variables on the deformations of the structure. Secondly, the forces on an 

undeformed structure are determined by computational fluid dynamics calculations. At 

last, three configurations (paragraph 4.3) are analyzed by a fluid-structure interaction 

approach (Chapter 8). 

5.2. Research models 

To analyse the basic configuration a number of research models are developed. These research 

models can be divided in analytical and numerical research models which are discussed in this 

paragraph. 

 

Analytical research models 

For the analytical calculations research models of the basic configuration are developed. For the 

calculations only half the structure is analyzed. In this model the membrane is divided in stripes 

(Figure 5.1). The stripes are able to deform in the z-direction which is the direction perpendicular 

to the membrane. A stripe of the membrane is modelled as a cable with a certain load on it 

(Figure 5.2). Approximation formulas (Habraken, 2010) are used to determine the deformations.  

 

 
Figure 5.1: Research model analytical calculations 

 

 

 

 

 
 

 
Figure 5.2: Schematization stripe of the membrane 
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Numerical research models 

For the numerical calculations two research models are developed. The two research models 

contain different approaches to stress and stabilize the membrane.  

 The first research model contains an edge cable at free edge of the membrane (Figure 

5.3) 

 The second model contains bar elements in the plane of the membrane parallel to the x-

axis (Figure 5.4). 

 

Also in these calculations half the structure is analyzed and the column is taken as infinite stiff. 

The bar elements and the membrane are pin-connected at the side of the column.  

 

 
Figure 5.3: Research model numerical FEM calculations 

with edge cable 

 
Figure 5.4: Research model numerical FEM calculations 

with bar elements 

 

5.3. Variables 

There are different variables which are investigated to get a clear image of the basic 

configuration and the behaviour of the structure. These variables are divided in six groups. 

 Wind loads 

 Spring stiffness 

 Membrane properties 

 Pre-stress 

 Stiffness columns and beams 

 Geometry 

 

Wind loads 

The wind load depends on several factors. Most factors can’t be influence because they are part 

of the surrounding. Properties which should be investigated are the wind speed, the drag 

coefficient, the drag force coefficient, the location of the structure and the corresponding size of 

the wind loads on the membrane. The wind loads are determined by the Eurocode. The shape 

factors of the structure are determined by the Eurocode, a literature study and from models 

using a computational fluid dynamics package.  
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Spring stiffness 

The second investigated variable is the spring stiffness. This property makes the structure and 

especially the membrane able to deform. The degree of deformation depends mainly on the 

stiffness of the springs. With a proper design and choice of springs and spring stiffnesses the 

structure can deform in a controlled way. 

 

Membrane properties 

The most important property of the membrane which influences the deformations is the strain of 

the membrane. This property mainly depends on the Young’s modulus of the membrane which 

can vary for the weft and warp direction.  

 

Pre-stress 

The degree of pre-stress in the membrane is expected to be important for the ability to deform. If 

the pre-stress is very high, the structure won’t deform very much when loaded. The influence of 

the degree of pre-stress in the membrane will be investigated. 

 

Stiffness columns and beams 

At first, the beam and column elements will be approximated as infinitively stiff elements. In a 

later stage the beam and column element have their own cross sections with their own 

stiffnesses. These varying stiffnesses will influence the deformed structure and the drag 

coefficient. 

 

Geometry 

The geometry of the structure is investigated in the last stage. It’s expected that the shape of the 

deformed structure will have a large influence on the way wind loads can pass the structure. This 

change in geometry will influence the drag coefficients and the drag force coefficient which 

plays an important role in this project. By studying three configurations (paragraph 4.3) with the 

same initial surface area as the undeformed structure the influence of deformations is made 

visible. 

 

5.4. Programs 

The programs which will be used for the analysis are: Excel, Wolfram Mathematica, Oasys GSA, 

Ansys GAMBIT, Ansys Fluent 12, CFD-Post and Matlab. All these programs have their own 

possibilities which are explained below. 

 

Excel 

Excel is used to make the first static calculations. Besides the static calculations, Excel is also 

used in the fluid-solid-interaction tool. Here it functions as the coupling interface between the 

different programs. Also processing of data is carried out in this program. 

 

Wolfram Mathematica 

This program is used for the analytical calculations. By using this program the structure doesn’t 

need an imposed deformation anymore. Different parameters can be chosen and Mathematica 

can iteratively calculate the deformations.   
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Oasys GSA 

This is the finite element program used to do the non-linear calculations. This program is very 

useful for calculating membrane structures with the GsRelax analysis approach. With this 

program the different variables of the banner will be analyzed.  

 

Ansys GAMBIT 

This program is the pre-processor in the computational fluid dynamics analysis. Here all the 

meshes are made as well as the journal file which is created to automatically create meshes in 

the FSI-tool. 

 

Ansys Fluent 

Ansys Fluent is the solver in the CFD analysis. This is a commercial software package and is 

specialized in solving fluid flows. With this program the drag coefficient of the undeformed and 

deformed structure can be calculated. Also the distribution of pressures over the surface is 

calculated with this program. 

 

CFD-Post 

This is the post-processing software to analyze the calculations solved with Ansys Fluent. It is 

used to export the pressures and makes it ready for further processing in a spreadsheet.  

 

Matlab 

Matlab is used for programming a number of scripts to automate the fluid-structure interaction 

tool.  

  



40 

 

6. Physical models 
 

In an early stage of the project two physical models are made, one with a rotational spring and 

one with a linear spring. These models are created and investigated to gain some understanding 

of the behaviour of the structure. The models are loaded by a wind flow created with a hairdryer.  

 

 
Figure 6.1: Study model with a rotational spring 

 
Figure 6.2: Study model with linear springs 

 

6.1. Study model with rotational spring 

The model with the rotational spring (Figure 6.1) has a very flexible spring so the membrane 

deforms easily. The large deformations show the problems and difficulties which will occur in 

this banner. The edge cable causes the membrane to catch the wind when an air flow is 

perpendicular to the membrane surface (Figure 6.3). The edge cable doesn’t only support and 

pre-stress the membrane in the plane of the membrane. When the membrane deforms, the edge 

cable also supports the membrane perpendicular to the plane of the membrane. This causes the 

membrane to form a sack and the structure will catch the wind instead of letting the wind flow 

around the structure more easily. This shows the importance to have an edge cable which is very 

flexible or another principle to pre-stress the membrane and to prevent the membrane to form a 

sack.   

Very low spring stiffnesses could become a problem when the membrane is locally loaded and 

parts of the membrane become unstressed. This can be managed with an increased pre-stress in 

the membrane. 

The last variable which can be distinguished is the weft and warped direction of the membrane. 

The warp direction is the stiff direction and the core of a membrane. The weft is woven between 

the warp threads to create various patterns. This direction is less stiff. The fabric chosen has a 

clear warp and weft direction. In this model the warp direction of the membrane is the direction 

perpendicular to the column. This direction needs a lot of pre-stress near the membrane edge 

(edge cable) to be stressed all the time. In the other direction the membrane is very weak and 

easy to deform, this causes very high local deformations. This configuration of the membrane 
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with the weft direction parallel to the column results in small rotations of the beam. Due to this, 

the reduction of frontal area isn’t as large as it could be. It seems advisable to change these two 

directions to gain improved results. 

 

 
Figure 6.3: Study model with rotational spring loaded by 

air flow 

 
Figure 6.4: Study model wit linear spring loaded by air 

flow 

6.2. Study model with linear spring 

The second model uses linear springs (Figure 6.2). This study model has the advantage that the 

springs can be replaced afterwards to see the influence of different spring stiffness’s and pre-

stresses. The model shows clearly that a stiffer spring reduces the deformations of the 

membrane.  

This model doesn’t have an edge cable to stabilize the membrane when it deforms. In this stage 

it’s not completely clear if an edge cable or other pre-stressing principle is necessary. This will 

be investigated with the numerical calculations in chapter 8.  

The change of weft and warp direction in comparison with the previous model seems to have a 

positive influence on the behaviour of the structure. The beam reacts very direct on changes of 

loads. Strains in the membrane parallel to the column are small and a curvature in the 

membrane results directly in rotations of the beam. This rotation results in reductions of the 

loaded frontal area which is desired.   

 

6.3. Conclusions 
The physical models show the influence of a number of variables. It shows that low spring 

stiffnesses results in large deflections and large stiffnesses result in small deflections.  

The models also show the influence of the Young’s modulus of the membrane. When the Young’s 

modulus is very small, strains in the membrane will be large which results in undesirable 

deflections. It seems advisable to have a large Young’s modulus parallel to the column, so the 

frontal reduces when load increase. 

The edge cable seems to result in an undesirable deformed shape of the membrane. It supports 

the membrane in the direction perpendicular to the membrane which results in a sack shape of 

the membrane. This behaviour will be investigated in detail with finite element models (Chapter 

8). 
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7. Analytical calculations 

 

In an early stage of the project analytical calculations are carried out. With these calculations a 

rough estimation of stiffnesses and deflections of the structures are determined. These results 

are used as input for the non-linear calculations in GSA (Chapter 8). These analytical calculations 

are carried out in two ways.  

 First an imposed deformed shape of the structure is analyzed with Excel from which the 

forces and comprehensive parameters of the structure can be derived.  

 A second way to analyze the structure analytically is done with the help of Wolfram 

Mathematica. Here the deformations are calculated in an iterative way. 

 

Many parameters are neglected or taken infinite or infinite small in the analytic calculations. The 

results of these calculations shouldn’t be seen as very accurate, but are rough indications of 

deformations of the structure and loads on the structure. Also the stresses in the membrane are 

rough estimations. Calculations can be done quickly and ranges of forces, spring stiffnesses and 

other parameters become visible. Later on the model is analysed by a finite element program 

(Chapter 8) and the results are compared with the results of the analytical calculations. 

7.1. Wind loads for analytical calculations 

The wind loads on the structure are determined by the Eurocode 1. The maximum wind pressure 

on the structure is calculated by equation 7.1. In this equation the drag force coefficient and the 

extreme wind pressure at a certain location are necessary to calculate the wind pressure on a 

structure. The drag force coefficient for a signboard or a hoarding with a clearance      larger 

then h/4 is 1,8 (Eurocode 1, Figure 7.1). The extreme wind pressure is taken as 0,78 kN/m². This 

is the extreme wind pressure at wind area 1 in an uncultivated area at 5 meters height in The 

Netherlands (Eurocode 1, NB 5). The maximum wind pressure on the hoarding is 1,4 kN/m². For 

the analytic calculations wind-pressures between 0 and 1,6 kN/m² are considered. 

 

             (7.1) 

 

The wind loads on the structure are applied in global z-direction, which is the direction 

perpendicular to the membrane (Figure 7.2). The reduction of loaded area due to deformations is 

hereby taken into account. 

 

 
 

Figure 7.1: Signboards and hoardings Eurocode 1 
 

Figure 7.2: Configuration basic research model 
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7.2. Calculations by imposed deformations 

The first analytical calculations are carried out in Excel. The structure is forced in a certain 

deformed shape and the comprehensive forces are determined. The imposed deformations are 

introduced by rotations of the beams. These rotations lead to deflections of the membrane. The 

membrane is divided in stripes and every single stripe has its own curvature. When now a 

certain load is applied on the stripes the comprehensive forces can be determined. With these 

forces and rotations, the spring stiffnesses are calculated.  

In the analytical calculations certain parameters are neglected. In first instance these are the 

strain in the membrane and deflections of the beams due to bending. Furthermore, the influence 

of the edge cable isn’t taken into account. Another parameter which is neglected is the influence 

of the forces in the membrane in x-direction. The E-modulus in y-direction will be taken as 

infinite and the E-modulus in x-direction as infinite small. 

The analytical model is built-up as can be seen in figure 7.3. The membrane is divided in a 

number of stripes in y-direction. When the number of stripes increases the accuracy of the 

results will improve. The stripes are calculated as small parts of the membrane with a face load. 

The model of this can be seen in figure 7.4. Here one stripe of the membrane is modelled as a 

cable with a q-load on it.  

At the side of the column the beam is connected by a spring. Now equilibrium between the 

forces which are introduced by the q-load and the counterforces by the springs is calculated. The 

deformations are determined by approximation formulas 7.3 and 7.4 (Habraken, 2010).   

Initially a certain rotation of the beam is imposed at point A and B (Figure 7.3). In the first step 

the distance of every stripe to the column is determined     . With these parameters the span of 

each strip can be calculated (7.2). It’s assumed that the strain in the membrane is zero, so the 

deflection of the membrane can be calculated (7.3). The next step is to calculate the forces of 

every stripe on the beam (7.4). With these forces the total moment in the spring is determined 

(7.5 and 7.6). When knowing the moment and the rotation of the spring, the spring stiffness can 

now be calculated (7.7). See also appendix A1. 

 

Figure 7.5 shows the influence of the number of stripes on the results. This graph shows that 

when the membrane is divided in ten stripes the results should be quite accurate. This resulted 

also from iterative calculations with Wolfram Mathematica which is shown in the next 

paragraph. 
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Figure 7.3: Schematization of the structure with six 

stripes 

 

 

 

 

 

 
 

 

Figure 7.4: Schematization of the membrane 
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Figure 7.5: Influence number of stripes on results 
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7.3. Calculations with known stiffnesses 

The schematization of the model is the same as previously described for the calculations with 

the imposed deformations. The membrane is divided in stripes and each stripe introduces a 

force on the beam. All these forces introduce a moment at points A and B. The springs 

counterforce this moment. This equilibrium of moments (formulas 7.8 and 7.9) is used to 

determine the deformations. 

At first, a structure with two stripes is considered. This derivation will later on result in a 

generalized equation for an arbitrary number of stripes.  

 

The first step is to determine the distances from the centre of each stripe to the column. These 

are first determined and expressed in   (7.10). The deformations in y-direction are expressed in 

  (7.11). Now the rotations can be expressed in the ratio between    and   , where        

(7.12 and 7.13). This    is used when calculating the deflections of the membrane later on. 

Formula 7.14 shows the general equation for equilibrium of moments in point A. 

 

Now just one stripe of the membrane is considered. The force    and the deflection   are 

calculated by approximated formulas 7.15 and 7.16 (Habraken, 2010). These formulas give 

good results for a deflection to span ratio of             . Because we are only interested in 

the global results we will use it for the whole range. The span of the membrane is expressed as 

the initial span minus the deflection due to rotation of the beams (7.17). When we combine 

these formulas we get a general formula for the force in a stripe (7.18). Here    depends on the 

distance from the column, thus the number of the stripes 

When now the formula of the equilibrium in moments of the total structure (7.14) is combined 

with the formula of the force per stripe (7.18) we get the general formula for an arbitrary number 

of stripes (7.19). Here the number of stripes, spring stiffnesses, loads on the structure, the 

height and the width of the membrane can be arbitrarily chosen.  

With the help of Wolfram Mathematica    can be calculated iteratively. When now    is known, 

the deformations of the structure can be calculated. In these equation strain in the membrane in 

neglected, so 
0s l h  . With these deformations the forces 

iF  can be calculated. Now the 

horizontal and the vertical forces are known, the stresses in the membrane are calculated.  

 

 
Figure 7.6: Schematization of the structure 

 

 

 

 

 

Figure 7.7: Schematization of the membrane 
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7.4. Results 

In Excel the results are elaborated and studied. Here something interesting happens when the 

pressures are large and the spring stiffness is low. When the maximum deformations of the 

membrane are considered, it can be seen that these decrease when loads increase (Figure 7.10). 

This is by all means impossible and can be explained by analyzing the formula used for 

deflections (7.16). If we plot this formula (Figure 7.8) one can see that the deflections are 

decreasing when the span is smaller than half the length of the cable. In reality this isn’t 

happening. By this we can conclude that the formula is only valid for structures where the length 

of the cable is maximal twice the span. When the ratio exceeds this number the results become 

useless. This is due to the formula, which only gives accurate results when the deflection to 

span ratio is between             . 

 

In Figure 7.9 it can be seen that the rotation of the beams increase fast at low levels of wind 

pressure and increases slower at higher wind pressures. Also the maximum deflection of the 

membrane shows the same pattern (Figure 7.10). This is something which could be expected 

when the formulas for the calculations of the deflections are considered.  

 

As a result of the deformations of a stripe of the membrane also the horizontal forces will show 

relatively high forces at low wind pressures and relatively low forces at high wind speeds. The 

sum of the horizontal forces with the relative distance to the column causes a moment in A and 

B. The total moments for different spring stiffnesses can be seen in Figure 7.11. 

 

So the structure shows high flexibility at low wind pressures and less flexibility at high wind 

pressures. The structure shapes in a way that an increasing amount of pressure results in fewer 

deformations in comparison to a same amount of pressure in an earlier stage. It looks like the 

structure has deformed in such way that the forces can be taken much more easily. This is 

something called configuration of material when dividing flexibility in different phenomena 

(paragraph 3.2). 

Further, a decrease of frontal area of the structure can be seen (Figure 7.12). This doesn’t mean 

that the total amount of wind load on the structure will decrease, because the change in drag 

coefficient isn’t taken into account.  

At this stage also the loads are considered as an equal load over the surface as used in the 

Eurocode. In reality this is not the case. At the edges pressures will be smaller than in the middle 

of the undeformed structure. Also the influence of deformations on changes in loads is not taken 

into account yet, but the results give a quick overview of the deformations and forces which 

could be expected. 

 

The first calculations show a lot of opportunities but also miss knowledge to judge if the 

structure will be successful or won’t. In this stage only the basic configuration is considered. 

This configuration will now be studied with a finite element model and compared with the results 

of the analytical calculations.  
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Figure 7.8: Graph of the deflection formula 

 

 

 
Figure 7.9: Rotations at A for different spring stiffnesses 

 
Figure 7.10: Maximum deflections for different spring 

stiffnesses 

 

 

 
Figure 7.11: Moments in A for different spring stiffnesses 

 
Figure 7.12: Total frontal area for different spring 

stiffnesses 
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8. Numerical calculations 
 

This chapter handles all the numerical calculations and analyses which are carried out during 

this project. This chapter can be divided in three main parts, which are: 

 

 Finite element calculations with equally divided loads (paragraph 8.2). 

 Computation fluid dynamic analysis to determine the loads on the structure (paragraph 

0) 

 Analyses of the banner and the different configurations with the developed FSI-tool 

(paragraph 0) 

 

The scope of this chapter is to clarify the influence of deformations on the loads on and forces in 

the structure. Also the behaviour of the structure and the different flexibility typologies are 

clarified. 

 

8.1. Wind loads for numerical calculations 

The wind loads for the numerical analysis can be divided in three sections: 

 For comparison with the analytical calculations the wind loads are applied in the global 

z-direction (paragraph 8.2.3). The wind loads on the structure are taken between 0 and 

1,6 kN/m² specified with the Eurocode (paragraph 7.1). In comparison with the 

analytical calculations, the numerical FEM calculations don’t take reductions in projected 

frontal area into account. 

 For the numerical calculations with the finite element method the wind loads follow the 

deformations of the membrane. This is done because in the analysis with the fluid-

structure interaction method the pressures on the structure are also calculated this way. 

The finite element calculations are also carried out with wind pressures between 0 and 

1,6 kN/m² equally divided over the surface.  

 The calculations for the computational fluid dynamics and the fluid-structure interaction 

are carried out with wind speed between 0 to 32 m/s. A wind speed of 32 m/s 

corresponds with a wind force 12 hurricane. The wind pressures derived with 

computational fluid dynamics are applied as locally deformed loads in the finite element 

calculations.   

 

8.2. Finite element method calculations 

In this paragraph the first calculations of the finite element model are handled. Here two 

different models are considered which both stabilize the structure differently. The two models 

considered are: 

 

 Model one uses an edge cable at the unsupported edge to stress the membrane (Figure 

8.1) 

 Model two stresses the membrane by bar elements in the membrane parallel to the x-

axis (Figure 8.2). 
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Figure 8.1: Research model numerical FEM calculations 

with edge cable 

 
Figure 8.2: Research model numerical FEM calculations 

with bar elements 

 

The paragraphs start by describing the built-up of the models in Oasys GSA. After this, the 

results of these first calculations are analyzed. The results are compared with the results from 

the analytical calculations. Following, the influence of different variables are analyzed and this 

paragraph ends with an overview of all the results. 

 

8.2.1. Basic model with edge cable 

Initially the banner is considered with an edge cable on the free edge. Due to this edge cable it is 

possible to pre-stress the membrane in the direction perpendicular to the column. The main 

function of the edge cable is to stabilize and pre stress of the membrane.  

 

Properties    

Spring stiffness (kNm/rad) 1000 

E-membrane x-dir (kN/m) 100 

E-membrane y-dir (kN/m) 100 

Beam elements (mm) 100x100x10 

Edge cable steel (mm) 5 

Force density cable (kN/m) 20 

Force density membrane (kN/m³) 200 

Q-load (kN/m2) 0,2 

Moment on springs (kNm) 7,8 
Table 8.1: Properties basic model with edge cable 

 

8.2.1.1. Built-up of basic model with edge cable 

The built-up and calculations of the finite element calculations are divided in two phases. In the 

first phase the geometry, which is loaded by pre-stress, is defined. In the second phase the 

deformations of the structure due to an equal load on the membrane is calculated by a 

geometric non-linear analysis.  

 

Phase 1: Define geometry with form finding 

At first, the nodes of the structure are defined. Secondly, the different elements and types are 

defined. For the membrane, Quad4 elements are chosen. The beams consist of Beam-elements 

and the edge cable is built up by Tie-elements. For the first calculations we only consider the 
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membrane and the beams and neglect the influence of the column (Figure 8.3). The membrane is 

pin connected at the side of the column. The beams are clamped at the side of the column. The 

material for the membrane is chosen as a fabric with a Young’s modulus of 100 kN/m in weft and 

warp direction. This could be a fabric of polyamide with a thickness of 0,3mm and a Young’s 

modulus of 3300 N/mm². The edge cable is considered initially as a steel cable and later on with 

more flexible materials. The sections of the beams are chosen as 100x100x10mm and the edge 

cable as a 10mm solid steel cable. 

 

The next step is to choose the force density in the membrane and the edge cable. A good ratio 

seems to be 1:10. When varying the values of force density the pre-stress in the membrane and 

the curvature of the edge cable can be determined. 

With the chosen force density a Form Finding analysis is done which results in stresses in the 

membrane (Figure 8.4).  

 

Next, a non-linear analysis with only pre-stress is carried out. With this calculation, the moments 

at the locations where the beams are connected to the column (A and B, Figure 8.1) can be 

determined. These moments have to be known, because when the support conditions change 

these moments have to be applied at the connection between the column and beam (A and B). 

 

 

 
Figure 8.3: Built-up basic model with edge cable 

 
Figure 8.4: Basic model pre-stressed with edge cable 

 

 

Phase 2: Non-linear analysis 

In this phase the internal forces determined in phase 1 are used. The supports of the beams are 

now changed into spring connections. By changing these supports the moments determined in 

phase one have to be applied. When the moments are introduced in the nodes the spring 

stiffnesses can be freely chosen.   

Now the structure is defined, the wind pressures can be introduced. In this stage a uniform wind 

pressure is considered (paragraph 8.1). This wind load follows the deformed shape of the 

membrane and will always be perpendicular to it. 

The next step is to run a non-linear analysis with a certain wind load on it (0-1,6 kN/m²). The 

main results of interest are the rotations of the beam, the deformations of the membrane and 

the internal stresses in the membrane. 
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8.2.1.2. Results basic model with edge cable 

When analyzing the membrane with the edge cable, it soon became clear that the edge cable did 

have a huge influence on the deformed shape of the membrane structure. When loading the 

structure with a certain wind load the edge cable doesn’t only stress the membrane in the x-

direction but also supports the membrane in the direction perpendicular to the membrane 

(Figure 8.5 and Figure 8.6). Due to this, the membrane deforms to a sack which catches the wind 

instead of letting the wind flow around the structure. This behaviour appears at low E-modulus 

of the edge cable as well as at the high E-modulus of the edge cable. 

 

Results   

Spring stiffness (kNm/rad) 1000 

E-membrane x-dir (kN/m) 100 

E-membrane y-dir (kN/m) 100 

Beam elements (mm) 100x100x10 

Force in edge cable (kN) 1,5 

Pre-stress membrane x-direction (kN/m) 0,5 

Pre-stress membrane y-directon (kN/m) 0,5 

Q-load (kN/m2) 0,2 

Moment on springs (kNm) 7,8 
Table 8.2: Results basic model with edge cable 

 

Another disadvantage is that the structure becomes unstable when the spring stiffnesses are 

reduced. The stresses near the edge cable become very low (Figure 8.7 and Figure 8.8) which 

result in instabilities when the spring stiffness is further decreased.  

As a result of the large spring stiffness the intended reduction in frontal area isn’t reached. The 

frontal area only reduces by a few percent. Together with the undesirable shape of the deformed 

structure it must be conclude that the structure doesn’t reached the goal to largely reduce the 

loads on the structure. 

With the results of this model it should be concluded that the bat wing can’t be abstracted by a 

membrane with an edge cable. The bat wing, and especially the membrane which contains a 

combination of muscles and tendons, is far more complex.  So a different principle to keep the 

membrane stressed and stable has to be considered.  

 

 
Figure 8.5: Deflections of the membrane in z-direction 

 
Figure 8.6: Deflections of the membrane (4x enlarged) 
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Figure 8.7: Stresses membrane x-direction deformed 

model with edge cable 

 
Figure 8.8: Stresses membrane y-direction deformed 

model with edge cable 

 

8.2.2. Basic model with bar elements 

With the knowledge of the foregoing analysis of the model with the edge cable a modified 

structure is considered. A certain pre-stress in the x-direction (the direction parallel to the 

beams) is necessary to stabilize the structure. The forces on the free membrane edge should 

only be parallel to the membrane.  The component perpendicular to the membrane, which makes 

the free edge a semi-supporting edge in the z-direction, shouldn’t appear. One way to reach this 

is to put small bar elements in the membrane in the x-direction (Figure 8.9). These bars should 

be capable of pre-stressing the membrane and at the same time let the membrane deform 

easily. 

 

8.2.2.1. Built-up basic model with bar-elements 

The built-up of the basic model with bar elements is slightly different in comparison to the basic 

model with the edge cable. The pre-stress is applied in a different way which is described in 

phase one. This difference could also be seen in the second phase of the analysis. 

 

Properties    

Spring stiffness (kNm/rad) 5 

E-membrane x-dir (kN/m) 100 

E-membrane y-dir (kN/m) 100 

Beam elements (mm) 100x100x10 

Bar elements (mm) 5 

Thermal pre-stress bar (degrees) 600 

Thermal pre-stress beam (degrees) 600 

Q-load (kN/m2) 0-1,6 

Moment on springs (kNm) 1,2252 
Table 8.3: Properties basic model with bar elements 

 

Phase 1: Applying pre-stress 

The built-up of the basic research model with the bar elements are largely the same as for the 

one with the edge cable. The main differences are mentioned here.  
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Instead of the edge cable, bar elements are placed in the membrane parallel to the beams 

(Figure 8.9). The membrane is considered with Quad4, but also with Triangle3 elements. This 

will be discussed later on. The bar elements are taken as 5mm solid circular steel elements. 

 

 
Figure 8.9: Built up basic model with bar elements 

 
Figure 8.10: Stresses in the membrane in y-direction 

 

The second variance is the way in which pre-stress is applied to the structure. In the case with 

the edge cable the pre-stress is applied by force density, the pre-stress in this case is applied 

with thermal heat in the beam- and bar elements. This also influences the analysis type. Here, a 

second order analysis is carried out to determine the forces and stresses in the structure. The 

moments at the points where the beams are connected to the column can now be determined 

directly. These moments have to be introduced when the clamp between the beam and column 

is replaced by a spring connection.  

 

Phase 2: Non-linear analysis 

In this phase the moments are put on the nodes at the locations where the beams are connected 

to the column (A and B, Figure 8.2). The beams are released and are now spring connected to the 

column. A spring stiffness and a certain wind load is chosen (0-1,6 kN/m²). This wind load is a 

uniform wind load which follows the deformed shape of the membrane. When now a non-linear 

analysis is carried out, the deformed shape, internal stresses and forces can be determined.  

 

8.2.2.2. Results basic model with bar-elements 

The first calculations show that the structure generally deforms in a desirable way. When the 

deformations of the structure are considered in detail the structure with the Quad4-elements 

isn’t completely stable. The structure doesn’t deform in a smooth way, this is probably due to 

the bar-elements which aren’t completely free to rotate regarding each other. When the Quad4-

elements are replaced by Triangle3-elements the deformed shape becomes pretty smooth 

(Figure 8.11 and Figure 8.12). There are large deflections possible and the structure seems to be 

pretty stable. 
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Figure 8.11: Deformed structure with Quad4-elements 

 
Figure 8.12: Deformed structure with Triangle3-elements 

 

There is also a certain pre-stress necessary to stabilize the structure. When the pre-stress is too 

low the structure isn’t completely stable and the calculations aren’t converging. With the 

properties mentioned in Table 8.3, it seems that the structure is stable and is also able to 

deform very much so it will be analyzed in dept.  

First a grid refinement study will be done. After this study different parameters are analyzed. 

These are: the influence of the spring stiffness, the influence of the Young’s modulus of the 

membrane, the pre-stress in the structure and the stiffness of the beam elements. This will give 

a good overview of the influence of the various parameters and how they could be used to gain a 

more efficient structure regarding flexibility aspects. This knowledge will be used to achieve a 

more efficient structure. Hereby the focus is on a decrease of loadings on the structure and an 

improved usage of material. 

 

8.2.2.3. Grid refinement study 

In the previous paragraph it became clear that the Triangle3 elements gave better results 

regarding deformations in comparison with the Quad4 elements. Now a grid refinement study is 

performed. Three different grids are calculated. The coarse grid consists of 310 elements (Figure 

8.9). The medium and fine grid consist respectively 1020 and 2130 elements (Figure 8.13 and 

Figure 8.14). The amount of bar elements in the membrane stays the same. 

 

 
Figure 8.13: Medium grid 

 
Figure 8.14: Fine grid 
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The results of the study can be seen in Table 8.4. Here one can see the similarity between the 

different grids. The results for small loads show a maximum variance of around 8%. For higher 

loads the results between the three grids are within 1%. The calculation time for the coarse grid 

is quite small in comparison with the medium and fine grid, so for the calculations the coarse 

grid is used. 

The calculations are carried out with the properties of Table 8.3. Here the beam and bar 

elements are chosen as steel elements. The q-load on the structure is specified as a deformed 

local pressure which follows the deformation of the membrane and is always perpendicular to it. 

The thermal pre-stress in the bar and beam elements (Table 8.3) leads to an initial pre-stress in 

the membrane of 0,7-0,9 kN/m. 

 

Q (kN/m2) Coarse Medium Fine 

0,05 -265,2 -283,2 -289,5 

0,1 -453 -457,5 -459,5 

0,2 -674,3 -668,6 -662,8 

0,4 -876,2 -871,1 -867,0 

0,6 -973,1 -981,1 -963,6 

0,8 -1031 -1026 -1021 

1,0 -1070 -1064 -1061 

1,2 -1098 -1092 -1089 

1,4 -1120 -1114 -1111 

1,6 -1137 -1131 -1128 
Table 8.4: Maximal deformations in z-direction for 

different grids (mm) 

 
Figure 8.15: Schematization basic model 

 

8.2.3. Comparison numerical with analytical calculations 

The results of the numerical calculated FEM model are compared with the analytical calculations. 

For these numerical models the loads are taken in the global z-direction. This is in accordance 

with the loadings in the analytical calculations. The main difference between the two calculation 

methods is the loaded surface. In the analytical calculations the reduction of loaded surface is 

taken into account. For the numerical FEM calculations this is not the case. This difference in 

loaded area results in smaller deformations for the analytical calculations in comparison with 

the FEM calculations (Figure 8.16 and Figure 8.17). 

 

 
Figure 8.16: Comparison analytical with numerical 

calculations, rotations 

 
Figure 8.17: Comparison analytical with numerical 

calculations, deflections 
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The behaviour of the models is comparable, although the results show large differences of about 

20%. For the analytical calculations, the stresses and strains in the membrane aren’t taken into 

account. Also the influence of deformations in the x-direction is neglected in the analytical 

calculations.  

In this case the spring stiffness has to be chosen quite large. This is due to the global direction 

in which the membrane is loaded. When the loads are applied in the deformed local direction, 

the spring stiffness can be chosen much smaller. Appendix A3 shows the results for different 

spring stiffnesses.    

 

8.2.4. Investigation of variables with the finite element method 

This paragraph describes the influence of different variables on the deformations of the 

structure. The investigated variables are: 

 Spring stiffness 

 Young’s modulus of the membrane 

 Pre-stress in the membrane 

 Stiffness of the beams 

 

8.2.4.1. Spring stiffness 

The spring stiffness has a large effect on the deformations of the structure, which could be 

expected. When the spring stiffness increases the rotations in A and B (Figure 8.15) decrease 

significantly (Figure 8.18). Also the maximum deflections of the membrane decreases when the 

spring stiffness increases (Figure 8.19).  

 

 
Figure 8.18: Influence spring stiffness on rotations in A 

 
Figure 8.19: Influence spring stiffness on deflections 

 

 

8.2.4.2. Young’s modulus of the membrane 

The Young’s modulus of the membrane doesn’t seem to have a major influence on the 

deformations of the structure. It only has some influence when its value is very low.  The 

rotations in points A and B (Figure 8.15) are the same for different Young’s modulus. Also the 

maximum deflection of the membrane is almost the same by varying E-modulus of the 

membrane. This suggests that there’s only a small strain in the membrane end the variation in 

stresses is low for large rotation. This can be explained by the (re)configuration of the material. 

Due to the flexibility of the structure, it adapts in such way that the material of the membrane is 

configured in a more optimal position to take increased loads on the membrane. This is one of 

the flexibility phenomena described in chapter 3. 



59 

 

 

These first calculations to analyze the influence of the Young’s modulus on the deformations of 

the structure are carried out with a spring stiffness of 10kNm/rad. The calculations are also done 

with a spring stiffness of 1kNm/rad. Both gave approximately the same pattern. 

When we take a closer look at the results, it can be seen that the structures with a larger Young’s 

modulus (upward of 100 kN/m) react more directly regarding rotations. The structure with the 

lower Young’s modulus show larger strains in the membrane which results in larger deflections 

with less rotation. An interesting result is that above a certain Young’s modulus, this parameter 

doesn’t have influence on the behaviour of the structure. It seems useful to use a membrane 

with a minimum Young’s modulus of 100kN/m, so the structure reacts directly regarding the 

rotations which results in a larger decrease of frontal area. 

 

 
Figure 8.20: Influence of Young’s modulus on rotations  

in A 

 
Figure 8.21: Influence of Young's modulus on deflections 

 

 

8.2.4.3. Pre-stress in the membrane 

Pre-stress in the membrane is introduced by thermal heat in the beam and the bar elements and 

applied by moments at the spring connections (at A and B). When the applied thermal heat 

doubles the moments which need to be applied at the nodes where the beams are connected to 

the column also double. 

When the pre-stress in the structure is increased, the structure becomes stiffer. This increased 

stiffness results in smaller deformations (Figure 8.22 and Figure 8.23). To gain a flexible 

structure in which large deformations can appear a low pre-stress has to be chosen.  

 

 
Figure 8.22: Influence pre-stress on rotation in A 

 
Figure 8.23: Influence pre-stress on deflections 
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Due to the larger pre-stress the stresses in the membrane also increase. For the case with the 

low pre-stress (thermal heat of 600 degrees and moments of 1,234kNm) and a q-load of 1,6 

kN/m², the stresses in the x-direction and y-direction are on average 1,5 kN/m (Figure 8.24 and 

Figure 8.25).  

When the pre-stress is high (thermal heat of 4800 degrees and moments of 9,924 kNm) the 

stresses in x-direction are on average 7 kN/m (Figure 8.26) and the stresses in y-direction 3 

kN/m (Figure 8.27).  

An increase of pre-presses results in smaller deformations and an increase of stresses in the 

membrane. To gain large deformations and lower stresses in the structure, smaller values for 

pre-stress should be chosen. However, the pre-stress in the structure should be large enough to 

stabilize and stress the membrane. 

 

 

 
Figure 8.24: Stresses membrane x-direction; low pre-

stress and 1,6 kN/m² wind load 

 
Figure 8.25: Stresses membrane y-direction: low pre-

stress and 1,6 kN/m² wind load 

 

 
Figure 8.26: Stresses membrane x-direction; high pre-

stress and 1,6 kN/m² wind load 

 
Figure 8.27: Stresses membrane y-direction; high pre-

stress and 1,6 kN/m wind load 
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8.2.4.4. Stiffness of the beams 

When the stiffness of the beam decreases due to a smaller cross section, the deflections 

increase slowly. However, when the beam becomes very flexible the deflections become very 

large. In contrast to the deflections, the rotations at the spring support decrease when the beam 

stiffness increases. This is due to the bending of the beam. When the beam bends, the 

deformation due to rations of the beam decreases. When we consider the stresses in the beams, 

we will see that the stresses exceed the maximum stresses of 355 N/mm² for the 60x60x6mm 

and 40x40x4mm cross sections, which explains the large deflections. The first time this value is 

exceeded is for the case with the 60x60x6mm steel cross section with a q-load of 1,0 kN/m².  

Maybe in later cases and variants the material of the beams can be changed to create other 

bending possibilities and possibilities for different deformed shapes. In this project only 

constant cross-sections are analyzed. It’s also possible to reduce the cross-section over the 

width of the structure. 

 

 
Figure 8.28: Influence stiffness beam on rotations in A 

 
Figure 8.29: Influence stiffness beam on deflections 

 

 

8.2.5. Conclusions 

This chapter described the built-up of the FEM modelled structure and the influence of different 

aspects of the structure on the deformations. The structure with the edge cable turns out to be 

unsuitable to be stable and at the same time flexible. The structure with the bar elements have 

promising properties regarding flexibility and are at the same time stable. This stability is only 

reached with a certain amount of pre-stress. 

The analyses show the influence of the (re)configuration of the material very well. The internal 

forces in the membrane stay quite low during the deformations. This means that the material is 

configured in a more optimal position to withstand loads. 

It can be seen that the spring stiffness has a very direct influence on the deformations. When 

increasing this stiffness the structure deforms less which is expected. 

The Young’s modulus of the membrane only influences the behaviour of the structure when it 

becomes very small. In the case of a low Young’s modulus the deflections increase, but the 

rotations of the beam decreases. This results in a larger frontal area with larger deflections. This 

is something which isn’t preferred. It’s preferred to have a decrease of frontal area when the 

loads and deflections increase. So it seems advisable to take a membrane material with a 

certain Young’s modulus which doesn’t result in large strains.  
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An increase of pre-stress in the structure results in a stiffer structure with smaller deformations. 

Also the stresses in the structure increase when the pre-stress is larger. For the possibilities to 

deform, the pre-stress should be chosen very low. However, for the stability of the structure a 

certain pre-stress is necessary. 

At last the influence of the stiffness of the beam is handled. The stiffnesses of the considered 

beams have a very small influence on the deformations. Though, it’s necessary to take a certain 

minimum cross section, otherwise the maximum stresses are exceeded. In this part of the study 

only steel sections are analyzed. It’s possible to use other materials which could deform more 

easily. 
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8.3. Computational fluid dynamics calculations 

 

In the last years, the use of computational fluid dynamics (CFD) has increased enormously. With 

the increased computer power and the availability of commercial software, CFD becomes more 

and more used for wind calculations. In comparison with wind tunnel tests the costs for CFD 

calculations are relatively low.  

Wind tunnel tests are still of great importance, because results have been proven to be 

representative to real world situations. In comparison, CFD calculations have to be treated with 

caution, because results can contain large errors.  

For scale models the wind speeds and pressures on the structure are only known at points where 

sensors are placed. The fact that with CFD calculations wind speeds at every point in the domain 

and the pressures on every point on the structure are known makes it a good alternative in the 

preliminary design phase. 

In this paragraph the CFD section of the project is described. First the pre-processing part is 

explained, which handles the built-up of the model in GAMBIT. Secondly the solving part is 

described. Here all the parameters used in Fluent are explained. Next, the post-processing of the 

data which is carried out with CFD-Post is handled. 

At the end of this paragraph the first results of the undeformed structure are handled. This part 

contains a grid sensitivity analysis and the influence of different parameters on the drag 

coefficient of the structure. To verify the model, these results are also compared with 

measurements and literature. Further, diverse codes and handbooks are mentioned with the 

variety of drag coefficients.  

 

8.3.1. Pre-processing 

There are a lot of different ways to built-up a mesh of the domain in CFD. Most meshing 

programs offer an automatic generated grid. This sounds very easy and promising, but the 

average mesh generated this way is of poor quality, because they formally use tetrahedron cells. 

It is advisable to generate a structured grid, so in this project this method to built-up a mesh is 

used. 

A lot of different meshing schemes and procedures can be chosen. One very good procedure to 

built-up a mesh is described by Van Hooff and Blocken (Van Hooff and Blocken, 2009). This 

paper describes a procedure where edges are meshed and swept along other meshed edges to 

create meshed faces. These meshed faces are swept along meshed edges to create meshed 

volumes. This way of meshing gives a very structured mesh which is highly controlled. This 

procedure is used in the first stage of this project to generate a mesh for an undeformed banner. 

For the undeformed banner with a thickness of 1 cell the procedure contains the following steps: 

 

1. The horizontal section of the banner is created and the edges are meshed (Figure 8.30) 

2. Edges to the boundaries of the domain are created and meshed (Figure 8.31) 

3. A line for the height of the banner is created and meshed (Figure 8.32) 

4. The meshed section of the banner is swept along this edge (Figure 8.32) 

5. The meshed lines are swept along each other to create meshed faces (Figure 8.33) 

6. The meshed horizontal faces are swept along the vertical line (Figure 8.34) 

7. Edges for the height of the domain above the banner and the space below 

the banner  are created and meshed 

(Figure 8.34) 
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8. The meshed horizontal faces are swept along the vertical lines (Figure 8.35) 

9. Delete the grid at locations of the intended “solid” parts (the banner) (Figure 8.35) 

 

 

 
Figure 8.30: Section of the banner 

 
Figure 8.31: Edges to boundary domain 

 

 
Figure 8.32: Mesh banner 

 
Figure 8.33: Mesh ground face 

 

 
Figure 8.34: Mesh part of the air domain 

 
Figure 8.35: Mesh total domain 

 

The best practice guidelines by the COST research program (Franke et al., 2007) and the 

guidelines from Tominaga (Tominaga et al., 2008) are used for specifying the domain. Here 

dimensions for the domain are specified, but also guidelines for gradients of the grids are listed.  

The different dimensions of the domain are chosen as follows. The upstream side of the domain 

is 5H and the downstream dimension of the domain is 15H, where H is the height of the 

structure. The height of the domain is         and the width of the domain is      

   . Here the 10H is equally divided between both sides of the structure (Figure 8.36). These 

dimensions are necessary to gain good flow conditions, where the boundary properties don’t 

influence the flow.  
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The maximum gradient in the mesh is advised to be 1.2. This number is used to create the 

coarse grid so the medium and fine grid which is used in the grid sensitivity analysis will also 

fulfil these demands. 

The mesh is now structured and can be controlled very well. The next step is to export the mesh 

so it can be loaded in the solver Ansys Fluent. 

 

 

 
Figure 8.36: Dimensions CFD Domain (m) 

 

 

8.3.2. Solving 

 

This paragraph describes the solving phase of the CFD analysis. The solving methods and the 

numerical methodology behind it will be described first. Subsequently, various parameters have 

to be chosen. How and why the values are determined will be explained. Also the boundary 

conditions and solver settings are discussed in this paragraph. 

  

8.3.2.1. Numerical methodology 

The turbulent wind flow in this project is solved by the 3D steady Reynolds-averaged Navier-

Stokes (RANS) equations in combination with the realizable     model (Blocken, 2007). The 

RANS are time-averaged equations of a motion for a fluid flow. An alternative approach is the 

large eddies simulation (LES). This approach computes the swirls explicitly in a time-dependent 

simulation using the “filtered” Navier-Stokes equations. The LES gives often less errors in the 

results, but costs significantly more computational resources (Breuer et. al, 2012).  

In the RANS approach small-scale turbulent fluctuations aren’t directly simulated. The RANS 

equations govern the transport of the averaged flow quantities, with the whole range of scales of 

turbulence being modelled (Ansys Manual). This modelling approach reduces the required 

computational resources and is widely used in practical engineering applications. The governing 

Navier-Stokes equations are presented below. Here equation 8.1 is the equation for 

conservation of mass and 8.2 is the equation for equilibrium of momentum. In CFD the finite 

volume method is used to solve the equations for incompressible fluids. The equations for 

conservation of mass and equilibrium are applied to the control volumes (cells). 

 

  

  
 

 

   

        

 

 

 

 

(8.1) 

 

  
      

 

   

         
 

   

 
 

   

   
   

   

 
   

   

 
 

 
   

   

   

   
 

   

     
   

         
 

 

 

(8.2) 



67 

 

In CFD there is large variety on turbulence models and no one is universally accepted as being 

superior for all classes of problems. The COST research program advised the standard     

model should not be used for the simulation of wind problems. They recommend the improved 

two-equation models within the linear eddy viscosity assumption (Franke, 2006).  

The realizable      model is widely used in practical engineering flow calculations. Here   is 

the turbulent kinetic energy which determines the energy in the turbulence flow. The second 

transport variable is    which determines the scale of turbulence. The transport equations for   

and   in the realizable     model are shown below. 
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with;   

            
 

   
  

 

 

 

 

(8.5) 

   
 

 
 

 

 

 

(8.6) 

           

 

 

 

 

(8.7) 

 

In these equations,    represents the generation of turbulence kinetic energy due to the mean 

velocity gradients.    is the generation of turbulent kinetic energy due to buoyancy.    

represents the contribution of the fluctuation dilatation in compressible turbulence to overall 

dissipation rate.    and     are constants.    and    are the turbulent Prandtl numbers for   and 

 .    and    are user-defined source terms (Ansys Manual).  

The used model constants are: 

 
         ,        ,        ,         

 

 

 

8.3.2.2. Turbulence intensity  

In the built environment flows are never laminar. There are a lot of fluctuations due to obstacles 

like buildings and threes. These obstacles could be modelled explicitly, but the atmospheric 

boundary layer could also be modelled implicit. This is done by giving the airflow a certain 

turbulence intensity and parameters like the roughness length. Because in this project the 

location of the object is not explicitly chosen the calculations are done by choosing an arbitrary 

location with the corresponding parameters. 
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Table 8.5: Surface roughness lengths and turbulence 

intensities for typical surfaces. (Oke, 1987) 

 
Table 8.6: Estimates for surface roughness length and 

turbulence intensity for roughness classes of the 

European Wind Atlas. (Troen and Peterson, 1989) 

 

In this project a suburban area somewhere in the Netherlands is chosen to define the different 

parameters for the CFD calculations. Table 8.5 shows the typical surface roughness lengths and 

turbulence intensities. Here the roughness length for suburban areas is between 0.4 and 2.0. 

This is a quite large range and also the range of turbulence intensity is broad, between 0.3 and 

0.6. Table 8.6 shows the estimated roughness length and turbulence intensities for different 

roughness classes of the European Wind Atlas. Here the ranges are taken much smaller. For a 

suburban area the roughness length is 0.2-0.4 and the turbulence intensity is 0.25-0.3 (Lalas 

and Ratto, 1996).  

  

 
Figure 8.37: Turbulence intensity at 50m measured at the 

ECN mast at the coast in the Netherlands 

 

Besides the different roughness lengths and turbulence intensities for the different areas the 

turbulence intensity also varies with the wind speed as can be seen in Figure 8.37 (Nino and 

Eecen, year unknown). Here, the measurements of an ECN wind mast are shown. The mast is 

situated 50m from the coast in the dunes. It shows clearly the high turbulence at low wind 

speeds and the lower turbulence when the wind speeds increase. 

Also the turbulence intensity varies over the height (Carpman, 2011). At higher locations the 

turbulence intensity decreases and the flow becomes more laminar. 
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All these ingredients show that wind flows are very complex and depend on the specific location. 

The results and the quality of the results are highly dependent on the chosen parameters. 

 

8.3.2.3. Roughness length and roughness height 

The roughness length describes the influence of the ground terrain implicitly. Here the 

roughness length is chosen as 0.3 which corresponds with a suburban area (Table 8.6). In Ansys 

Fluent the roughness height is calculated as function of the roughness length and the roughness 

constant   , this relationship is derived by Blocken (Blocken et al., 2007). This relationship is 

given by equation 8.8.  

 

   
     

  

   
 

 

 

(8.8) 

 

In the case of a suburban area, with a roughness length of 0.3 and a roughness constant of 0.5 

gives a roughness height is 5.8758. 

 

8.3.2.4. Turbulent kinetic energy and dissipation 

In Fluent the kinetic energy and the dissipation of it are used in the different equations. The 

relationship between turbulent kinetic energy  , the turbulence intensity    and the wind speed 

     is given by the general equation 8.9. 

 

           
 
 

 

 
(8.9) 

 

In the guidelines of Tominaga (Tominaga et al, 2008) the constant   is suggested to be 1. Ansys 

Fluent uses a value of 1.5 for  , so the equation to determine the turbulent kinetic energy 

becomes 8.10 (Ansys Manual) 

 

  
 

 
        

 
 

 

 

 

(8.10) 

 

Now the turbulence kinetic energy is known, the dissipation rate is calculated by formula 8.11. 

 

    

 
  
 

 
  

 
 

 

 

 

(8.11) 

 

In this formula there are two new parameters. First there is the constant    which is derived from 

test results. In Fluent this constant is set to 0.09. The second value is the length scale  , which is 

the size of the eddies in the wind flow. This parameter is regularly chosen to be equal to the 

roughness length, but there are also suggestions to choose this parameter equal to the length of 

the smallest rib of a cell in the domain (CFD-online). Here the length scale is chosen to be equal 

to the roughness length. 

 

8.3.2.5. Boundary conditions 

The ground surface is modelled as a wall surface. Here the standard wall functions are used. 

Further the inlet face is set as a velocity-inlet face. The outlet face is set as a pressure-outlet with 

zero pressure. The two side faces and the top of the domain are specified as symmetry-faces. 
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These faces have zero normal velocity and zero normal gradients of all variables. This is 

described by Blocken (Blocken, 2007). 

 

8.3.2.6. Solver settings 

The simulations are solved with the earlier described RANS equations in combination with the 

realizable     model. The calculations are performed with the SIMPLE algorithm scheme. Later 

on the SIMPLEC algorithm scheme is also used. This algorithm uses some different correction 

and relaxation factors and is more stable in comparison with the SIMPLE scheme.  

Second order schemes are used to perform the analysis. First order methods can be used for the 

initial iterations, but higher order approximations must always be used for the final solution 

(Franke, 2006). The first order methods are regularly used to reduce the calculation time, but can 

be skipped in our case because the structure is relatively simple. 

Convergence is reached when all the scaled residuals become constant. For the velocities this 

means that the residuals are approximately     . The   and   reaches about      and the 

continuity residuals are in the region of     . Figure 8.38 shows an illustration of the scaled 

residuals as function of the number of iterations. This graph shows the 3000 iterations carried 

out in this calculation. After approximately 2500 iterations the residuals are constant and the 

case is converged. 

 

 
Figure 8.38: Scaled residuals 

 
Figure 8.39: CFD-Post, distribution of pressures 

  

8.3.2.7. Post-processing 

The post processing part is done with CFD-Post. This program is specialized in processing the 

data from Fluent. It offers the opportunity to gain colourful pictures with the distribution of wind 

pressures over the structure (Figure 8.39). Besides these pictures it’s also possible to export 

lists with pressures in nodes. This function is very helpful in this project to transfer the pressure 

data out of the Fluent analysis and use it in the FEM program. 

 

8.3.3. Results CFD analysis for the undeformed banner 

In this paragraph the results of the first calculations of the undeformed structure are shown. 

First, a grid sensitivity analysis is done. Next, the results of a small study regarding the 

turbulence intensity are presented. At last, the model is verified by full-scale measurements and 

compared with different codes and handbooks. 

 

8.3.3.1. Grid sensitivity analysis 

Two grid sensitivity analyses are done. First, there is carried out a sensitivity analysis on the 

undeformed banner where the banner is modelled as a structure with a very small thickness of 

100mm which is the size of the smallest cell of the coarse grid.  
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Secondly, a sensitivity analysis is made with a banner which is modelled as a zero thickness 

wall which is reaching the thickness of a few millimetres of the membrane. These two models 

are compared to see the influence of the thickness on the results.  

When the thickness of the membrane would have been modelled as if it was a few millimetres 

thick, the number of cells would explode to gain a proper grid which follows the guidelines of 

the COST research program and the suggestions of Tominaga earlier mentioned. 

 

 
Figure 8.40: Model in Ansys Fluent, inlet face (blue) and 

outlet face (red) 

 
Figure 8.41: Model in Ansys Fluent 

 

The first calculations are made by the model with a wall thickness of 1 cell (100mm). There are 

three grids constructed and each grid is enlarged by a factor 1.5 in each direction. This results 

in; a coarse grid of 161.000 cells, a medium grid of 548.000 cells and a fine grid of 1.826.000 

cells (Appendix B1). The results are analyzed by the method described by Roache (Roache, 

1994). Roache proposes the use of a Grid Convergence Index (GCI) for a uniform reporting of grid 

refinement studies in Computational Fluid Dynamics. The results from the different grids show 

similarity and convergence, which can be seen in Table 8.7. In this table the projected frontal 

area [A], the drag force coefficient [Cd], the total force on the structure [F] and the moment 

around the x-axis [Mx] are compared for the different grids. The calculations take 2500-6000 

iterations to converge. The number of iterations increases when the number of cells increases. 

 

 

A (m²) Cd GCI F (N) GCI Mx (Nm) GCI Cells 

Coarse 18,9 1,5017 - 1738 - 5102 - 161290 

Medium 18,9 1,4876 2,27% 1722 2,23% 5056 2,18% 548412 

Fine 18,9 1,4802 1,20% 1714 1,12% 5023 1,58% 1825580 
Table 8.7: Results grid sensitivity analysis, membrane of one 100mm thickness 

 

The second grid sensitivity analysis is carried out for a membrane of zero thickness. Here the 

grids contain the same amount of cells as the previous described case. Also here the results 

(Table 8.7) are similar and converge. The extended calculations of the grid sensitivity analysis 

can be found in the appendix. 

 

 

A (m²) Cd GCI F (N) GCI Mx (Nm) GCI Cells 

Coarse 18,9 1,5345 - 1776 - 5213 - 161290 

Medium 18,9 1,5140 3,25% 1753 3,15% 5145 3,17% 548412 

Fine 18,9 1,4994 2,34% 1736 2,35% 5090 2,35% 1825580 
Table 8.8: Results grid sensitivity analysis, membrane of zero thickness 

 

If we now compare the results from the two slightly different structures one sees the impact on 

the drag force coefficient and the forces. The drag force coefficient and forces are enlarged by 1-



72 

 

2% for the case with a wall thickness of zero. This corresponds with a study of Robertson 

(Robertson et al., 1995). Here free standing walls are studied with different dimensions and 

thicknesses.  

 

Besides the grid sensitivity analysis there is carried out a study to see if half of the structure is 

suitable to do the analyses. The structure is halved and the plane which divides the structure in 

two parts is modelled as a symmetry plane. By considering only half the structure the total 

amount of cells halves. Table 8.9 shows the results of this study. Here it’s clear that considering 

half the structure is sufficient. The results are practically the same and by considering only half 

the structure the calculation time reduces significantly. 
 

 

A (m²) Cd F (N) Mx (Nm) 

Medium 18,9 1,4876 1710 5056 

Medium half 9,45 (18,9/2) 1,4874 861 (1712/2) 2528 (5056/2) 
Table 8.9: Results study whole and half structure 

 

8.3.3.2. Drag force, parameters of influence 

The drag force      on a body is the force on a body in direction of the flow. This drag force 

depends on a number of variables. At first it depends on the drag force coefficient of a body     . 

This coefficient depends on the shape of the body but isn’t constant. In laminar flows (flows with 

low Reynolds Numbers, equation 8.13) the drag force coefficient depends on the velocity of the 

body    , the viscosity of the medium     and the shape of the body    . When the viscosity of 

the medium, the shape of the body and the roughness of the body are constant, the drag force 

coefficient is proportional to the wind speed. 

For turbulent flows the drag force coefficient doesn’t depend on the wind speed, but is now 

dependent on the turbulence intensity. Higher values for turbulence intensity result in higher 

drag force coefficients. The Ansys Manual describes that a turbulence intensity of 5-10% is 

enough to represent fully-developed turbulence. So for our case with turbulence intensity of 

30% (suburban area) the drag force coefficient is independent of the wind speed. The drag force 

on a body can be calculated by equation 8.12. 

 

   
 

 
          

 

 

 

 

(8.12) 

   
     

 
 

 

 

 

(8.13) 

 

8.3.3.3. Verifying model 

This paragraph handles the verification of the model. First, different codes, literature and wind-

tunnel measurements for hoardings are mentioned. Subsequently, the results of the CFD 

calculations are compared with wind-tunnel measurements followed by a small section with 

conclusions. 

 

8.3.3.4. Codes, literature and measurements 

As can be seen in the previous paragraph the drag force coefficient is variable with the turbulent 

intensity to about 10%. Above this percentage the drag force coefficient becomes approximately 
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constant for varying wind speeds. Further, the roughness length and so the roughness height 

will influence the drag force coefficient. All these different variables lead to a huge amount of 

possibilities for the drag force coefficient for just one shape or body.  

A study from Robertson, Hoxey and Richards (Robertson et al, 1995) shows the large variety in 

pressure coefficients in different codes. To gain corresponding codes they suggested carrying 

out a range of full-scale wind-tunnel measurements to establish reliable and economic loading 

data for free standing walls.  

 

For a plate or wall perpendicular to the air flow the drag force can be constructed from the 

average pressures on the front and rear faces. The pressures on the front (windward) face, is 

given by    and the forces on the rear (leeward) face are given by    . If now the frontal area of 

the plate is taken as A, the drag force D is given by equation 8.14 (Holmes, 2001). 

 

            
 

 
(8.14) 

 

The pressure over the windward side varies over the position on the face. The leeward pressure 

is approximately constant over the whole rear face. In a smooth uniform flow the contribution to 

the drag is approximately 60% for the front face and 40% for the rear face. When the turbulence 

of the airflow increases the drag increases. This is also shown in paragraph 8.3.3.2. This 

increasing of drag is caused by a decrease of leeward pressures rather than an increase in 

windward pressure (Holmes, 2001).  

 

For the Eurocode the national Annex NEN-EN 1991 is normative in The Netherlands. Signboards 

and hoardings for which the distance to the ground is larger than h/4 and the drag force 

coefficient is        . The expression is also applicable when    (Figure 8.42) is smaller than 

h/4 and      . The point of application for the loading perpendicular to the signboard should 

be taken at the middle of the height of the signboard with a horizontal eccentricity e. Where; 

        . For signboards and hoardings which are closer to the ground they should be 

calculated as free standing walls (Eurocode 1). 

 

 
Figure 8.42: Explanation of the signboards and hoardings (Eurocode 1) 
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Rectangular plates with different aspect ratios show differences in drag force and drag force 

coefficients. The Engineering Sciences Data Unit (E.S.D.U.) gives a formula (equation 8.15) for 

the drag coefficient on plates with a height/breadth ratio in the range            , in 

smooth uniform flow normal to the plate (E.S.D.U., 1970).  

 

                          
 

 
(8.15) 

 

In Table 8.10 the pressure coefficients for signboard and hoardings in different codes and 

handbooks can be seen. When now also the pressure coefficients from the wind loading 

handbook (Newberry and Eaton, 1974) are considered, the large range becomes pretty clear 

(Table 8.10). The drag force coefficients for hoardings vary between 1.2 and 1.8 for the different 

investigated codes and handbooks (Ginger et al, 1998). 

 

b/h 2 

Australian Standard: AS1170.2 1.50 

American code: ASCE 7-95 1.20 

Eurocode 1 (NEN-EN 1991) 1.80 

Wind loading handbook 1.24 

Table 8.10: Averaged pressure coefficient for hoardings with c/h=0,67 and b/c=2 (Figure 8.43) 

 

Letchford (Letchford, 2001) carried out a range of wind tunnel measurements for wind loads on 

rectangular signboards and hoarding. These wind tunnel measurements are obtained in a 

smooth uniform flow with no real attempt to simulate a turbulent boundary layer. The tested 

plates are perforated metal plates with a porosity of 11% and 23%. The plates have a thickness 

of 0.5mm.  By the wind loading handbook, the perforated walls may be treated in the same way 

as solid walls. The force coefficient should be appropriated to the solidity ratio of the walls.  

The typical wind speed at the top of the panel was 10 m/s. The plates (Figure 8.43) are placed at 

different heights and different aspect ratios are chosen. The results of these wind tunnel 

measurements can be seen in Table 8.11. 

 

From these wind tunnel tests it can be seen that there is a large variety in drag force coefficient 

(Table 8.11). With a value of just 1.04 for a plate with a width to height ratio (b/c) of 5 placed on 

the ground. When the same wall is lifted from the ground the drag force coefficient increases by 

50% to 1.57. Also when the aspect ratio changes, for instance when the same wall is rotated 90 

degrees and the aspect ratio becomes 0.2 the drag coefficient increases to 1.42. These results 

show that for just a simple structure as a free standing wall or hoardings the variety in drag force 

coefficient is enormous. Letchfort derived an expression to represent the measurements 

(equation 8.16). This equation has an error in normal force coefficient    of less than      for 

          and            . 

 

 

                                        (8.16) 
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Figure 8.43: Geometry of model configuration (Letchford, 2001) 

 

 

 
Table 8.11: Mean drag force coefficients for various b/c and c/h ratios (Letchford, 2001) 

 

 

The formula from the E.S.D.U. earlier mentioned (equation 8.15) gives for a configuration with a 

width to height ratio of 2:1 a value of just 1.15 for the drag force coefficient. When this is 

compared with the wind-tunnel tests, this formula seems to be on the unsafe side and should 

not be used.  

Also the American Standard with a value of 1.20 and the wind loading handbook seems to 

underestimate the pressure coefficients for hoardings.   

On the other side is the Eurocode which is on the safe side with a value of 1.80. This value 

seems to overestimate the wind pressure on hoardings, but this value is governing for all 

signboards and hoards. So for hoardings with less favourable ratios the drag force coefficient of 

1.80 seems reasonable.  

For the case with a width to height ratio of 2:1, the Australian Standard seems suitable. In first 

instance the value of 1.50 seems on the safe side, but when turbulence is taken into account the 

value is pretty precise. 

 

8.3.3.5. Verification CFD model 

To verify the CFD model used in this project a simulation is carried out with a zero thickness 

plate. This model represents the 0.5 mm thick plates of the measurements of Letchfort 

(Letchfort, 2001) as best. The simulation is done with an approximately laminar wind flow. This 

laminar flow is created by choosing low values for roughness length, length scale and 

turbulence intensity. The roughness length and length scale are chosen as      and the 



76 

 

turbulence is set to 0.01%. Further, the analysis is carried out with the medium grid which is 

analyzed earlier in the grid sensitivity analysis. The analysis is carried out at a wind speed of 10 

m/s in accordance with the wind tunnel tests of Letchfort. This way, the influence of wind speed 

on the drag coefficient (8.3.3.2) at laminar flows or flows with low turbulence is eliminated.  

This analysis results in a drag force coefficient of 1.35. From the wind tunnel measurements 

from Letchford for a hoarding with a width to height (b/c) ratio of 2 and a clearance ratio (c/h) of 

0.67 the drag coefficient should be around 1.38.  

The CFD result from the model of zero thickness which is 1.35 differs approximately 2% from the 

results of the measurements by Letchford. These results are considered as reasonable and the 

small differences could be explained by the fact that the turbulence in the wind-tunnel tests 

aren’t exactly known but taken as infinitely small in the CFD model. Also small errors in CFD 

commonly occur. 

 

8.3.4. Conclusions 

The mentioned studies and the studies of Letchford and Holmes (Letchford and Holmes, 1994) 

and Bearman (Bearman, 1971) show that free standing walls and hoardings are highly sensitive 

structures. The aspect ratio of the wall highly influences the drag force coefficient. Also the 

thickness of the wall has a small influence on the drag coefficient, which could also be seen in 

the grid sensitivity analysis where the zero thickness walls has 1-2% higher drag force 

coefficients in comparison with the 100mm thick plate. Also the edge properties and other 

boundary conditions show the sensitivity of the free-standing wall. This leads to a large variety 

on drag force coefficients for just a simple plate.  

To conclude, it can be thought that a free standing wall seems to be a very simple structure, but 

when one considers the properties regarding wind flows it seems a very sensitive structure when 

properties just slightly changes. This is probably the reason for the large variety of pressure 

coefficients in the different codes. 
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8.4. Fluid-Structure Interaction Calculations 

 

For the final analyses of the flexible banners a fluid-structure interaction (FSI) methodology is 

used. With a FSI method the interaction of a flexible or movable structure with a fluid can be 

analyzed. In this project the large deformations of the flexible structures influence the loads on 

the structure. By finding equilibrium between loads and deformations at a certain wind speed 

the deflections of the flexible structure can be found more accurately. It should be noticed that 

the dynamic behaviour of the structure is outside the scope of this project. 

There are generally two approaches for the simulation of fluid-structure interaction problems: a 

monolithic and a partitioned approach: 

 The monolithic approach solves the equations for flows and displacements 

simultaneously with one solver. This approach is also called a weakly or loosely coupled 

fluid-solid interaction approach. This approach needs a very complex numerical 

simulation to solve the flows and displacements simultaneously (Wüchner, 2007). The 

monolithic method can be used when deformations are relative small.  

 The partitioned approach solves the equations for flows and displacements separately 

with distinct solvers. This is called the strongly coupled approach and is appropriate to 

simulate structures with large deformations.  

 

At the moment, there are a few commercial programs on the market to analyze flexible 

structures in combination with a CFD model. These programs are often loosely coupled 

approaches with limited possibilities. These programs aren’t able to analyze complicated 

structures very accurate. They use a flexible adaptable mesh which varies when the structure 

deforms. These grids are often of poor quality and hard to control.  

To get more sophisticated and reliable results it is better to use a FSI-tool which uses two 

distinct solvers for the flow and displacements. By combining these two programs it’s expected 

to get very accurate results, because both programs are specified in their individual tasks. The 

best program is used for each task instead of an unsophisticated approach where one program 

tries to do all the parts. 

On the University of Munich they developed a very good FSI-tool (Breuer et al., 2012). They 

developed for each part of the FSI-package their own program and created a partitioned strong 

FSI coupling scheme. Unfortunately this package isn’t available so it was decided to develop a 

fluid-structure interaction tool to analyze flexible structures. The tool is developed by using 

commercial software which is available at the Technical University of Eindhoven. 

The scope of this methodology is to investigate how large deflections of structures influence the 

loads on these structures. In this stage of the development of the tool it only focuses on the 

static behaviour of the structure. The tool is developed to calculate in an iterative way the 

deformations of a flexible structure loaded by a certain wind load (wind speed) very accurately. 

It’s the goal to create a practical tool to analyze highly flexible structures.  

With this developed FSI-tool three configurations of the banner are analyzed. The results of 

these analyses can be found in paragraph 8.4.2. At last, the three banners are compared and the 

results are discussed.  
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8.4.1. FSI methodology 

This paragraph describes the fluid-structure interaction methodology which is developed and 

used to analyze the flexible structures. This methodology describes how the finite element 

approach is coupled to the computational fluid dynamics part.  

For the calculations of deformations the software of Oasys GSA is used. This program is able to 

calculate membrane structures with large deformations. For the computational fluid dynamics 

part of the tool the software of Ansys is used. These packages are coupled with a simple excel 

spreadsheet, which is also used to calculate convergence. 

Large parts of the different programs are already described previously. In this paragraph the 

coupling between these programs is described. 

At first, the global framework of the methodology is described. After that, the methodology will 

be described in short with the general procedure. At last, the methodology will be described in 

dept. 

 

8.4.1.1. Framework of FSI methodology 

The methodology developed is a partitioned coupled approach for fluid-structure interaction 

(Figure 8.44). This approach uses for both parts of the analysis a distinct solver. The deflections 

of the structure are calculated by a Finite Element Method (Oasys GSA) which is capable to do 

form finding and calculating structures with large deformations accurately. For the CFD analyses 

three programs are used.  

 

 First there is Ansys GAMBIT, which is the pre-processor and is used to create the meshes 

for the fluid domain. 

 Secondly Ansys Fluent is used to solve the calculations. 

 Finally CFD-Post is used to post-process the data. 

 

This approach has the advantage that for every part a specialized program is used. The 

disadvantage is that a certain amount of importing and exporting of data is needed which 

should be automated.  

 

 
Figure 8.44: Framework of the fluid-structure interaction methodology 
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Figure 8.44 illustrates the framework of the fluid-structure interaction methodology. The three 

different parts of this methodology are clearly shown.  

The finite element method is on the left side. Here the deformations of the structure are 

calculated with a form finding method or a second order non-linear analysis. 

On the right side the CFD part is shown. This part shows the different steps of the CFD analysis. 

First there is the pre-processing section which generates the grid for the domain. Secondly the 

solving part is done by Ansys Fluent and at last the results are processed by CFD-Post and made 

appropriate for further processing. 

Between the FEM and CFD part a coupling is needed. This coupling interface has three tasks: 

 

 The first task of the coupling interface is to check convergence. When the deformations 

between two iterations reaches the convergence criteria, the calculations can be 

stopped.  

 Secondly the deformations out of the FEM analysis are converted and made appropriate 

for generating a grid in the post-processing part of the CFD analysis. Also a corrector 

scheme for the deformations is used to reduce the amount of iterations needed to gain 

convergence. 

 The last task for the coupling interface is to convert the nodal wind-pressures out of the 

post-processor of the CFD analysis to surface pressures on an element. This is necessary 

because these pressures are needed in the FEM part. 

 

Figure 8.45 shows the fluid-structure interaction methodology with all the programs and files 

needed and created. In this paragraph the general procedure with all the different steps is 

handled. The built-up of the files and the purposes are described in detail in the next paragraph. 

This paragraph describes the general procedure of the methodology.  

  

 
Figure 8.45: Sketch of the partitioned FSI methodology 
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General procedure: 

 In the FEM program (GSA), the structure is built-up. The nodes and faces should be 

carefully chosen and numbered because this will be used in a later stage when we built-

up the mesh for the fluid domain. 

 The nodes of the structure are exported to the spreadsheet.  

 The nodes of the deformed structure are copied to the journal file which describes the 

built-up of the mesh in GAMBIT. (How this journal file is generated will be handled later.) 

 The journal file will be run in Ansys GAMBIT and the mesh for the fluid domain is 

exported. 

 In Ansys Fluent the mesh is read and the right parameters for the calculations are 

chosen. 

 A calculation is done and case and data files are exported. 

 The case and data files are loaded in CFD-Post 

 In CFD-Post a user-surface is imported and the pressures in the different nodes are 

exported. 

 This exported data will be copied to the spreadsheet. 

 In the spreadsheet the nodal pressures are converted to element pressures. 

 Now these pressures can be used in the FEM program. 

 With these loads we calculate the deformations of the structure. 

 

This new shape of the structure results in different loads on the structure. When this loop is run 

a couple of times the deformations of the structure and the loads on the structure should reach 

equilibrium. This way it should be possible to calculate the deformations of and the loads on the 

structure very accurate at a certain wind speed.  

 

8.4.1.2. FSI methodology in dept 

In the previous paragraph the methodology of the FSI-tool is introduced. In this paragraph the 

procedure will be handled in dept and the different conditions and requirements are described. 

 

8.4.1.2.1 Built-up model in GSA 

In GSA the initial model of the structure should be built-up carefully because this structure is 

also the basis for the mesh in the pre-processing part of CFD. The numbering of different nodes 

and elements should be done in an organized way. The locations of the nodes of the deformed 

structure can easily be exported by copying the nodes from the output part of GSA to a 

spreadsheet. The model in GSA is built-up from 2D-elements which together form a surface. The 

elements are built-up with a number of nodes. This is exported to a spreadsheet so this is used 

later to convert the nodal pressures out of the CFD calculations to element pressures.  

 

8.4.1.2.2 Built-up model in Ansys GAMBIT 

The procedure described by Van Hooff and Blocken (Van Hooff and Blocken, 2009) and which 

was used to create the mesh for the undeformed banner is unfortunately not applicable in all 

cases. When the section of the structure isn’t constant the procedure which sweeps meshed 

faces along meshes lines is no longer suitable. In the case of the flexible banner the section of 

the banner won’t be constant so another procedure has to be followed. Also the fact that in the 

FSI-tool the mesh has to be adaptable makes this way of meshing unsuitable. The way the 
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meshes are generated here, is described below. This procedure results in a structured mesh 

with hexahedron cells. 

 

General procedure for meshing 

 
1. The nodes of the structure are imported (Figure 8.46) 

2. With these nodes surfaces are created and the surfaces are meshed (Figure 8.47) 

3. Nodes at the boundaries of the domain are defined (Figure 8.48) 

4. Edges from nodes on the structure to nodes at the domain boundaries are created (Figure 8.49) 

5. Edges at the boundaries of the domain are created (Figure 8.49) 

6. A volume is created from the wireframe (Figure 8.49) 

7. The edges of the wireframe are meshed, eventually with a certain gradient (Figure 8.49) 

8. Now the volume can be meshed (with the Cooper scheme) (Figure 8.50) 

9. Repeat this procedure until every block of the domain is meshed  (Figure 8.51) 

   

 

 
Figure 8.46: Import nodes and create a surface 

 
Figure 8.47: Create and mesh surfaces 

 

 
Figure 8.48: Define nodes on boundaries of the domain 

 
Figure 8.49: Create edges, wireframe and mesh edges 

with certain gradient 

 

 
Figure 8.50: Mesh volume with Cooper scheme 

 
Figure 8.51: Mesh every block of the domain 
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The main difference between this procedure and the procedure described in paragraph 8.3.1 is 

the way the volumes of the fluid domain are created. In the method for the undeformed banner 

this is done by sweeping meshed faces along meshed edges. In the procedure for the deformed 

banner the volumes are created by a wireframe of meshed edges. This volume is meshed by 

using the Cooper scheme, which sweeps a meshed face through the volume (GAMBIT manual).  

This way the mesh is constructed completely step by step. How the mesh is built up can be 

found in the journal-file which can be exported out of GAMBIT. This file contains all the steps 

that are made to built-up the mesh in GAMBIT. It’s a script for building the model. This script is 

used for next calculations with a different deformed structure.  

If the nodes, edges and volumes are carefully numbered and labelled, the journal file can easily 

be adapted by just changing the position of the nodes of the surfaces of the structure.  

When creating the mesh, the nodes which are extracted from the finite element model are used 

to describe the structure or parts of it. This way the deformations of the structure are used to 

built-up the new mesh. So the FEM and the CFD model are strongly coupled. The advantage of 

this procedure is that the mesh is still very structured and can be judged at any time. It’s also 

possible to change the mesh a bit if it the adapted mesh isn’t good enough. This can be easily 

done by changing some parts in the journal file.  

 
8.4.1.2.3 Solving CFD 

The solving part is done in the same way as previously described in paragraph 0, the CFD part of 

this report. Hereby should be taken into account that the frontal area of the banner changes 

every iteration step, which influences the drag force coefficient of the structure. After running 

the calculations the results are exported as a case and a data file so it is usable in CFD-Post. 

 

8.4.1.2.4 Post-processing CFD 

This part of the loop contains the second coupling between the FEM and CFD part. Here it is 

necessary to export the pressure or loads from the CFD calculations in such way that it can easily 

be used in the FEM part.  

While creating the model in GAMBIT and exporting it as a mesh unfortunately the numbering of 

the nodes changes from the node numbering used when importing the nodes for the face(s) in 

GAMBIT. This renumbering in GAMBIT is done to speed up the calculations in Ansys Fluent. Now 

the export data is needed this introduces a problem, because the pressures at specific points on 

the surface which corresponds with the GSA model are necessary. 

To export the pressures correctly from CFD-Post, there is the option to create a user-surface. Now 

a notepad-file is created which contains the nodes from the GSA model. These nodes are also 

used to create the surface in GAMBIT, so the nodes are exactly on the face of the membrane. 

Following, a file is exported with the pressures at the nodes of the user-surface which 

corresponds with the nodes in GSA.  

 

8.4.1.2.5 Coupling interface 

Excel is used as coupling interface to convert the data between the different programs. It’s used 

to convert the data to the right entities because the different programs use different entities.  

After the post-processing step it is used for further processing of the exported data from CFD-

Post. The pressures in the nodes are converted to surface pressure which can be used in GSA. 
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The element pressure is taken as the average of the nodal pressures from which the element is 

built-up. 

 

8.4.1.2.6 Convergence 

Besides the coupling part, Excel is also used to consider convergence. Convergence could be 

reached in two ways. The pressures/loads can converge or the deformations of the structure can 

converge. In this project convergence of the deformations are taken into account. The 

convergence of the deformations is reached when the change in displacements between two 

steps drops below      . Equation 10.1 represents this convergence criterion. 

 

               

 

 

 

(8.17) 

Where: 

 

  
  = the nodal displacement in the last iteration 

 

    
  = the nodal displacement in the second to last iteration 

 

 

8.4.1.2.7 Estimation of displacements 

To speed up convergence, the deformations from GSA are underrelaxed before the new mesh for 

the CFD part is created. A fixed underrelaxation scheme for estimating the new displacement is 

used (Equation 10.2). Here      
  is the estimated displacement of the new model,  

   is the displacement calculated from the last iteration and       is the estimated displacement 

used in the previous iteration.  

The underrelaxation factor can be determined dynamically or can be chosen as fixed (Weghs, 

2010). The optimal factor   is case dependent and can only be determined by trial and error. 

Small numbers of   lead to convergence but takes a large number of iterations. Larger values for 

  will speed up convergence. However, very large values of   will result in worse convergence 

behaviour.  

Besides the use of a fixed underrelaxation factor,   can also be determined by the Aitken 

method. This method adapts the underrelaxation factor by considering the last and the second 

to last iteration. However, this method doesn’t always show a smooth convergence (Breuer et 

al., 2012). In this project a fixed value for   is chosen which is usually between 0.3 and 0.5. 

 

     
                  (8.18) 

 

Where: 

 

     
  = the estimated displacement for the current iteration 

 

   = the resulted displacement of the last iteration 

  

     
    = the estimated displacement used in the last iteration 
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8.4.1.3. Automating FSI methodology 

The complete process previously described is further automated to reduce the time consuming 

transferring of data between the different programs. It also reduces the amount of mistakes 

which can be made. With the help of Matlab and Visual Basic different scripts are developed for 

the different processes which should be carried out. 

This automated tool can be used to analyze the different configurations, but also more complex 

structures. By using the methodology in combination with the developed scripts the influence of 

deformations on the loads on and forces in the structure can be analyzed in a semi-automated 

procedure. 

In the appendix a manual for this tool is included. This manual describes how the tool should be 

used and which files have to be developed (Appendix C1-C5). 

 

8.4.1.4. Conclusions 

This paragraph presented a fluid-structure interaction methodology. This methodology is used in 

this project to analyze flexible structures. It is developed with commercial software available at 

the Technical University of Eindhoven. 

It is shown that by just using relatively simple and widely available programs, complex methods 

like the FSI approach can be handled. There are a lot of improvements possible, but this 

methodology shows a practical tool for analyzing flexible structures with commercial software. 

The tool is largely automated and is able to handle more complex structures.  

By further development, the tool can become more automated and at the end it should be 

possible to develop a procedure where also the dynamic aspects of the flexible structure could 

be analyzed. 

For now it’s a practical tool which can be used to analyze the influence of large deformations on 

the loads on the structure by a strong coupled scheme with two codes which are specialized in 

their own field. 
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8.4.2. FSI calculations of the banners 

 

This paragraph handles the results of the analyses of the banners with the fluid-structure 

interaction methodology described in the previous paragraph. In this project three 

configurations are considered and analyzed (Figure 8.52-Figure 8.53). The analyses are started 

with the basic configuration. With the results and knowledge of this banner, the improved 

configurations are developed and analyzed.  

 

 
Figure 8.52: Basic configuration 

 
Figure 8.53: Triangular configuration 

 
Figure 8.54: Configuration with 

flexible members 

 

The procedure to analyse the different structure is as follows. At first the built-up of the model is 

handled. Here the different parameters are described in detail. 

After this, the deformed structure is described as also the convergence. Convergence is checked 

for every node separately and a case is converged when the deflections between two iterations 

reaches the convergence criteria for every node. To make convergence visible, the changes in 

projected frontal area as function of the number of iterations are illustrated.   

Next, different aspects of the change in loads on the structure are analyzed. These are:  

 Wind pressure distribution 

 The total loads on the banner 

 The projected frontal area 

 The drag force coefficient 

 Moment around the x-axis 

 Moment around the y-axis  

 

Here the y-axis is the column axis. The loads on half the structure cause a moment around this 

axis. Besides loads on the banner, internal forces are considered. The internal forces are hard to 

quantify, because deformations can cause increases and reductions of stresses at the same time 

so these changes are handled in a qualitative way. 

The deformed structure is calculated at different wind speeds. This will give insight in the 

behaviour of the structure and the way it deforms. With these calculations the effect of the 

deformations on the forces on and in the structure will become clear. The wind speeds vary 

between 0 and 32 m/s. The maximum wind speed is corresponding with a wind force 12 

hurricane.   

 

This paragraph ends with the comparison of the three investigated banners. The reductions and 

improvements gained are compared and the influence of the configurations will become clear.  
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8.4.2.1. Basic configuration 

The first configuration considered is the basic configuration (Figure 8.52). This structure has two 

horizontal beams which are spring connected to the column. Besides the beams, there are bar-

elements horizontally in the membrane. The bar elements stabilize the membrane when it 

deforms. The structure is pre-stressed by adding thermal heat to the beam and bar elements. 

When this thermal heat is taken too low the structure becomes unstable when the deformations 

become quite large. 

This structure is also quite sensitive for variations in loading. When considering the structure 

with an equally dived load, the structure can be stable. If now in contrast loads out of the CFD 

calculations are used, the structure can become unstable even when these pressures are in 

same order of magnitude as the evenly divided loads. This instability mainly occurs when 

deformations become quite large.    

The properties chosen for the analysis of the basic configuration are shown in Table 8.12. These 

properties lead to a stable structure which can take relatively large deformations.  

 

 
Figure 8.55: Wind pressure front undeformed structure 

 
Figure 8.56: Wind pressure front deformed structure 

 

 
Figure 8.57: Wind suction rear undeformed structure 

 
Figure 8.58: Wind suction rear deformed structure 
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Properties Basic Configuration  

Height Banner (mm) 4500 

Width Banner (mm) 6000 

Clearance (mm) 1500 

Section Steel Beams (mm) 100x100x10 

Section Steel Bars (mm) 5 

Young’s modulus Fabric Membrane (kN/m) 100 

Pre-stress; Bars and Beams, Thermal heat (degrees) 600 

Pre-stress; Nodal load (kNm) 1,234 

Spring Stiffness (kNm/rad) 1  

Table 8.12: Properties for the basic configuration 

 

At first, the basic configuration is considered at different wind speeds (0-32 m/s) and analyzed 

with the fluid-structure interaction methodology described in the previous paragraph. The 

results are presented below. Convergence for this configuration is reached within 6 iterations 

(Figure 8.59). The path to convergence isn’t very smooth for this case but that doesn’t seem to 

influence the speed of convergence. The grid quality is quite good, even for the case with the 

largest deformations (Appendix D5). The maximum displacements of the membrane in this case 

are 1151mm in the z-direction (perpendicular to the membrane). 

 

 

 
Figure 8.59: Convergence of basic configuration 

 
Figure 8.60: Normalized total force on banner 

 

Loads on the structure 

Figure 8.55 and Figure 8.56 show the distribution of wind pressure over the structure for the 

undeformed and the deformed structure. Here one can see that the distribution of loads change 

due to the deformations. The pressures near the supported edges increase while the pressures 

near the unsupported edge decreases.  

The loads on the wake side of the banner show just minor changes for the undeformed and the 

deformed structure (Figure 8.57 and Figure 8.58).  

 

Due to deformations, the total load on the structure decreases by about 20% (Figure 8.60). This 

reduction is totally due to a reduction of the frontal area of the deformed structure which also 

reduces by about 20% (Figure 8.61). The drag force coefficient of the structure stays 

approximately constant during the increase of wind speed and thereby the increase of 

deformations (Figure 8.62). 
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The distribution of loads on the structure influences the moments around the different axis. The 

moments around the x-axis decreases by around 20% (Figure 8.63). This reduction is the same 

as the reduction in projected frontal area and loads on the banner. This is due to symmetry at 

half the height of the membrane.  

 

The moments around the y-axis (the column axis) decreases by almost 30% (Figure 8.64). The 

average pressure moves in the direction of the column, so the total reduction exceeds the 

reduction in projected frontal area and total loads on the banner. Details of the reduction of 

loads can be found in appendix D1.  

 

 
Figure 8.61: Normalized projected frontal area 

 
Figure 8.62: Normalized drag force coefficient 

 

 

 
Figure 8.63: Normalized moments x-axis 

 
Figure 8.64: Normalized moments y-axis 

 

 

Forces in the structure 

In the unloaded state, with only the pre-stress on the membrane, the maximum stresses in the 

membrane in the y-direction are between 0,8 and 0,9 kN/m (Figure 8.67). When the membrane 

is loaded by wind pressure the maximum stresses increase to 2,6 kN/m (Figure 8.68). The 

maximum stresses only occur near the tips of the beams. In a large part of the membrane the 

stresses don’t increase very much. They remain approximately 1 kN/m. 

The stresses in the bar elements show a large variance for the undeformed and the deformed 

structure. The undeformed structure shows compression stresses of approximately 15 N/mm² 

(Figure 8.69). The deformed structure shows compression as well as tension stresses. These 

stresses vary from 20 N/mm² compression stresses to 30 N/mm² tension stresses (Figure 8.70). 

This large variety is due to the large deflections which lead to uneven loadings. By optimizing 

the pre-stresses this variety can possibly be decreased.     
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The bending stresses in the beams increase just slightly from 12,5 to 15 N/mm². This is because 

the rotational spring let the membrane deform and the beams don’t have to take all the 

additional loads.  

 

 

 
Figure 8.65: Maximum stresses in the undeformed 

membrane in the x-direction 

 
Figure 8.66: Maximum stresses in the deformed 

membrane in the x-direction 

 

 
Figure 8.67: Stresses in the undeformed membrane in 

the y-direction. 

 

 
Figure 8.68: Stresses in the deformed membrane in the 

y-direction 

 
Figure 8.69: Stresses bar elements undeformed structure 

 
Figure 8.70: Stresses bar elements deformed structure 
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When a case is considered where the beams are encastered instead of spring connected to the 

column, the stresses in the membrane increase (Figure 8.71 and Figure 8.72). The stresses in 

the x-direction are about 2 kN/m and in the y-direction approximately 3 kN/m. Also the stresses 

in the bar-elements are increasing. The stresses vary between 50 N/mm² in compression and 40 

N/mm² in tension. These stresses are large in comparison with the structure with the spring 

connections. 

 

 
Figure 8.71: Stresses in the membrane in the x-direction 

with beams encastered 

 
Figure 8.72: Stresses in the membrane in the y-direction 

with beams encastered 

 

Conclusions 

Table 8.13 summarizes the general results for the loads on the banner. The decrease in loads on 

the structure is totally due to a reduction of frontal area. For moments around the y-axis the 

redistribution of wind pressure on the banner has a larger positive effect. This is due to the fact 

that the wind pressures redistribute in the direction of the column. The unsupported edge 

deforms in such way that the pressures reduce near this edge.  

The internal forces show that deformations have a positive effect on the stresses in the 

membrane. The capacity to reconfigure the material very easily results in just a slight increase of 

stresses in the membrane when it’s fully loaded. Also the comparisons with the structure where 

the beams are encastered to the column show the benefits of flexibility. The stresses in the 

membrane, the bar and the beam elements are much larger in the case of encastered beams. 

The results show that the capacity to deform leads to reduction of forces in and loads on the 

structure.  

 

Basic configuration Change 

Projected frontal area -20% 

Drag coefficient 0% 

Total force on banner -20% 

Moment around x-axis -20% 

Moment around y-axis -30% 
Table 8.13: General results basic configuration 
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8.4.2.2. Triangular configuration 

The triangular configuration is the configuration where the beams have the same origin (Figure 

8.53). When developing this configuration it was expected that the forces on the banner would 

further decrease because the upper edge of the banner is now also a “free” edge. This means 

that this edge is also capable to deform and let the wind flow easier over the structure. The bar 

elements which stabilize the membrane are now parallel to the column and parallel to the 

horizontal beam (Figure 8.53). The lower beam is spring connected and is only able to rotate 

around the z-axis. The inclined beam is pin connected and also this beam can only rotate around 

the z-axis. The different parameters for this banner can be found in Table 8.14.  

 

 
Figure 8.73: Wind pressure front undeformed structure 

 
Figure 8.74: Wind pressure front deformed structure 

 

 
Figure 8.75: Wind suction rear undeformed structure 

 
Figure 8.76: Wind suction rear deformed structure 

  

 

Properties Triangles  

Height Banner (mm) 4500 

Width Banner (mm) 6000 

Clearance (mm) 1500 

Section Steel Beams (mm) 100x100x10 

Section Steel Bars (mm) 5 

Young’s modulus Fabric Membrane (kN/m) 100 

Pre-stress; Bars and Beams, Thermal heat (degrees) 300 

Pre-stress; Nodal load (kNm) 2,323 

Spring Stiffness (kNm/rad) 2  
Table 8.14: Properties for the configuration with triangles 
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In comparison with the basic configuration this structure is even more sensitive. The pre-stress 

has to be carefully chosen to gain a stable structure and even then it’s not certain that the 

structure is completely stable at every load combination.  

For somewhat larger deformations the structure often doesn’t show complete convergence. This 

is caused by the bar elements which are loaded under compression. The angle between two 

adjacent elements isn’t always smooth. This behaviour can be seen in Figure 8.77, where some 

convergence lines show some disturbance. This problem could probably be tackled by 

investigating the pre-stress in the bar elements. When adapting each bar element, the structure 

can possibly become stable at every load configuration, but this is outside the scope of this 

project. Here, the calculations will sometimes be taken as converged even when the 

convergence criterion isn’t reached completely.  

 

 
Figure 8.77: Convergence of the configuration with the triangles 

  

Tests are carried out with initial guesses for a deformed structure to see if this would decrease 

the number of iterations necessary to gain convergence. This initial guess estimates the 

deformations for the next load case by considering the last two load cases (Breuer et. al., 2012). 

When considering a structure with a linear guess, there wasn’t found a decrease in the number 

of iterations needed to gain convergence. This is likely due the fact that the linear guess 

overestimates the deformations of the structure quite much. It’s possible that the number of 

iterations will decrease when taking a larger number of previous load cases into account, but 

this isn’t investigated here. For the case with the largest deformations the grid quality is quite 

good (Appendix D5). 

 

When investigating this banner also the mesh for the CFD model is changed in comparison with 

the basic configuration. This is done because the original way of meshing the membrane is only 

suitable when the deformations are very small. When the deformations increase the total 

membrane has to be divided in two separate triangular surfaces. When considering this new 

mesh and comparing this one with the one of the basic configuration the results are similar. So 

it’s assumed that this mesh will also give reliable results when the deformations are larger. 



94 

 

Loads on the structure 

The distribution of wind pressures changes when de structure deforms (Figure 8.74). The 

pressures at the free edges reduce and the pressures near the lower beam increases.  Also here 

the loads at the wake side are approximately the same for the undeformed and the deformed 

structure (Figure 8.75 and Figure 8.76). 

 

In this case, the total loads on the banner decrease by approximately 20% (Figure 8.78). This 

reduction of loads is largely due to a reduction of projected frontal area (Figure 8.79), but also 

slightly due to a reduction of drag force coefficient (Figure 8.80). The extra unsupported edge at 

the top of the structure causes a more aerodynamic shape, although the reduction of 4% is still 

quite small. 

 

The unsupported edge at the top results also in a decrease of moments around the x-axis of over 

30% (Figure 8.81). The deformations of the structure result in a decrease of loads at the top of 

the structure and a slight increase of loads at lower parts. This results in a favourable 

redistribution of wind pressure when considering the moments around the x-axis.  

 

Besides the reduction in moments around the x-axis, the moments around the y-axis also 

decrease by more than 30% (Figure 8.82). This is mainly due to the redistribution of pressures in 

the direction of the column.  This is caused by the deformations of the unsupported edge at the 

far end (Figure 8.73 and Figure 8.74). For a complete overview see appendix D2. 

 

 
Figure 8.78: Normalized total force on banner 

 

 
Figure 8.79: Normalized projected frontal 

 
Figure 8.80: Normalized drag force coefficient 
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Figure 8.81: Normalized moments around x-axis 

 
Figure 8.82: Normalized moments around y-axis 

 

 

Forces in the structure 

The stresses in the membrane in the x-direction of the undeformed structure are approximately 

0,5 kN/m (Figure 8.85). The stresses in the deformed structure are largely around 1 kN/m, with 

some larger stresses in the corner where the beams meet (Figure 8.84). The stresses in the y-

direction are similar because of the large amount of symmetry in the structure (Figure 8.85 and 

Figure 8.86). The reconfiguration of material results in just a slight increase of stresses in the 

membrane. 

The stresses in the bar elements show some variance when the structure deforms. In the 

undeformed state the stresses in the bar elements are approximately 10 N/mm² in compression 

(Figure 8.87). When the structure is loaded and deforms the stresses in these elements are 

varying between 0 and 15 N/mm². This shows some variance of stresses in the bar elements, but 

it doesn’t increase very much. 

 

 
Figure 8.83: Stresses in the undeformed membrane in 

the x-direction 

 
Figure 8.84: Stresses in the deformed membrane in the 

x-direction 
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Figure 8.85: Stresses in the undeformed membrane in 

the y-direction 

 
Figure 8.86: Stresses in the deformed membrane in the 

y-direction 

 

 
Figure 8.87: Stresses bar elements undeformed structure 

 
Figure 8.88: Stresses bar elements deformed structure 

 

Conclusions 

The triangular configuration leads to a reduction of projected frontal area as well as a reduction 

of drag force coefficient. It shows that an increased number of unsupported edges results in a 

more aerodynamic shape. The location of the unsupported edges influences the moments 

around the different axes. The unsupported edge at the top side results in a larger reduction of 

moments around the x-axis in comparison with the basic configuration (Table 8.15).  

Besides the reduction of loads on the structure, the deformations of the structure also have a 

positive effect on the internal forces. The stresses in the membrane just slightly increase for the 

largest part. There are only some peak stresses at the locations where the beams are connected 

to the column. The bar elements show even reduction of stresses due to deformations at some 

locations.  

 

Triangles Change 

Projected frontal area -17% 

Drag force coefficient -4% 

Total load on banner -20% 

Moment around x-axis -31% 

Moment around y-axis -32% 
Table 8.15: General results triangular configuration 
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8.4.2.3. Configuration with bending members 

The second variant is the configurations with bending members. The stiff beam members are 

replaced by flexible members who can deflect in the direction perpendicular to the surface of the 

membrane (Figure 8.54). The direction in the plane of the membrane is still stiff. This is done to 

ensure that the pre-stress can be introduced and stabilize the membrane. The bending members 

are encastered to the column. In this configuration the deformed shape of the structure becomes 

a more spherical shape which will be more aerodynamic. 

When working on this variant it became clear that the earlier introduced bar-elements in the 

membrane can be left out. This is due to a different way of reshaping of the structure when 

loaded by wind in comparison with the previous analyzed models with the springs in it. The pre-

stress is now introduced by thermal heat in the beam-elements only. This thermal heat 

introduces an elongation of these members and pre-stresses the membrane. In comparison with 

the previous models, this model also shows a smoother deflected shape. This is formally 

because the bar elements which are left out. In this case the flexible members for the column 

and the horizontal beam are taken as members with a section as a strip and a Young’s modulus 

of 20.000 N/mm². The angled beam is still a 100x100x10mm section. This beam has also a 

reduced Young’s modulus (Table 8.16). The values for Young’s modulus and the bending 

stiffnesses can be reached by using fibre reinforced plastics (Cheremisinoff et. al., 1995).  

 

 
Figure 8.89: Wind pressure front undeformed structure 

 
Figure 8.90: Wind pressure front deformed structure 

  

 
Figure 8.91: Wind suction rear undeformed structure 

 
Figure 8.92: Wind suction rear deformed structure 
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Properties Bending Members  

Height Banner (mm) 4500 

Width Banner (mm) 6000 

Clearance (mm) 1500 

Section Inclined Beams (mm) 100x100x10 

Section Beam and Column (mm) 40x200x10 

Young’s modulus Beams (N/mm²) 20000 

Section Steel Bars (mm) 5 

Young’s modulus Fabric Membrane (kN/m) 100 

Pre-stress; Bars and Beams, Thermal heat (degrees) 600 

Pre-stress; Nodal load (kNm) 1,234 

Spring Stiffness (kNm/rad) 1  
Table 8.16: Properties configuration with bending members 

 

When considering the configuration with the bending members it became clear that convergence 

is reached very fast and in a smooth way. For the largest part of the calculations only seven 

iterations were needed to gain convergence. And when the deformations are very small even 

less iterations are necessary. For all the cases the deformed structure at the previous calculated 

wind speed is used for the first iteration for the next wind speed considered (Figure 8.93). It’s 

assumed that this would decrease the number of iterations needed to gain convergence. 

 

For the meshing of the CFD part, three different journal files are used. The first one is the same 

as used for the banner with the basic configuration. This mesh is usable for small deformations. 

For the larger deformations the mesh which is developed for the previous triangular 

configuration is used. At last, there are made some changes to this file which made it able to 

handle very large deformations. The largest nodal deformations of the structure are almost 2 

meters and the grid quality is still good (Appendix D5).  

 

 
Figure 8.93: Convergence for the configuration with bending members 
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Loads on the structure 

In this case a large reduction of wind pressure over the surface is reached (Figure 8.90). These 

reductions are also reached at the most efficient locations. The deformed shape results in large 

reductions of pressure near the column tip and at the edges far away from the column. The loads 

concentrate at the locations where beams and column come together. The wind suction at the 

rear side shows small reduction, but these are of minor influence (Figure 8.92). 

 

The total load on the structure reduces over one third (Figure 8.94). Half of this reduction is due 

to a decrease of frontal area and the other half is due to a reduction of drag force coefficient 

(Figure 8.95 and Figure 8.96). The large deformations of this configuration result in a more 

aerodynamic deformed shape. The absolute drag force coefficient reduces from 1.62 to 1.31. 

When considering those graphs and the paths of the graphs, it seems to be possible to reach 

even larger reductions when reducing the bending stiffness even further. 

 

The moments around the two axes show very large reductions. For the moments around the x-

axis, which is at the foot of the column, the moments almost half. Also the moments around the 

y-axis reduce by almost 40%. These large reductions of moments are due to a reduction of wind 

pressures on the membrane at locations which are far away from the axes (Figure 8.89 and 

Figure 8.90). Detailed results can be found in appendix D3. 

 

 
Figure 8.94: Normalized total load on banner 

 

 

 
Figure 8.95: Normalized projected frontal area 

 
Figure 8.96: Normalized drag force coefficient 
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Figure 8.97: Normalized moments around x-axis 

 
Figure 8.98: Normalized moments y-axis 

 

Forces in the structure 

The maximum stresses in the membrane in the x-direction for the undeformed shape are 

approximately 0,5 kN/m (Figure 8.99). When the wind speed increases to 32 m/s the maximum 

stresses in the membrane raise to a maximum of 3 kN/m near the tip of the column (Figure 

8.100). The largest part of the membrane has to resist stresses between 0,5 and 2,0 kN/m. The 

reconfiguration of material results in more efficient usage of this material. A large benefit of this 

configuration is that it seems to be stable under all circumstances. 

In this theoretical configuration the axial stresses in the beams due to pre-stress are very low. 

The largest part of the stresses appear due to bending of the beams. These stresses can be 

lowered by varying the cross section and the Young’s modulus. This can be done by further 

investigation of materials like fibre reinforced plastics or glass fibres. This is outside the scope 

of this project, but can be part of future investigations.  

 

 
Figure 8.99: Stresses in the membrane of the 

undeformed structure in the x-direction 

 
Figure 8.100: Stresses in the membrane of the deformed 

structure in the x-direction 
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Figure 8.101: Stresses in the membrane of the 

undeformed structure in the y-direction 

 
Figure 8.102: Stresses in the membrane of the deformed 

structure in the y-direction 

 

Conclusions 

The total wind pressure on the structure reduces significantly. This reduction is the result of a 

reduction of frontal area and a more aerodynamic shape. The deformations result in reductions 

between 34 and 46 percent of loads and moments (Table 8.17). The internal stresses in the 

membrane show a slight increase. This configuration seems to be stable under all investigated 

circumstances.  

The shape can be further optimized by considering different configurations with just flexible 

members with a flexible membrane in between. These configurations could be inspired by leafs, 

which have endless number of variations with often very efficient configurations. 

Also other materials like glass fibres could be investigated and used to gain even more 

flexibility. 

This variant considers members with an even cross-section over the length. When considering 

members with a decreased stiffness to the tip of the member, the deformed shape of the banner 

will become even more efficient. 

 

Bending members Change 

Projected frontal area -18% 

Drag force coefficient -19% 

Total load on banner -34% 

Moment around x-axis -46% 

Moment around y-axis -38% 
Table 8.17: General results for the configuration with bending members 
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8.4.2.4. Comparison of the three configurations 

After considering each variant separately with the FSI methodology, the variants are now 

compared (see also Appendix D4). All the structures show reduction of loads on the structure. 

The different aspects of loads on the structure and forces in the structure are handled 

separately. These are: 

 Wind pressure distribution 

 Total loads on the banner 

 Projected frontal area 

 Drag force coefficient 

 Moments around x-axis 

 Moments around y-axis 

 Stresses in the membrane 

 Stresses in the beam and bar elements 

 

 
Figure 8.103: Wind pressure front undeformed structure 

 
Figure 8.104: Wind pressure front basic configuration 

  

 
Figure 8.105: Wind pressure front triangular 

configuration 

 
Figure 8.106: Wind pressure front configuration with 

bending members 

 

 

Wind pressure distribution 

The distribution of wind pressure over the structure changes when the structure deforms (Figure 

8.103 - Figure 8.106). All three investigated configurations show a decrease of pressures at the 



103 

 

free edges. At these locations the wind flow can go around the structure more easily. The 

structures also show an increase of pressures at location near beam elements especially when 

they are located at the edges of the membrane. These beams catch more or less the wind 

instead of letting the wind flow around the structure. The configuration with the bending 

members shows the largest reductions of wind pressures over the surface. Also the location of 

the reduction is the most efficient, because they are at the outer edges and the column tip. 

The reductions of suction at the rear side of the structures are small and of minor influence on 

the reductions of pressures on the banner. 

 

Total loads on the banner 

The total loads on the banner change under influence of the changed projected frontal area and 

the change in drag coefficient. Here one can see that the structure with the bending members is 

the most efficient structure of the three configurations in avoiding loads. This structure shows 

the largest decreases in projected frontal area and drag coefficient. These reductions cause a 

reduction of loads on the structure of 34% (Figure 8.107). The reduction in total load on the 

banner reduces by approximately 20% for the other two configurations. 

 

 
Figure 8.107: Normalized total loads on banner 

 

Projected frontal area 

For all the structures the projected frontal area decreases which results in a reduction of forces 

on the structure (Figure 8.108). This is the elementary principle of reducing forces on a structure. 

For all structures this reduction is approximately 20%. When choosing smaller spring stiffnesses 

in the first two configurations this reduction can decrease somewhat further. For the structure 

with the flexible members the projected frontal area could further decrease when choosing 

members with lower stiffnesses. The graphs for the configuration with the two triangles and the 

configuration with the bending members show much similarity. These two configurations follow 

about the same path when the loads increase.  

 

Drag force coefficient 

Despite the large deformations, the drag force coefficient of the basic configuration doesn’t 

change very much. The loads on the membrane redistribute over the surface, but the deformed 

structure doesn’t become more aerodynamic (Figure 8.109).  

The structure with the two triangular shaped membrane parts shows a small decrease in drag 

coefficient, but also here the deformations which are quite large don’t influence the drag 

coefficient enormous.  
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To decrease the drag coefficient significantly, the structure with the bending members showed 

very good results. Here a decrease of almost 20% is gained. When the structure would be 

optimized the results would become even better. 

 

 
Figure 8.108: Normalized projected frontal area 

 
Figure 8.109: Normalized drag coefficient 

 

Moment around x-axis 

The moments around the x-axis (the ground level) decrease in all three cases (Figure 8.110). 

However, there is a large variety in decrease of moments due to the redistribution of pressures 

over the membrane. The basic configuration shows a decrease of 20% which is due to the 

decrease of projected frontal area. Because of the symmetric configuration the reduction of 

moments around the x-axis is as large as the reduction in projected frontal area (Figure 8.108). 

For the configuration with the triangles the moment decreases by 31%. This is caused by 

decrease of pressures near the unsupported edges and increase of pressures near the 

supported edge (the beams). When considering the structure with the bending members the 

moments around this axis almost halve. The eccentricity of forces decreases enormous in this 

case.  

 

 
Figure 8.110: Normalized moments around x-axis 

 
Figure 8.111: Normalized moments around y-axis 

 

Moment around y-axis (column) 

When considering half the structure the moment around the y-axis decreases in all three cases 

over 30% (Figure 8.111). The wind pressures on the structures reconfigure in the direction of the 

column. The structure with the bending members shows the largest decrease, but this decrease 

is just slightly larger in comparison with the other configurations. In all cases the unsupported 

edge deforms in such way that the flows can pass more easily. The concentration of wind 

pressure moves to the column. This reduces the eccentricity of the wind pressures.       
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Internal stresses membrane 

The two configurations with the spring connections between the beams and the column show a 

slight increase or even decrease of stresses in large parts of the membrane when deformations 

occur. Only at some specific locations the stresses increase very much. This slight increase or 

even reduction of internal stresses is largely due to these spring connections which made the 

membrane deform easily. This reductions cause also some problems when considering stability 

which should be secured by the bar element in the membranes. These bar elements are 

necessary because the membrane would otherwise be unstressed completely, which results in 

an unstable structure.  

In contrast, the configuration with the flexible members results in an increase of stresses in the 

membrane. A benefit of this behaviour is that the structure is stable even without the bar 

elements. So the spring connections result in lower internal forces, but also results in a more 

sensitive structure if stability is considered. This shows the difficulty of developing flexible 

structures with flexible elements or with flexible connections which are still stable. 

 

Internal forces bar and beam elements 

The internal stresses in the bar elements show large varieties. The variations in stresses occur 

when the structure deforms. These deformations are irregular and cause a variety in stresses 

and strains. Further investigation is necessary to gain more knowledge about the optimal pre-

stress in the bar elements. 

The bending stresses in the beams don’t increase very much in the first two cases. The spring 

connection between the column and the beam let the structure deform before large bending 

stresses in the beams arise. Because of this behaviour the stresses in the fabric stays 

approximately constant or just slightly increase. 

For the case with the bending members, theoretical properties for these members are used. 

Further research about materials with these properties is necessary to gain a clear 

understanding of the internal forces.  

 

8.4.2.5. Conclusions 

The three investigated configurations show large reductions of loads on the structure in 

comparison with a rigid structure of the same size (Table 8.18). The configuration with bending 

members shows the largest reductions for loads on the banner and moments around the 

different axes. This reduction is caused by reductions in projected frontal area and drag force 

coefficient which are both approximately 18%. 

The analyses also show the importance of the locations where reductions are reached. For the 

configuration with the bending members the reductions are reached far away from the column 

and at the column tip. These reductions results in large reductions in moments around the x- and 

y-axis. 

The internal forces show the largest relative reductions for the configurations with the spring 

connections. These spring connections also cause some instability problems. The configuration 

with the bar-elements show higher stresses in the membrane, but this configuration also results 

in a more stable structure. 

The reductions of loads could possibly further decrease when optimizing the structure with the 

bending members or improving the configuration. Optimizing can be done by considering cross 
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sections of the beam elements which reduce to the tip. Improved configurations can possibly be 

found in nature, by studying leaves. 

 

 Basic conf. Triangles Bending mem. 

Projected frontal area -20% -17% -18% 

Drag force coefficient 0% -4% -19% 

Total load on banner -20% -20% -34% 

Moment around x-axis -20% -31% -46% 

Moment around y-axis -30% -32% -38% 
Table 8.18: Comparing the general results of loads on the structure 
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9. Conclusions and recommendations 

 

In this last chapter the conclusions of the study about flexibility in structural design and the 

development of a flexible banner are presented. After the conclusions, recommendations for 

future investigation are handled.  

9.1. Conclusions 

In current buildings rigid structures are mainly used. To generate this rigidity a relative large 

amount of material is needed. In some cases this rigidity isn’t necessary, so it is possible to use 

structures or structural elements with more flexibility. By using structures which are flexible, the 

amount of material might be significantly reduced.  

In this project the development of a flexible banner is subject of investigation. The scope of this 

project is to reduce loads on and forces in the structure by using large deformations. With this 

banner the usefulness of investigating flexible structures should become clear.  

 

The developed flexible banner is mainly based on and inspired by the principles of nature and 

especially the bat wing. By abstracting the principles of the bat wing a concept for a flexible 

banner is developed and improved during the project.  

In this project three configurations are analyzed (Figure 9.1 - Figure 9.3). The first two 

configurations consist of a flexible membrane which is stressed between stiff elements. These 

stiff elements are mutually spring connected and are able to rotate around the z-axis. The third 

variant consists flexible members with a membrane stressed in between. The flexible members 

are rigid connected and can mainly bend perpendicular to the plane of the membrane. These 

three configurations are analyzed by physical models, analytical calculations and numerical 

calculations. 

 

 
Figure 9.1: Basic configuration 

 
Figure 9.2: Triangular configuration 

 
Figure 9.3: Configuration with 

flexible members 

 

In the early stage of the design an edge cable is used at the free end of the membrane to pre-

stress and stabilise the membrane. The physical study models and the numerical finite element 

calculations showed the negative influence of the edge cable on the deformations of the 

structure. The deformed structure becomes a sack which catches the wind instead of hiding from 

it. To stabilize and pre-stress the membrane, bar elements in the plane of the membrane are 

used. These elements let the structure deform in a more efficient way. 
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The analytical calculations illustrate the deformations pretty well. It showed that small loads 

lead to relatively large deformations and large loads to relatively small deformations. The 

structure increases its stiffness when deformations increase. 

 

With numerical finite element calculations the influence of different variables on the 

deformations of the basic configuration (Figure 9.1) are determined. The spring stiffness has a 

very direct and large influence on the deformations. Large stiffnesses result in small 

deformations and low spring stiffnesses result in large deformations. 

 

To gain large reductions of projected frontal area it’s advisable to use a membrane with a certain 

minimum stiffness. If this Young’s modulus is chosen too low, large strains appear in the 

membrane. Due to the large strains reductions of frontal area aren’t as large as possible. 

The amount of pre-stress has also a direct influence on the deformations. When the pre-stress in 

the structure increases, the deformations of the structure decrease. It’s advisable to use a low 

pre-stress in the structure, although this pre-stress should be chosen large enough to stabilize 

the structure. 

 

The influence of steel beams on the deformations of the structure is very small. The beams 

should be chosen in such way that the yield stresses wouldn’t be exceeded. 

For the further analyses of the basic configuration combinations of spring stiffness and pre-

stress are carefully chosen to develop a structure which is very flexible, but also stable. 

 

With an internal developed FSI-tool and methodology the three variants of the banner are 

analyzed (Figure 9.1 - Figure 9.3). The two banners that use bar elements to stabilize the 

structure show convergence with some disturbance. This disturbance is caused by small 

instabilities in the structure. The third variant is more stable and shows likewise smooth 

behaviour in convergence. 

 

The results of the three banners are divided by the flexibility typologies of passive adaptive 

structures. The results are: 

 

Principle 1: Avoiding loads 

 Reduction of loaded surface; up to 20% 

 Reduction of drag force coefficient; up to 19% 

 Reduction of friction; not considered in this project 

 

Principle 2: Efficient use of material 

 Activation of material; used to pre-stress and stabilize the structure 

 Configuration of material; has a positive influence on the stresses in the membrane 

 

Principle 3: Dynamic introduction of forces; not analyzed in this project, but can have a large 

influence on the behaviour of the structure 
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The reduction of loaded surface, drag force coefficient and the reduction of these loads at 

specific locations on the surface lead to a reduction of loads and moments on the banners (Table 

9.1). When these reductions are achieved far away from the column or near the column tip, the 

moments can be enormously reduced. 

 

 Basic conf. Triangles Bending mem. 

Projected frontal area -20% -17% -18% 

Drag force coefficient 0% -4% -19% 

Total force on banner -20% -20% -34% 

Moment around x-axis -20% -31% -46% 

Moment around y-axis -30% -32% -38% 
Table 9.1: Comparing the general results of loads on the structure 

 

 

The deformations also have a positive effect on the stresses in the membrane. The stresses in 

the membrane just slightly increase when loads increase. This is caused by an increased 

curvature of the membrane which results in a more optimal position of the membrane to resist 

loads. 

 

The reductions of stresses in the membrane are due to an increase of curvature of the 

membrane. The reductions are the largest for the configurations with the beam members which 

are spring connected to the column. These spring connections also introduce some instability in 

the membrane which should be further investigated. 

 

This study showed that flexibility in structures can cause large reductions in loads on and forces 

in the structures. Hereby nature has large amounts of examples and is an excellent starting 

point or source of inspiration. 

At last, this project showed the importance of investigation of flexible structures and can be 

seen as an example and an inspiration for future investigation about flexibility in structural 

design inspired by compliance in nature. 

 

9.2. Recommendations 

In this study just three configurations are studied. Even with this small number of examples 

large reductions in loads and forces are reached. When studying different configurations and 

optimized structures it should be possible to reduce the loads on and forces in the structure 

even further. Hereby the configuration with the bending members is a good starting point. This 

structure is stable and the bar elements can be left out.  

 

For improved configurations, leafs could be studied. These leafs can lead to a more efficient 

structure with also increased aesthetic values.  

 

Besides the configuration of the structure also the dynamic behaviour of the structure should be 

part of future investigations. Hereby it’s important to investigate if local stresses won’t become 

very high and damage the structure. This could for example result in tearing of the membrane.   
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Also fatigue of the always moving structure and the vulnerability to the occurrence of resonance 

should be part of future research. 

 

Another step is to investigate the direction of the wind loads on the structure. In this study the 

wind direction was taken perpendicular to the undeformed membrane. Other directions will 

influence the loads on the structure and the deformations.  

 

When a structure with a torsion flexible column is also considered, the structure can become 

completely flexible and move like a leaf in the wind.  
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Appendix A1: Analytics Excel

  e results of the analytics using excel can be compared with the analytical calculations using Wolfram 
Matematica (appendix A2). For the analytical calculations with Excel the rotation (0,133298 rad) and the 
q-load (0,6 kN/m2) are chosen.   is gives a spring sti" ness of approxiately 40 kNm/rad.
If now in mathematica a q-load of 0,6 kN/m2  and a spring sti" ness of 40 kNm/rad is chosen (last 
calculation A2) the results are aproximaly the same.
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Appendix A2: Analytics Wolfram Mathematica
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Results Comparison Analytical with FEM          
 
           
Spring stiffness of 20kNm/rad          
 
q-load (kN/m2) 0 0,05 0,1 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
            
Rotations (rad)           
Analytics   0 0,021 0,033 0,052 0,079 0,101 0,119 0,136 0,150 0,163 0,175
GSA   0 0,010 0,022 0,045 0,081 0,110 0,134 0,155 0,173 0,190 0,205
           
Defl ections (m)           
Analytics   0 0,514 0,625 0,745 0,855 0,902 0,918 0,915 0,900 0,875 0,841
GSA   0 0,267 0,410 0,591 0,791 0,913 0,998 1,064 1,117 1,161 1,199
           
           
Spring stiffness of 40kNm/rad          
 
q-load (kN/m2) 0 0,05 0,1 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 
          
           
Rotations (rad)           
Analytics   0 0,014 0,021 0,033 0,052 0,067 0,079 0,091 0,101 0,111 0,119
GSA   0 0,009 0,017 0,033 0,058 0,078 0,095 0,111 0,124 0,136 0,148
           
Defl ections (m)           
Analytics  0 0,299 0,372 0,459 0,560 0,624 0,671 0,708 0,738 0,763 0,783
GSA   0 0,257 0,364 0,510 0,676 0,780 0,857 0,917 0,969 1,011 1,049
           
           
Spring stiffness of 80kNm/rad          
 
q-load (kN/m2) 0 0,05 0,1 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 
           
Rotations (rad)           
Analytics  0 0,009 0,014 0,021 0,033 0,043 0,052 0,060 0,067 0,073 0,079
GSA   0 0,007 0,013 0,024 0,040 0,054 0,066 0,076 0,086 0,094 0,102
           
Defl ections (m)           
Analytics   0 0,239 0,299 0,372 0,459 0,516 0,560 0,595 0,624 0,650 0,671
GSA   0 0,225 0,362 0,433 0,570 0,658 0,725 0,779 0,825 0,864 0,899
           
           
Spring stiffness of 160kNm/rad          
 
q-load (kN/m2) 0 0,05 0,1 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 
           
Rotations (rad)          
Analytics   0 0,005 0,009 0,014 0,021 0,028 0,033 0,039 0,043 0,048 0,052
GSA   0 0,006 0,009 0,016 0,027 0,036 0,044 0,051 0,057 0,063 0,069
           
Defl ections (m)           
Analytics   0 0,191 0,239 0,299 0,372 0,421 0,459 0,490 0,516 0,540 0,560
GSA   0 0,201 0,272 0,366 0,478 0,552 0,610 0,657 0,697 0,732 0,764

Appendix A3: Comparison analytical with numerical results
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Appendix B1: Grid refi nement study, banner one cell thick
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Appendix B2: Grid refi nement study, banner zero thickness
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Workbook.xlsx
This fi le is the spider in the web. It will contain all the deformed structures and here the deformed 
structures can be compared and checked for convergence. This fi le is also used for estimating the 
displacements of the new structure. Here the omega can also be set.

JournalGAMBITb.txt
This fi le contains the complete built-up of the mesh in GAMBIT. Only the nodes have to be put in to 
create a new mesh.

UserSurfaceb.txt
This fi le consist the elements from which the surface is built up. This fi le is used as a layer over the 
banner and is used to extract the nodal pressures in the post-processing phase of CFD.  

FluentB.cas
This fi le contains all the parameters for the specifi c case. These are parameters like wind speed, 
roughness length and solving algorithm.

FluentJournal.txt
This fi le contains the steps which have to be done in Fluent. First the case fi le (FluentB.cas) is 
loaded. Now the initial mesh is replaced by the mesh created for this loop and the calculation is 
run.

PostCFD.cse
This fi le contains all the steps which have to be done in CFD-Post, like importing data from the 
Fluent fi les and importing the user surface.

exportN.xls
This fi le contains the process needed to convert the nodal pressures to element pressures.

GSAinputpct.txt
This fi le contains the GSA model with the analysis which should be done. This fi le is a *.txt fi le 
because this type of fi le makes it easy to adapt the pressures on the structure with the help of 
Matlab. Be careful because % signs are in the created text fi le out of GSA. Here another % sign has 
to be set in front to handle it with matlab. 

UndeformedStructure.xls
This fi le contains the position of the nodes of the undeformed structure. Together with the 
displacements out of GSA the deformed structure can be determined. 

Appendix C1: FSI-tool, fi les
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The scheme shows the complete tool with all the fi les which have to be created and are created.

• Green;   fi les which have to be created
• Yellow;   programs which are used
• Blanc;   fi les which are created during the process

Results have to be taken out manually.
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The scripts for automating the process are written in Matlab. These scripts can be adapted for other 
cases. Some script need adaptation others won’t. Root paths of the used programs are mentioned 
in appendix C3.

 - Initialization: Run an analysis in GSA with only the pre-stress. The deformed    
 structure is used as the starting point.

Start
 - A JournalGAMBIT.txt fi le is created as even a UserSurface.txt fi le. (Iteration*_1.m)
 - A GAMBIT session is run to create the mesh. (GambitT.m)
 - A Fluent calculation is done. (FluentHome.m)
 - CFD-Post loads data out of fl uent fi les, reads the usersurface.txt fi le and exports   
  the nodal forces. (CFDPostrun.m)
 - Convert the nodal forces to element forces. (NodalForcesElementForces.m)
 - Replace element forces in GSA fi le. (GSA_Parcer.m)
 - Run an analysis in GSA and export a *.gwa fi le. (GSAanalysis.m)
 - Extract deformations from *.gwa fi le and convert them to a deformed structure.   
  (ProcDeformations.m)
 - Process deformed structure in the Excel workbook on the right sheet    
  (Iteration*_2.m)
 - Check the convergence manually.
End

The ProcDeformations.m script is case dependent. Here the deformations out of the GSA analysis 
are gained from the *.gwa fi le. The deformations have to be picked from specifi c lines in this fi le, 
which have to be set in this ProcDeformations.m script. 

In the IterationX_1.m and IterationX_2.m fi les the specifi c sheet and the range can be set.

When using the scripts properly all the fi les of a single iteration are united in a single folder in the 
working directory. Every new iteration will start by creating the ‘Iteration’ folder. This folder will 
be fi lled with all the fi les created during this iteration. When the iteration ends the folder will be 
renamed.

Appendix C2: FSI-tool, scripts
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Working directory:
 D:\AfstuderenFSI

Oasys GSA
 C:\Program Files\Oasys\GSA 8.6\GSA.exe

Ansys GAMBIT
 C:\Fluent.Inc\ntbin\ntx86\gambit.exe -r2.4.6

Ansys Fluent
 C:\ANSYS_Inc\v121\fl uent\ntbin\ntx86\fl uent.exe

CFD-Post
 C:\ANSYS_Inc\v121\CFX\bin\cfx5post.exe

Appendix C3: Root paths
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The folder on the disc contains the tool and an example of it. It also contains a library with the 
basis of the three investigated banners. The fi les in the library can replace the fi les use in the tool 
to investigate a different structure. The tool has to be tested step by step to see where changes in 
scripts are necessary. These changes could be paths for folders or programs.
It’s advised to understand the example completely before starting a new one. The complete 
procedure is handled in detail on the basis of this example and described below.

Initialize

The example contains the fi rst two iterations of the banner with the basic confi guration (BRM) 
loaded by 5 m/s wind speed. The zero situation is taken as the banner with only pre-stress in 
it. This is done by an analysis in GSA with only pre-stress taken into account. The nodes of the 
deformed structure are copied from GSA to the Workbook.xlsx fi le on sheet ‘it. 0 GSA’. Now the 
initialization is done.

Start

When now the Iteration0_1.m  fi le is run a GAMBITjournal.txt and UserSurface.txt appear in the 
main folder. The GAMBITjournal.txt fi le contains all the steps to create the mesh in GAMBIT and the 
UserSurface.txt fi le is used later in the post-processing phase. In the Iteration folder also two node 
fi les appear which are only used to create the other two fi les.

Secondly the GambitT.m fi le is run. This fi le starts GAMBIT and loads the GAMBITjournal.txt fi le in 
it. When this is done it exports a Mesh.msh fi le to the Iteration folder.

The FluentHome.m fi le contains the solving process. This script loads Fluent and runs the 
FluentJournal.txt fi le. In this script the number of computational nodes which should be used can 
be changed. The FluentJournal.txt fi le contains all the steps which have to be taken within Fluent.

When the Fluent calculations are done the CFDPostrun.m script can be run. This script loads CFD-
Post and runs the PostCFD.cse fi le. The PostCFD.cse fi le contains all the steps which has to  be taken 
in CFD-Post. The Fluent case is loaded and the UserSurface.txt is loaded and the nodal pressures 
are exported to export.csv.

Next, the NodalForcesElementForces.m fi le is loaded. This fi le converts the nodal forces out of 
CFD-Post to element forces which can be used in GSA. It fi rst creates an export1.csv fi le which 
converts the NaN’s to 0’s. After this it uses the export.xls fi le to convert the nodal pressures to 
element pressures. This fi le contains the node numbers from which an element is built up in GSA 
and averages the nodal pressure to create element pressures. This creates the fi le Elementforces.
xls in the Iteration folder.

The next step is to run GSA_parcer.m. This fi le replaces the element pressures in the GSAinputpct.
txt fi le and creates GSAinput.txt which appears in the Iteration folder.

Now an analysis can be run with GSA_analysis.m. This script runs the gsa_batch fi les to run GSA 
and run an analysis. It loads the GSAinput.txt fi le runs an analysis and exports a GSAoutput.gwa 
fi le in the Iteration folder.

Now the ProcDeformations.m fi le is run to extract the deformations out of the GSAoutput.gwa 
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fi le. This script is partly case dependant. The lines where the deformations should be extracted 
from should be given. Besides extracting the deformations (Defs.xls) it also creates the fi le which 
contains the nodes of the deformed structure, DeformedStructure.xls. This is done by adding the 
deformations (Defs.xls) to the undeformed structure (UndeformedStructure.xls).

The FSImessage.m fi le is run to move the GAMBITjournal.txt and the UserSurface.txt fi le to the 
Iteration folder.

The last step is to run Iteration0_2.m. This fi le places the deformed structure at the right sheet in 
the Workbook.xlsx fi le and renames the Iteration folder to Iteration0.

End

Now one iteration is run and in the Workbook.xlsx fi le convergence can be checked. This is done in 
the Defl ections sheet. Here the difference between two iterations is checked and the convergence 
criterion is set. One can see that the convergence criterion in this case isn’t reached yet. A second 
iteration has to be run. In this sheet one can see that convergence is reached after 5 iterations. 

A complete itertion can be done when putting the seperate scripts in one script, for instance A0_
FSI_Iteration0.m or A0_FSI_Iteration1.m. The next iterations require adaption of the IterationX_1.m 
and IterationX_2.m scripts.

Now several iterations can be place in a row and started by one click.
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Results absolute BRM (half structure)    

Wind speed (m/s)  0 10 20 32 
    
Total Force (kN)    
Undeformed   0 0,946 3,785 9,691
Basic Model   0 0,933 3,271 7,793
    
Mx (kNm)    
Undeformed   0 2,792 11,171 28,602
Basic Model   0 2,763 9,694 23,094
    
My (kNm)    
Undeformed   0 1,355 5,423 13,886
Basic Model   0 1,302 4,274 9,818
    
Projected frontal area (m2)     
Undeformed   9,508 9,508 9,508 9,508
Basic Model   9,508 9,178 8,092 7,617
    
Drag force coeffi cient (Cd)    
Undeformed   1,624 1,624 1,625 1,625
Basic Model   1,624 1,659 1,650 1,632
        
Results normalized BRM    

Wind speed (m/s)  0 10 20 32
    
Total Force (kN)    
Undeformed   1 1 1 1
Basic Model   1 0,986 0,864 0,804
    
Mx (kNm)    
Undeformed   1 1 1 1
Basic Model   1 0,990 0,868 0,807
    
My (kNm)    
Undeformed   1 1 1 1
Basic Model   1 0,961 0,788 0,707
    
Projected frontal area (m2)     
Undeformed   1 1 1 1
Basic Model   1 0,965 0,851 0,801
    
Drag force coeffi cient (Cd)    
Undeformed   1 1 1 1
Basic Model   1 1,022 1,015 1,004

Appendix D1: Results basic research model
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Results absolute TRIS (half structure)        

Wind speed (m/s)  0 5 10 15 20 25 30 32  
      
Total Force (kN)        
Undeformed   0 0,236 0,946 2,128 3,785 5,914 8,517 9,691
TRIS    0 0,236 0,937 2,047 3,455 5,08 6,899 7,703
        
Mx (kNm)        
Undeformed   0 0,581 2,792 6,295 11,171 17,49 25,188 28,602
TRIS    0 0,578 2,295 5,03 8,568 12,755 17,533 19,657
         
My (kNm)        
Undeformed   0 0,337 1,355 3,039 5,423 8,444 12,16 13,886
TRIS    0 0,337 1,328 2,834 4,626 6,539 8,528 9,402
        
Projected frontal area (m2)        
Undeformed   9,51 9,51 9,51 9,51 9,51 9,51 9,51 9,51
TRIS    9,51 9,50 9,44 9,22 8,84 8,41 8,00 7,86
        
Drag force coeffi cient (Cd)        
Undeformed   1,624 1,624 1,624 1,624 1,624 1,624 1,624 1,624
TRIS    1,624 1,623 1,621 1,612 1,595 1,578 1,565 1,562
           
Results normalized TRIS        

Wind speed (m/s)  0 5 10 15 20 25 30 32  
      
Total Force (kN)        
Undeformed   1 1 1 1 1 1 1 1
TRIS    1 1,000 0,990 0,962 0,913 0,859 0,810 0,795
        
Mx (kNm)        
Undeformed   1 1 1 1 1 1 1 1
TRIS    1 0,995 0,822 0,799 0,767 0,729 0,696 0,687
        
My (kNm)        
Undeformed   1 1 1 1 1 1 1 1
TRIS    1 1,000 0,980 0,933 0,853 0,774 0,701 0,677
        
Projected frontal area (m2)        
Undeformed   1 1 1 1 1 1 1 1
TRIS    1 0,999 0,993 0,969 0,930 0,885 0,841 0,827
        
Drag force coeffi cient (Cd)        
Undeformed   1 1 1 1 1 1 1 1
TRIS    1 0,999 0,998 0,992 0,982 0,972 0,964 0,962
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Results absolute BFM (half structure)        
 
Wind speed (m/s)  0 5 10 15 20 25 30 32
        
Total Force (kN)        
Undeformed   0 0,236 0,946 2,128 3,785 5,914 8,517 9,691
BFM    0 0,234 0,917 1,975 3,269 4,623 5,904 6,379
        
Mx (kNm)        
Undeformed   0 0,581 2,792 6,295 11,171 17,49 25,188 28,602
BFM    0 0,573 2,23 4,768 7,856 11,096 14,201 15,371
        
My (kNm)        
Undeformed   0 0,337 1,355 3,039 5,423 8,444 12,16 13,886
BFM    0 0,332 1,285 2,729 4,465 6,274 8,003 8,656
        
Projected frontal area (m2)        
Undeformed   9,49 9,49 9,49 9,49 9,49 9,49 9,49 9,49
BFM    9,49 9,47 9,39 9,22 8,91 8,48 7,97 7,76
         
Drag force coeffi cient (Cd)        
Undeformed   1,618 1,618 1,618 1,618 1,618 1,618 1,618 1,618
BFM    1,618 1,614 1,594 1,554 1,497 1,423 1,343 1,311
        
Results normalized BFM        

Wind speed (m/s)  0 5 10 15 20 25 30 32
        
Total Force (kN)        
Undeformed   1 1 1 1 1 1 1 1
BFM    1 0,992 0,969 0,928 0,864 0,782 0,693 0,658
           
Mx (kNm)        
Undeformed   1 1 1 1 1 1 1 1
BFM    1 0,986 0,799 0,757 0,703 0,634 0,564 0,537
        
My (kNm)        
Undeformed   1 1 1 1 1 1 1 1
BFM    1 0,985 0,948 0,898 0,823 0,743 0,658 0,623
        
Projected frontal area (m2)        
Undeformed   1 1 1 1 1 1 1 1
BFM    1 0,998 0,990 0,972 0,940 0,894 0,841 0,818
         
Drag force coeffi cient (Cd)        
Undeformed   1 1 1 1 1 1 1 1
BFM    1 0,998 0,985 0,961 0,925 0,880 0,830 0,810
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Results normalized   

Wind speed (m/s)  0 5 10 15 20 25 30 32  
      
Total Force (kN)        
Undeformed   1 1 1 1 1 1 1 1
Basic Model   1  0,986  0,864   0,804
TRIS    1 1,000 0,990 0,962 0,913 0,859 0,810 0,795
BFM    1 0,992 0,969 0,928 0,864 0,782 0,693 0,658  
      
Mx (kNm)        
Undeformed   1 1 1 1 1 1 1 1
Basic Model   1  0,990  0,868   0,807
TRIS    1 0,995 0,822 0,799 0,767 0,729 0,696 0,687
BFM    1 0,986 0,799 0,757 0,703 0,634 0,564 0,537  
      
My (kNm)        
Undeformed   1 1 1 1 1 1 1 1
Basic Model   1  0,961  0,788   0,707
TRIS    1 1,000 0,980 0,933 0,853 0,774 0,701 0,677
BFM    1 0,985 0,948 0,898 0,823 0,743 0,658 0,623  
     
Projected frontal area (m2)        
Undeformed   1 1 1 1 1 1 1 1
Basic Model   1  0,965  0,851   0,801
TRIS    1 0,999 0,993 0,969 0,930 0,885 0,841 0,827
BFM    1 0,998 0,990 0,972 0,940 0,894 0,841 0,818  
        
Drag force coeffi cient (Cd)        
Undeformed   1 1 1 1 1 1 1 1
Basic Model   1  1,022  1,015   1,004
TRIS    1 0,999 0,998 0,992 0,982 0,972 0,964 0,962
BFM    1 0,998 0,985 0,961 0,925 0,880 0,830 0,810

Appendix D4: Compared results three confi gurations
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BRM 32 m/s iteration 6 (fi gures)

Skewness: 0-0.25   Excellent 82,3%
  0.25-0.50  Good  12,7%
  0.50-0.80  Acceptable 4,95%
  0.80-0.95  Poor  0,08%
  0.95-1.00  Bad  0,01%

TRIS 32 m/s iteration 7

Skewness: 0-0.25   Excellent 62,1%
  0.25-0.50  Good  28,9%
  0.50-0.80  Acceptable 9,00%
  0.80-0.95  Poor  0,00%
  0.95-1.00  Bad  0,00%

BFM 32 m/s iteration 7

Skewness: 0-0.25   Excellent 62,1%
  0.25-0.50  Good  34,0%
  0.50-0.80  Acceptable 3,90%
  0.80-0.95  Poor  0,00%
  0.95-1.00  Bad  0,00%

Appendix D5: Grid quality
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