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SUMMARY 
This research project is the result of a year-long study on the subject of automated 

design. This report aims to offer insight in a number of aspects of the automation 

process by explaining crucial concepts and choices made. 

In the beginning of the project, a number of similar projects have been analyzed. The 

lessons learned from these are summarized.  

The main exploration was done by actually developing a pair of applications that employ 

the principles described in this report. A programming language was chosen and both 

the choice of subject and the accompanying definitions were refined to set up an 

application geared towards the automated preliminary design of box shaped beam-

column structures. The concepts behind both the method of generating and analyzing 

structures have been documented in this report. 

The second application is geared towards a smaller scale problem: the optimization of a 

single timber portal frame. This application was made to explore concepts that function 

on a more detailed level, like the design of a joint. It is in many ways a smaller scale 

version of the first application. 

The main conclusion of this project is that the method described is a very viable one: the 

method is able to produce sensible results at high speeds. It is the author‟s conviction 

that this method of design is very much suitable for direct application within the 

structural engineering industry. It will help to rationalize the design process of everyday 

structures and through that way lead to cheaper, environmentally cleaner and less bulky 

structures. 
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1 INTRODUCTION 

1.1 CONTEXT 
In the process of designing a building, many choices have to be made. The choices 

related to the structure of the building are part of the domain of the structural engineer. 

He or she advises the client, architect, contractor and other parties about possibilities 

and consequences of different choices. 
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The typical order of choices is from very global choices down to the smallest particulars. 

First a general system is conceived, then the general dimensions of the structural 

elements are determined and finally the details are worked out. Because each 

consecutive step relates to a smaller level of detail, the level of influence of the designer 

on the whole becomes smaller and smaller. Another aspect is that in the meantime more 

and more aspects of the building get established, decreasing the influence of the 

designer even further. This is illustrated in the graph below. 

 

FIGURE 1 - PROJECT PROGRESS VS. INFLUENCE ON THE DESIGN 

It can be concluded that the largest gains are to be had in the first stages of the project. 

However, because of budget limitations, stiff competition and high wages the amount of 

time spent on these stages is often limited. The later stages are often seen as more 

essential, as these consist of work that „has‟ to be done, i.e. final drawings need to be 

made and final calculations have to be handed in at the municipality. The preliminary 

design and the accompanying variant studies are often victim of these priorities. 

The global design needs to be ready as quickly as possible. Young engineers could very 

well fail to find an adequate design by a lack of experience. Older engineers are better at 

finding a reasonable option. For this they have to rely on their previous experiences, 

which are – per definition – outdated. Alternatives that have become more attractive by 

the introduction of new systems or even simple price fluctuations can remain unseen. 

Furthermore, contractors are known to be very conservative in the application of 

systems they don‟t have much experience with. It can be said, with some exaggeration, 

that in the Netherlands these systems encompass everything that‟s not concrete or 

brickwork. 

1.2 AIM 
This research is aimed at easing and speeding up the first phase of the design process, 

through automated design of simple load bearing structures. By giving a rapid 

assessment of the options, better choices can be made in the early phases of the design 

process. A good preliminary design is the precursor to a great building. 
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The main aim of the project is to find methods that are viable for solving some of the 

everyday design tasks of the structural engineer. The secondary aim of this research is 

to illustrate the concept to a larger audience, both familiarizing them with it and 

convincing them of its feasibility. 

1.3 RELEVANCE 
The method is aimed to get a quick overview of the different types of structure possible 

within a set of parameters and the consequences of these parameters. By assessing a 

larger set of options than a human can, interesting configurations might surface which 

otherwise would be left unseen. The gains that can be achieved, be it financial, 

environmental or otherwise, could be very high. 

The value of this research is based on demonstrating the viability of a new method of 

designing structures, that is radically different from the ones applied in the field at the 

moment. This method is coming into reach of the average structural engineering firm 

thanks to the great decrease in the cost of computing power and capacity in recent 

years. This research will hopefully help promote such methods into the daily practice of 

the structural engineer. 

1.4 REPORT CONTENTS 
This report is part of the graduation project of the author, Martijn Monné, on automated 

preliminary design. This project deals with the automated design of the „optimal‟ 

structure in the preliminary phase of the design of a building. This report contains all 

relevant information of the project on the automation of variant studies.  

In chapter 0 the general method used in the automated generation of variant studies is 

described. In the next chapter, chapter 3, the development and functionality of the first 

designed application that applies this technique, „The Logical Structure‟ or TLS, is 

illustrated. Chapter 4 does the same for the second application „The Logical Portal Frame‟ 

or TLPF. This chapter is followed by a general conclusion in chapter 5. 

The final part of the report consists of a number of appendices. Arguably the most 

important appendix (J) is a CD containing the two applications demonstrating the 

principles of the described method. The total amount of source code that was actually 

written by the author (and not automatically generated) totals nearly 18.500 lines of 

code, or about 530 A4 sheets. The source code is therefore not provided in print. Class 

and UML (see paragraph 2.5.2) diagrams are provided instead, which are also found in 

the appendices. 
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2 THE METHOD 

2.1 DESCRIPTION 
The basic method through which the applications create designs is based on three steps.  

1. The creation of a large set of random variants based on parameters given 

by the user. 

2. The assessment of these structures, again based on choices made by the 

user. 

3. The filtering and presentation of the most optimal one(s) to the user. 

2.2 SIMILAR PROJECTS 
Part of the literature study is an inventory of a number of similar projects. All these 

applications show a number of similarities to the applications developed in this study. 

This chapter is not meant as an extensive overview of the functionality of the different 

reviewed applications. What matters most is their relevance to this study, the things 

learned from them and the inspiration they offered.  

2.2.1 BOUWJEEIGENBRUG.NL 
The website Bouwjeeigenbrug.nl was developed by the companies Spanbeton and BAM 

Civiel. Its purpose was to allow civil servants to obtain a quick estimate for the cost of a 

bridge.  

2.2.1.1 FUNCTIONALITY 

The user of the website had to select between a number of options for each parameter. 

These parameters lead directly to an entry in a precompiled data matrix, which was then 

presented to the user. 

The project died an early death. 

2.2.1.2 RELEVANCE 

The small number of parameters and finite number of options for each parameter, made 

the data matrix manageable. The higher number of parameters and number of options 

per parameter of the application of this study would make a precompiled database (for 

all possible permutations) too large.  

An issue is the (perceived) objectiveness of Bouwjeeigenbrug.nl. The author, Spanbeton, 

is a manufacturer of concrete bridges. This could raise questions about the objectiveness 

in the comparison of a steel and a concrete variant. The applications of the study should 

be explicitly neutral in this respect. 

 

2.2.2 COLUMN-SUPPORTED PLATE 
A small application exists to help design concrete floors supported by randomly placed 

slanting columns. It was designed by Arup. 
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2.2.2.1 FUNCTIONALITY 

The application is a JAVA applet. It allows for columns to be shifted around by the user. 

The application ensures equilibrium by adjusting the angle of the columns. 

2.2.2.2 RELEVANCE 

The application has a simple interface. The consequences of certain decisions become 

clear quickly. This helps to give the user a feel for what‟s happening. 

This direct coupling of certain decisions and the structural consequences is something 

which is also pursued in the application of this study. 

2.2.3 TOP 1 
TOP 1 is a computer application developed to help design timber structures. It is a 

continuation of an older application. The current application was until recent maintained 

by Technosoft BV in Deventer, the Netherlands. 

Development of the application probably won‟t continue, mainly because of the poorly 

documented source code and a number of internal passwords. Adaption of the 

application to current building codes for example, would be quite difficult. 

2.2.3.1 FUNCTIONALITY 

This application has a number of similarities with the applications of this study. It not 

only helps the designer by suggesting dimensions of sections, but it can also suggest 

hinge locations in a beam for example. In this way it is of more help to a designer than 

an application that only performs checks on a predefined geometry. 

Another feature that really helps the designer are suggestions made by the application 

for the possible composition of the loads. It features a number of predefined standard 

compositions of loads acting on the structural elements. 

2.2.3.2 RELEVANCE 

TOP 1 is a very interesting application. The interface has a truly ancient look to it, but it 

works as it should. Its large feature-set makes it a practical tool for a large number of 

tasks that a structural designer has to perform. 

The tool can be of great help during a variant study, but doesn‟t perform the study by 

itself. This is the main difference between this application and the applications of this 

study. Many of the features however are very interesting and will be looked at for the 

design of the applications of this study. 

One of the lessons learned from the story behind the application is that good 

documentation and accessibility of the code is crucial for others to use and extend the 

source code. This is important if the application were to be developed any further. 
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2.2.4 ‘KOSTENMODEL STAALSKELETBOUW’ 
The Dutch organization for the promotion of the use of steel in building construction 

„Bouwen met Staal‟ gives out a free application1 to calculate the costs of steel halls and 

multiple-story buildings. 

The application is based on the work „Costs of steelwork from feasibility through to 

completion‟ of the Australian Institute of Steel Construction and adapted to the Dutch 

situation. 

2.2.4.1 FUNCTIONALITY 

The cost data is imported from a database, which is updated on a regular basis. The 

application doesn‟t perform any structural calculations. It demands all the sections, 

connections and finishes to be entered manually. From this data a total price is 

calculated. 

For its purpose, it is a very powerful tool. It helps an engineer or architect to give an 

answer to one of the most important assessments: the monetary cost of a structure. It 

can do this without the help of a specific contractor or other third party, allowing the 

engineer or architect to quickly compare multiple options. 

2.2.4.2 RELEVANCE 

The sheet shows how a decent cost assessment might work. It can be used as an 

inspiration for the application of this study or possibly be used to calibrate it. 

Another nice feature of the application is the subdivision in separate tabs. The user can 

simply fill them out one by one in order. When he arrives at the last tab, he sees the 

answer he seeks. If he doesn‟t like the answer, he can go back and change the input 

data. This way of user interaction appears highly intuitive. 

2.2.5 ‘VBI VLOERENCD’ 
This is an example of a modern form of documentation of a supplier, in this case VBI, of 

prefabricated elements. It makes the bold statement to be „all the information you need 

to design a floor‟. 

2.2.5.1 FUNCTIONALITY 

The application allows the user to define a floor plane, including perforations. The user 

also has to define a floor type and the loads acting on the plane, upon which the 

application performs a number of checks. 

Even though this application serves a very specific purpose, it will not guarantee that the 

outcomes are correct. It serves as a design aid. 

2.2.5.2 RELEVANCE 

This application has a limited relevance, as it is clearly „a single product for a single 

application‟. When one type of floor doesn‟t perform well enough, it doesn‟t suggest any 

other options. This is a fundamental difference from the application of this study.  

                                           
1 Website Bouwen met Staal - 

http://www.bouwenmetstaal.nl/index.php?page=kostenmodel-2, retr. 26-07-2009. 
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One thing that is nice about the application is the large amount of documentation 

incorporated and its clear interface. 

2.2.6 HINGE LOCATION OPTIMIZATION 
To find the optimal position of a hinge in a beam on three supports, the author has 

written a simple Mathematica script in the past. The methodology is somewhat similar to 

the one applied in the applications of this study. 

2.2.6.1 FUNCTIONALITY 

The script works by varying one parameter along a couple of set points, in this case the 

position of the hinge. For each position, both the height needed to conform to the 

maximum allowable deformations and the height needed to keep the stresses at an 

acceptable level is calculated. The graph below shows the result (both for checks on 

strength and on stiffness) of these calculations for a particular set of parameters. The 

blue line indicates the height needed to comply with the demands for adequate stiffness. 

The green line does the same for the demands on adequate strength. In this case the 

optimum lays at 6,25m. 

 

FIGURE 2 – NEEDED HEIGHT OF SECTION VS. HINGE POSITION IN A BEAM ON THREE SUPPORTS 

2.2.6.2 RELEVANCE 

Apart from the scope, this script is actually very similar to the applications of this study. 

It can be seen as a variant study for a simple system. By defining the desired properties 

of the beam, i.e. the smallest section possible, an optimum can be found.  

2.2.7 CONSUMER PRODUCT RESEARCH 
This is not an example of an application for the design of structures. It isn‟t even an 

application, yet worth noting for a different reason. Here a method of comparing 

different products by the Consumentenbond (a Dutch consumers association) is singled 

out. 

 

optimum 

𝑟𝑒𝑞 ,𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠  

𝑟𝑒𝑞 ,𝑠𝑡𝑟𝑒𝑛𝑔𝑡   
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2.2.7.1 FUNCTIONALITY 

The reviewed products are compared on widely different aspects. In the example below, 

for example, sun lotions are compared on price, volume, solar protection factor, clarity 

of the label, etc. Each aspect is converted to a neutral scale and weighted differently. 

This results in a score between 0 and 100.  

 

FIGURE 3 - COMPARISON OF SUN LOTIONS 

2.2.7.2 RELEVANCE 

This way of comparing products on different scales and then combining them into single 

scores is very powerful. A consumer can review the products in detail, compare the top 

three or just pick the best one without having to burden himself with the details. As long 

as one agrees with the weights of the different assessments, the no. 1 sun lotion is 

objectively the best choice. 

2.2.8 CONCLUSION 
No application was found matching the functionality of the application of this study 

exactly. However, a number of applications sharing some of the functionality have given 

some good ideas for a number of aspects like the interface, the method of comparison, 

the method of calculation and the data to be incorporated. 

2.3 THE PHILOSOPHY BEHIND THE METHOD 
The premise on which the application, i.e. the creation of random combinations, is based 

may be counter-intuitive to most engineers. How can one design things by simply 

guessing? Sure, this was common practice for the medieval cathedral-builders, who 

never knew if a vault would stay up and had to rely on global assumptions from previous 

experiences,2 possibly laced with some extra prayer. Nowadays however, we are able to 

determine a solution in an analytical way, right? How can a sloppy method like simple 

guessing lead to a good solution? This chapter not only aims to give an answer to that, it 

aims even to convince the reader of the practicality and preferability of this method. 

 

                                           
2  Addis, B. 2007, Building: 3000 Years of Design Engineering and Construction, 

London/New York, p.91. 
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2.3.1 GAMBLING 
The principle on which the application is based is that of generating possible structures. 

This is exactly the same as a human engineer would start his or her calculations. After 

the generation of a structure, both the application and the human engineer then go 

about assessing the structure they just designed. 

The big difference however is the amount of thought preceding a guess. The computer 

does this randomly, which results in a long sequence of trial-and-error, while the human 

would start with more educated guesses. These educated guesses are based on 

experience and a general idea about the mechanics of the structure. This probably leads 

to a much shorter sequence of calculations. This is not a given fact, however, as his 

guess, like all his behavior, is also based on things like the time-pressure he is feeling, 

the other project he is working on, the color of his office and the itch in his right leg. 

In short, both the computer and the human engineer depend on some form of guessing. 

The human engineer might be able to make better guesses, but he might as well not be 

able to. The computer however is completely neutral in guessing and therefore could be 

said to even have an advantage. 

2.3.2 CHOOSING THE RIGHT OPTION 
This project attempts to create a system to facilitate the process of choosing a type of 

structure for a building. It‟s therefore important to both know some things about how 

these choices are made in practice and how they could be made better. To say 

something about these aspects, literature has been studied, engineers have been 

interviewed and a survey has been carried out. 

2.3.2.1 MAKING CHOICES 

When people make a choice, their perceived performance is generally a lot better than it 

objectively is. Experiments suggest that this performance decreases when the amount of 

options increases. Some choice is good and satisfies a basic need, i.e. people need to 

feel they have some control, but too much choice may lead to bad decisions and 

dissatisfaction (and anxiety, stress, even clinical depression) (Schwartz, 2003). 3 

Performance also decreases when the criteria become less clear and when personal 

involvement decreases. 

The problem of choosing a suitable structure relates to the three points mentioned. First 

of all, the actual amount of options for a structure in general is staggering; too much for 

a person to handle. In practice the amount of options needs to be reduced by relying on 

experience of what a good option might be, and by the fact that time is limited. 

Secondly, the criteria on which a choice is to be made, are often few and ill-defined (e.g. 

„low-cost, environmentally friendly and something with steel‟). They are not always 

known in advance and measured in vague terms. Thirdly, the personal involvement of 

the architect or engineer is in a way low. The consequences for choosing one option 

instead of another are not that large for the personal life of the designer. These 

consequences never touch the basic needs of the person making the choice. 

Another point of concern is that the engineer is paid to come up with solutions within a 

very limited amount of time. When budgets are fixed (as they often are), the relative 

                                           
3 Schwartz, B. 2003, Why More Is Less, New York. 
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monetary reward decreases as the time taken by a variant study increases. In other 

words: there is a monetary stimulus for creative work. Experiments however show4 that 

the performance on cognitive and creative tasks suffer badly from the promise of 

monetary rewards. It can therefore be assumed that an engineer in a business 

environment doesn‟t perform as well as he could. 

2.3.2.2 IMPROVING THE PROCESS 

All in all, it might be not the wisest choice to rely upon a person alone to choose a 

suitable structure. The aim of this project is to design a system to improve the process 

of choosing by taking the designers shortcomings into account. 

Because however the amount of options considered is increased tremendously by the 

application, the number of choices presented to the designer has to be kept at a 

minimum. The application should present the options in a clear way. This calls for the 

need to decrease the amount of options by filtering or the need to compile the data by 

showing the general trends or by grouping the options.  

The application should furthermore force the user to enter the criteria in a clear and 

unambiguous manner. This way, the designer has to think about which aspects are 

important and which are not in advance. These priorities have to be entered explicitly, 

thus avoiding any ambiguities. The application is able to directly show the consequences 

of these priorities, thus helping the designer to contemplate these choices. 

2.3.2.3 CONCERNS 

One concern raised from the survey is that there is a risk of the engineer losing his 

„feeling‟ with the structure. This might be true. It is, however, the engineers‟ 

responsibility to regain this feeling. He should always ensure himself that he knows what 

is happening in the structure and why the proposed structure might be a good structure.  

One fundamental question is further whether or not an automated system can be truly 

creative in finding solutions. First of all, the expression „garbage in, garbage out‟ 

naturally applies here, i.e. if wrong data is fed to the system, wrong answers are sure to 

follow. Secondly, there is a need to define the term creative. Why do people think that a 

person is able to be creative and a computer isn‟t? The answer is that creativity actually 

lies in the eye of the beholder. Founder of modern artificial intelligence Alan Turing 

defines5 creativity as a third party being surprised at the outcome. As a computer is able 

to evaluate a multitude of different options, it is bound to find a surprisingly (to the 

beholder) interesting option somewhere and can thus be said to be creative. 

2.3.2.4 FUNCTION OF THE APPLICATIONS 

The applications are intended as a decision aid. Generally three types of decision aid can 

be distinguished:6 

 An aid emulating the methods of a qualified decider. 

 An aid replacing these methods and finding a new way to get there. 

                                           
4 Pink D. 2009, The surprising science of motivation, 

http://www.ted.com/talks/dan_pink_on_motivation.html 
5 Turing, A.M. 1950, „Computing machinery and intelligence‟, Mind 59, chapter (6): Lady 

Lovelace's Objection. 
6 Brown, R. 2005, Rational Choice and Judgment, New Jersey. 
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 An aid enhancing the decider‟s existing thinking. 

When seen as a single system, the applications can be classified as an aid replacing the 

methods of a human decider. Its method is mostly different from a human structural 

engineer. 

However, it could also be seen in conjunction with a human decider. In this way, the 

applications can be said to enhance the decider‟s thinking, by clearing up some of the 

consequences of the choices that can be made. The decider could then change 

parameters and weights by looking at the outcome of earlier simulations, allowing the 

applications to build on the deciders‟ thinking. In the end, the decisions are always made 

by the human decider, who will always combine the output of the applications with his / 

her own judgment. 

As said, the final choice for a certain type of structure will still have to be made by a 

person. The applications do not only calculates a number of options, it also has to 

present them. In this capacity it functions as a „choice architect‟. This term is used to 

describe someone who has to present a number of options. Literature shows that the 

importance of the presentation is not to be underestimated as it can have a very large 

influence on the final choice.7  

2.3.2.5 METHODOLOGY OF CHOICE 

Schwartz defines the following steps in making a good decision: 

1. Figure out your goal or goals.  

2. Evaluate the importance of each goal. 

3. Array the options. 

4. Evaluate how likely each of the options is to meet your goals. 

5. Pick the winning option. 

6. Later use the consequences of your choice to modify your goals, the importance 

you assign them, and the way you evaluate future possibilities.   

This is translated to the following steps in this project: 

1. A number of assessments is devised and implemented in the application. Partly 

through own analysis, partly from a survey. 

2. The weights of the assessments can either be entered by the user, or the 

default values can be used. 

3. The application calculates a number of different structures based on the 

parameters. 

4. The application applies a number of assessments to the structures. 

5. The assessments are combined into a single rating. Furthermore, combinations 

of individual assessments and parameters can be combined in graphs.  

6. After each series of calculations, the parameters and assessment weights can be 

adjusted. 

 

                                           
7 Thaler R.H. and C.R. Sunstein, 2008, Designing Better Choice, 

http://articles.latimes.com/2008/apr/02/opinion/oe-thalerandsunstein2, retr. 12-08-

2009. 
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2.3.2.6 ASPECTS OF CHOICE 

It is important to know what the factors are that make one structure preferable over 

another structure. Through own experience, conversations with colleagues and finally a 

survey most of these aspects should have surfaced. This survey can be found in the 

appendix H. The results are introduced throughout this report in the relevant chapters 

(e.g. 2.3.2.7.1, 2.3.2.7.3). 

All aspects of choice have been translated into more concrete assessments. These are 

found in chapter 3.4. 

2.3.2.6.1 DEFAULTS 

One question in the survey is to order a number of aspects for the rating of a structure 

type in order of importance. The results of this question are used to offer a default value 

for the weights assigned to the different assessments.  

An important thing to notice is that various studies show that the influence of a default 

value can be very large. One well-known example of this are the huge differences in 

organ donations between countries employing a dissent solution, where the default 

option is to be a donor and a consent solution, where the default option is not to be. The 

power of the default option is high, even more when the complexity is high.8 This is not 

to be underestimated. 

2.3.2.7 IN PRACTICE 

2.3.2.7.1 INFLUENCE OF DIFFERENT PARTIES 

The structural engineer is obviously not the only party with a voice in the choice of a 

structural design. The survey (appendix H) shows that both architect and client are 

important deciders; the contractor and installations engineer have less influence. 

 

Party Influence rank 

architect 1.8 (most) 

client  2.0 

structural engineer  2.2 

contractor  3.3 

installations engineer 4.7 (least) 
TABLE 1 - INFLUENCE ON STRUCTURAL DESIGN 

It is clear that the interests and opinions of the architect, client and structural engineer 

should be attended to mostly in a variant study. Installations engineers and contractors 

are often only involved in later stages of a project, contributing to their smaller amount 

of influence. 

2.3.2.7.2 MAXIMIZERS VS. SATISFICERS 

Schwartz distinguishes two kinds of people: satisficers and maximizers. Satisficers settle 

for a good choice. They spend much time evaluating the different options and satisfy 

themselves with something that appears ok. Maximizers tend to try to find the best 

                                           
8 Ariely D. 2008, Are we in control of our own decisions?, 

http://www.ted.com/talks/dan_ariely_asks_are_we_in_control_of_our_own_decisions.ht

ml, retr. 2010-03-05. 
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choice. They spend a lot of time finding all options and carefully weighting them, trying 

to find the best option for them. This works well for small numbers of options; too many 

options lead to frustration. 

Among structural engineers this distinction can also be made. Satisficers will probably 

not consider as many options in a variant study as maximizers. Furthermore, they will 

not feel the need to weigh them as carefully. As a result they will spend not much time 

doing this. The method devised in this project will most likely appeal mostly to 

maximizers. 

2.3.2.7.3 LIMITS ON VARIANT STUDIES IN PRACTICE 

From the results of the survey, it can be prudently concluded that less than 5% of the 

time of the head engineer is spent on variant studies. The total percentage of time spent 

on these studies is even lower, when the time spent by other engineers and draftsmen 

on a project is included as well. It is conceivable that a higher percentage of time could 

result in a more optimal structure.  

2.3.2.8 CONCLUSION 

The application should incorporate the lessons learned from research in human behavior 

by offering a clear and simple interface. When this is combined with the immense 

amount of options considered and the detailed assessments of each one, it could prove a 

very helpful tool in a variant study. It could be expected to outperform, within its certain 

field, a human designer, both in the offering of interesting options and the making of a 

reasonable choice between them. 

2.3.3 COMPARISON 
Each structure is rated on a number of scales through a number of assessments. As each 

of these scales is at least of an ordinal measurement scale, comparison between 

individual assessments is possible.  

A number of assessments are of a ratio scale, which means an absolute zero is present. 

Monetary cost is an example of this. For example, if structure A costs €1000,- and 

structure B €2000,- it not only can be said that structure B costs more than structure A, 

but also that it‟s cost is exactly twice as much, as €0,- is the absolute zero here. 

2.3.3.1 SMALL SETS 

Comparison of two (or more) structures on one assessment of a ratio scale is obviously 

very simple. The best, the difference between the two and the amount of difference can 

be calculated. This is harder when comparing structures on multiple assessments. The 

differences between small numbers of structures and their assessments can be shown in 

different graphs, to help understanding. Shown below are two examples of these graphs. 

Here three structures are compared on five scales. 
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2.3.3.2 LARGE SETS 

Large numbers of structures and / or large numbers of assessments result in a large 

dataset. This set has to be condensed before it can be interpreted by a person.  

This can be done by converting all the assessments of each single structure into a single 

value, resulting in a list of single values for each structure. This is done by adding up the 

different assessment scores. 

Some assessment scores have the same units, so they can be added up easily. 

Assessment scores with different units, can‟t be added up directly. They first need to be 

converted. 

Two approaches of conversion can be applied. The first one is conversion into a single 

unit. For example, to add up monetary cost and flexibility, they both can be converted to 

a single unit, like the Euro. This is not always a straightforward process. 

A different approach is the normalization of scores. This results in unitless scores 

between 0 and 1, which can be added up conventionally. The normalized score can be 

calculated as follows: 

𝑥𝑛𝑜𝑟𝑚 =
𝑥 − 𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

 

2.3.3.3 WEIGHTING 

Not all assessments are equally important. To get a single score for a single structure, 

the assessments need to be weighted. A random example of this is shown in Table 2. In 

this table a total of 9 structures are rated on three different assessments (A, B and C).  

Each assessment is first normalized to get a score between 0 and 1 and multiplied by the 

relevant assessment weight, in this case A: 3, B: 4, C: 1. The weight factors in the 

actual applications have to be entered manually. A default set can be  derived from the 

survey. 
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These weighted assessments can then be added up and normalized again for a total 

score between 0 and 1. 

Ass. Ass. A Ass. B Ass. C Total   

Weight 3 
  

4 
  

1 
  

    

  
Scor
e 

Norm
. 

Wght
. 

Scor
e 

Norm
. 

Wght
. 

Scor
e 

Norm
. 

Wght
. 

Scor
e 

Norm
. 

Structure 1 27,9 0,00 0,00 4,8 0,17 0,69 21,1 0,86 0,86 1,55 0,05 

Structure 2 58,2 0,66 1,98 3,4 0,01 0,04 20,1 0,43 0,43 2,45 0,20 

Structure 3 35,4 0,16 0,49 9,2 0,69 2,76 20,1 0,43 0,43 3,69 0,39 

Structure 4 69,2 0,90 2,70 4,2 0,09 0,37 21,4 1,00 1,00 4,07 0,45 

Structure 5 57,0 0,63 1,90 11,8 1,00 4,00 20,6 0,63 0,63 6,54 0,84 

Structure 6 73,7 1,00 3,00 11,5 0,97 3,87 20,7 0,68 0,68 7,55 1,00 

Structure 7 42,4 0,32 0,95 3,4 0,00 0,00 19,7 0,26 0,26 1,22 0,00 

Structure 8 28,4 0,01 0,03 9,3 0,70 2,81 19,1 0,00 0,00 2,84 0,26 

Structure 9 73,3 0,99 2,97 7,0 0,43 1,72 19,6 0,20 0,20 4,89 0,58 

TABLE 2 - EXAMPLE OF THE WEIGHTING OF A DATA SET 

The normalized total scores can now be compared. If all assessment scores were of ratio 

scale, they can also be compared. For example, it can be said that structure 5 is 16% 

less suitable than structure 6. 

2.3.4 CONVERGENCE 
The general idea behind the application is that it will find a better solution if it‟s given 

more time, i.e. when it can generate and analyze more structures. Simple graphs can be 

plotted to illustrate this. To make these graphs, a dataset is created during the 

generation process. An example is shown in Figure 5. This figure is an actual printout of 

the first application, called The Logical Structure. 
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The fittest structure found at the end of the calculation process is given the score of 

1.00. Structures that were seen as the fittest in earlier stages of the calculations are 

rated in proportion. As can be seen, as time progresses, better and better structures are 

being found. Furthermore, the longer the calculation takes, the smaller the gains get.  

2.3.4.1 QUANTIFYING CONVERGENCE 

The dashed regression line and the dash-dot horizontal line suggest that the solution 

converges to a certain optimum. It can be stated that there actually is an optimum, as 

the maximum fitness rating is not infinite. This horizontal line, representing the 

maximum fitness value, therefore can be drawn. Its exact offset from the baseline 

however, cannot be known without fully analyzing all different parameter combinations. 

By using linear regression, a function is found that fits the raw data. The function used 

to describe the dashed line seen in the graphs is as follows:  

𝑓 𝑡 = 𝛽0 +
𝛽1

𝑡
+

𝛽2

𝑡2
 

This function converges to 𝛽0 (= 1.08 in the example in Figure 5), i.e.: 

lim
𝑡→∞

𝑓(𝑡) = 𝛽0 

This is a highly interesting value as it gives an approximation of the true optimum. In 

other words, it indicates how much fitter a structure is likely to be found if the time of 

calculation were to be infinitely long. It is labeled the „convergence target‟. In the 

FIGURE 5 - CONVERGENCE 
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example in Figure 5, the value for 𝛽0 is about 1.08. This means that the optimal solution 

is likely to be about 1.08 times or 8% better than the one found at the moment. 

𝑓 𝑡 = 𝛽0 +
𝛽1

𝑡
+

𝛽2

𝑡2
 

A second interesting parameter is the derivative of this function, indicating the 

„convergence speed‟ of the calculation. 

𝑓 ′(𝑡) = −
𝛽1

𝑡2
−

2𝛽2

𝑡3
→ 𝑓 ′(𝑡𝑛) =

𝛽1

𝑡𝑛
+

2𝛽2

𝑡𝑛
3

= 𝑐𝑜𝑛𝑣. 𝑠𝑝𝑒𝑒𝑑 

In the second application, The Logical Portal Frame or TLPF, both the convergence target 

and –speed are relayed to the user through the interface. This allows the user to monitor 

the progress of the analysis. 

2.3.4.2 INTERCEPT 

It can happen that near the end of a calculation a very fit structure is found, which would 

result in a data point higher than 𝛽0. To prevent this from happening, an intercept can be 

defined. This assures that 𝛽0 > 1. 

An intercept is defined for the last point on the graph {𝑡𝑛 , 𝑓𝑛} . The graph is then 

transposed such that  𝑡𝑛 , 𝑓𝑛 = {0,0}. A regression analysis is carried out on this data. This 

data is then corrected for the previous transposition: 

𝑓 𝑡 = 𝑓𝑛 +
𝛽0

(𝑡 − 𝑡𝑛)
+

𝛽1

(𝑡 − 𝑡𝑛)2
+

𝛽2

(𝑡 − 𝑡𝑛)3
 

As can be seen in the formula, this transposition is a problematic one, as this would 

result in divisions by zero for 𝑡 = 𝑡𝑛. This is also true for its derivative. 

𝑓 ′ (𝑡) = −
𝛽0

 𝑡 − 𝑡𝑛 2
−

2𝛽1

(𝑡 − 𝑡𝑛)3
−

3𝛽2

(𝑡 − 𝑡𝑛)4
 

This is fixable by ignoring those values, though this will reduce the accuracy of the 

curve.  

By running a number of simulations in the TLS application, however, it is noted that 

these sudden jumps in fitness, as described previously, don‟t happen often in long-

duration analyses. Therefore this method of fixing the intercept is not used, as it would 

only marginally increase the values of the convergence target and –speed.  It should be 

held in mind that both these numbers are just indications and don‟t hold any absolute 

truth. They merely serve as indicators for convergence. 

2.3.5 CORRECTNESS 
The main question that engineers and architects ask about the application is: “Does it 

give the right answer?” This is obviously a highly valid question! 

The short answer is that it only gives the right answer if the right question is being 

asked. As all kinds of simplifications are being made, the model will not take into 

account all aspects of the structural performance. Some loads are simplified, some 

geometries are simplified, etc. This is a fundamental issue that is valid for both the 
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simplest hand calculation and the most complex FEM calculation. The model is just a 

model, not the real thing. 

So, if the question is “Can you show me the best possible structure?”, the result given by 

the application is sure to be wrong.  

The question has to be about the model and not about the real structure. If it is “Can 

you show me the best possible model of a structure within these parameters and with 

these simplifications?”, the result given by the application has a chance of being correct. 

Certainty about the correctness of the result is a different issue. The application works 

by guessing possible solutions within certain intervals. The amount of possible solutions 

can be extremely high. While it could happen that the best variant is guessed by chance, 

it could just as well not happen. The only way to ascertain oneself of the correctness is 

to explore all possible options. This is neither practical nor necessary.  

The collection of possible solutions, the so-called solution space, is a highly continuous 

one. In general a slightly larger or smaller or differently placed structural element will 

result in a slightly different strength, stiffness, cost, etc. of the structure. Even the 

difference between an element that, according to the building code, is just too weak and 

one that is only just strong enough, is not as rigid as the code might suggest. The 

weaker one merely has a slightly higher chance of failure. It can not be said that one 

solution will fail and the other won‟t. 

So, due to the continuity of the solution space, results that are near the true optimum 

can still be said to have a high relative value. Therefore, the „optimum‟ structure offered 

on the basis of a large, but limited set of results, is still of high value, even though it‟s 

not the true optimum. 

2.3.6 TAKING A WALK ON THE SAFE SIDE 
Uncertainties about the way a structure is put together, the materials it‟s made of and 

the loads that it‟s subjected to, lead to the use of (partial) safety factors in the 

calculation of structures. These safety factors are prescribed by the building codes and 

incorporated in both the acting and the resisting part of the equation. 

A convenient expression used in the field of structural engineering to designate the 

degree of use of an element is the unity check. This is the quotient of the design value 

(incl. safety factors) of the maximum action that is expected to act on the element 

divided by the minimum strength that the element is supposed to possess (also including 

safety factors): 

𝑢. 𝑐. =
𝐴𝑆

𝐴𝑅

 

 

It is clear that this quotient should be 1 or lower. In the daily practice of an engineer, 

this value is however often quite a bit lower than 1. There are multiple explanations for 

this fact. By interviewing structural engineers , a number of explanations are retrieved: 

 A limited number of standard element dimensions. 

 Limited optimization through the limited time available to the engineer. 
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 Uncertainty about the shape and properties of the structure and the actions. 

 Reserve capacity to accommodate possible changes in the design later on. 

The developed applications are designed to find an optimum and, if the other 

assessments are not normative, it will find a variant where these unity checks approach 

1 very closely. The first reason is valid for the applications as well. The second one is 

interesting as it is exactly what the method is about. The last two explanations are good 

reasons to retain some head-room, especially in the early stages of the design process. 

There are two more reasons for an extra safety factor in the applications, which are both 

linked to the nature of the method. The first of which is the simplicity of the model. 

Because a large number of parameters is left out of the equations, there is an inherent 

uncertainty in the model. Some extra reserve is therefore desirable. 

The final reason is due to the large number of structures calculated. The rules used to 

calculate these structures are partly generalizations of correlations found in experiments. 

Some other rules are derived from analytical analysis of certain situations, in which 

simplifications (like the neglecting of shear deformation) might have been made.  

All rules are therefore most accurate for a number of situations and less so for a number 

of other situations. This also has its consequences for the assessments. Some 

assessments will be too positive and some too negative. The ones which are too positive 

will logically find their way towards the top of the list of the most suitable structures. In 

other words, the system has a bias for structures, whose virtues have been 

overestimated. This is a valid sixth reason. 

The two application are both given an option to limit these unity checks to a value below 

1. This allows the engineer to incorporate extra safety in the preliminary design. 

2.4 APPLICATION FUNCTIONALITY 

2.4.1 INTERFACE 
A number of desired properties for the interface is listed in this chapter.  

First of all the interface is in the English language. The reason behind this is English 

being the dominant international language in science.9 

 

2.4.1.1 HUMAN ACTION MODEL 

The interface of the application is further based on the „human action model‟. This is a 

basic model that describes how a human interacts with a computer system, developed 

by D.A. Norman.10 

1. Goal formation stage 

 1.1. Goal formation 

2. Execution stage 

                                           
9 The Economist 2001-12-20, The triumph of English, 

http://www.economist.com/world/europe/displayStory.cfm?Story_ID=883997, retr. 

2009-03-26. 
10 Norman, D. A. 1988, The Design of Everyday Things, New York. 
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 2.1. Translation of goals into a set of unordered tasks required to achieve goals. 

 2.2. Sequencing the tasks to create the action sequence. 

 2.3. Executing the action sequence. 

3. Evaluation stage 

 3.1. Perceiving the results after having executed the action sequence. 

 3.2. Interpreting the actual outcomes based on the expected outcomes. 

 3.3. Comparing what happened with what the user wished to happen. 

This corresponds to both the applications as follows: 

1. Goal formation stage 

 1.1. The goal is determined by the user who enters the parameters and 

assessment  weights. 

2. Execution stage 

 2. The application performs a number of tasks to translate the user input into 

 results. These tasks are performed in order as commanded by the user. 

3. Evaluation stage 

 3.1. The results are assessed by the application itself. 

 3.2. The assessments are presented to the user in a number of different ways. 

 3.3. The user can evaluate the results and tune the input based on the perceived 

 output. 

The interface consists of a number of tabs. The tabs correspond to different stages of the 

work flow. 

2.4.1.2 RESULTS PRESENTATION 

As noted before, the presentation of the different options is an important aspect. Both 

parameters and assessments can be compared and shown in graphs. Here, both 

parameters and assessment scores are referred to as scales. 

The different structures can be shown on a graph. A simple bar chart can be used to 

compare the structures on their total weighted score or a single scale. A 2D scatter plot 

compares them on two scales. Three scales can be shown on a 3D plot. Shown below are 

two examples. 
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FIGURE 6 - 1D BAR CHART FOR THE NORMALIZED WEIGHTED SCORE 

 

 

FIGURE 7 - 2D SCATTERPLOT FOR TWO ASSESSMENTS 

All graphs can have more scales added by using other dimensions besides the spatial 

dimensions, e.g. color, point size, etc. An example is shown below. 
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FIGURE 8 - 2D SCATTERPLOT FOR THREE ASSESSMENTS; BUBBLE SIZE RELATES TO ASSESSMENT C 

2.4.1.2.1 MATERIAL MIXTURE 

Each structure is composed of a different mix of materials. Each of the three main 

materials (concrete, timber and steel) is assigned a color, say red, green and blue. 

These colors can be mixed in the same proportions as the corresponding constituting 

materials in the structure. 

For example, a structure consisting of 70% steel and 30% concrete would be 

represented by the color that is made by mixing 70% blue with 30% red. 

2.4.1.3 COLORS 

About 10% of men 11  is color blind, the author being one of them. The interface is 

designed in such a way that color blind people can use it. This means avoiding the use of 

color as the only way of conveying information. Or in other words: it needs to „use color 

to enhance, emphasize, or reiterate information shown by other means, but do not 

communicate information by using color alone. Users who are color blind or have a 

monochrome display need alternatives to color.‟12  

2.4.1.4 DISCLAIMER 

A disclaimer is included in case the application were to be published in one form or the 

other. This disclaimer is needed to waive all responsibility for the outcome of the 

application and is very common in design-software. 

 

2.4.1.5 FEEDBACK 

Both the TLS and TLPF applications feature a number of textboxes and a status bar to 

give the user information on what is happening under the hood.  

                                           
11 Griggs, P.B. 2009, Website MedlinePlus, 

http://www.nlm.nih.gov/medlineplus/ency/article/001002.htm, retr. 18-08-2009. 
12 Website MSDN - http://msdn.microsoft.com/en-us/library/aa350483.aspx, retr. 02-

07-2009. 
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2.4.1.6 ‘BEST OF THEIR KIND’ 

Most of the output of the application can be considered garbage. These structures are 

seriously inefficient and are of no interest to the designer. It would be more interesting 

to compare the structures that are best of their kind, that is, the best for a given 

combination of element families. This is an interesting option, but has not been 

implemented in either application so far. 

2.4.2 CALCULATION OF FORCES 

2.4.2.1 ANALYTICAL VS. NUMERICAL 

Structures can be analyzed both analytically and numerically.  

2.4.2.1.1 NUMERICAL 

Numerical analysis, through the use of a finite element method requires a larger 

investment in the creation of the system, but is generally more flexible. Once set up, it 

can handle both simple and complex situations. 

Two options arise for using this method. The first is to write custom modules to 

incorporate into the application. This would be a lot of work and represents a whole new 

competence. The second option is to feed data to a separate finite element application, 

like ANSYS or DIANA, and process the output of this application. This would be less 

work, but be not as educational as the first one. For this reason, only the first option is 

considered. 

The usual flow of an application employing the finite element method is as follows:13 

1. Read input data and allocate proper array sizes. 

2. Calculate element matrices and vectors for every element. 

3. Assemble element matrices and vectors into the system matrix and vector. 

4. Apply constraints to the system matrix and vector. 

5. Solve the matrix equation for primary nodal variables. 

6. Compute secondary variables. 

7. Plot and/or print desired results. 

2.4.2.1.2 ANALYTICAL 

An analytical approach is easier to set up and possibly faster, depending on the output 

desired. It is, however, only practical for a number of simple situations and not as 

flexible as numerical analysis. 

Internal forces and deformations can be calculated directly for any element through 

integration. These integrations can be made for each and every element separately. 

Another option is to pre-calculate a number of these integrations for a finite number of 

generally occurring situations. This is usually the way to go. 

2.4.2.1.3 CHOICE 

As the spans, loads, materials etc. are modeled in a simple manner in the TLS 

application, the analytical approach seems most appropriate there.  

                                           
13 Kwon, Y.W. and H. Bang, 1997, The finite element method using MATLAB 
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The second application, TLPF, uses more complex models. Analytical analysis of the 

structures therefore gets a lot more complex, while a numerical solution increases only 

marginally in complexity. In this case therefore a choice is made for the latter. 

A final argument for these two different choices is its educational value: this way both 

options are explored further. The different choices are also reflected in the performance 

of the applications. The TLS application with its analytical approach calculates individual 

elements much faster, reflecting the high efficiency of that approach. This approach is 

taking little time to calculate only a few critical parameters, instead of a lot of time 

calculating every rotation and displacement. 

2.4.2.2 LOADS 

The loads are defined as forces acting on the elements constituting the structure. These 

loads are grouped in separate load cases. Different load cases can be combined – each 

with its own safety factor – into load combinations. Three different categories are 

identified: 

 Ultimate Limit State 

 Serviceability Limit State 

 Permanent Load Combination 

2.4.3 GENERATION OF DNA 
The application depends on a certain dataset of structures, each with different 

parameters. A number of structures will always need to be generated in advance, 

regardless of any optimization routine (see chapter 2.4.4) applied afterwards. Each 

parameter can be varied between a minimum and a maximum value. There are multiple 

methods to generate a number of different combinations of parameters (DNA sets). 

Two methods are treated here: fixed-interval and random generation. 

2.4.3.1 FIXED-INTERVAL 

This method consists of dividing the parameter-interval for each parameter in a number 

of equal segments. This results in an n-dimensional matrix, where n is the total number 

of parameters. 
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FIGURE 9 - FIXED INTETRVAL GENERATION 

The effect is a regular pattern. This method is very similar to what a human designer 

would do when trying to find an optimum. 

2.4.3.2 RANDOM 

This method differs from the first in that the parameter-interval is not divided up in 

equal parts, but in parts of random length. 

 

FIGURE 10 - RANDOM INTERVAL GENERATION 

The effect is, obviously, a random pattern. Some „areas‟ are more thoroughly explored, 

as indicated by a high density of points. Others are not as well explored. The only real 

remedy here is increasing the number of combinations, thus reducing the likelihood of 

ill-explored areas to appear. 
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2.4.3.3 COMPARISON 

The process of generation can be seen as taking a sample of the infinitely large 

population of possible combinations of parameters. To avoid any bias a random sample 

seems most appropriate.14  

One important reason for scientists to normally depend on non-random sampling is a 

limited accessibility to a number of members of the population. This is not the case here: 

every combination can be generated just as easily as any other. 

A practical advantage of random sampling over fixed-interval sampling is that its 

implementation is easier. Fixed-interval sampling requires a separate administration on 

which combinations to check and also requires a system to ensure everything is checked. 

This is not needed when picking combinations randomly. 

Both the argument of the unbiased sample and the practical argument lead to the 

decision to rely on random generation. 

2.4.4 OPTIMIZATION ROUTINES 
The applications optimize a structure within a set of parameters, but need resources 

(time and memory) to be able to do so. To save resources, it can be desirable to filter 

structures in a more or less intelligent way. Three different modes of optimization are 

identified. 

2.4.4.1 BULK OPTIMIZATION 

This routine is very simple and doesn‟t actively look at the structures generated. It offers 

the worst performance both time and memory wise. First, a (large) number of possible 

structures, within a given set of parameters, are randomly generated. All of these are 

stored simultaneously in memory.  

After this a selection can be made from all of these possibilities, e.g. the best one, the 

ones made completely of timber, the lightest three, etc. 

2.4.4.2 FILTERED OPTIMIZATION 

The computer can calculate possible structures at tremendous speed. Though modern 

computer memory is much cheaper and more widely available than ever, it will 

eventually fill up with possible structures. 

By predefining criteria for the assessments, like a maximum weight, part of the possible 

structures calculated can be dropped automatically during calculation. These structures 

are marked as unsuitable. The result is a more suitable subset of the set that would be 

calculated with the bulk optimization routine. 

Filtered optimization is applied in the TLS application. 

 

 

                                           
14 Website Australian Bureau of Statistics - 

http://www.abs.gov.au/websitedbs/d3310116.NSF/4a255eef008309e44a255eef00061e5

7/116e0f93f17283eb4a2567ac00213517!OpenDocument, retr. 08-08-2009. 
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2.4.4.3 EVOLUTIONARY OPTIMIZATION 

Filtered optimization attacks the problem of finite storage space. Evolutionary 

optimization tries to improve on the speed of calculation. This is accomplished by 

mutating the most suitable possible structures, instead of generating them randomly. 

Evolutionary optimization is a more complex technique than the aforementioned ones.  

A large magnitude of parameters and assessments can lead to chaotic and unpredictable 

behavior. Mutations of the most fit structure out of a single set, will not always lead to 

an „optimal‟ solution. It might be necessary to follow multiple „trails‟ and even then no 

reassurance can be given that any of the trails converges to an „optimal‟ solution. 

Evolutionary optimization is applied in the TLPF application. 

2.4.4.4 MULTIPLE DETAIL LEVELS 

A different concept that can be combined with both the filtered and evolutionary 

optimization routines, is to increase the detail of the calculations, refining the structures 

and their assessments further as they converge to an optimum. This principle is 

illustrated in Figure 11. 

 

 

This concept is not applied explicitly in any of the applications. One could however see 

how the TLS and TLPF applications can be coupled in a similar way. TLS would give a 

number of global designs, which would be refined through the use of TLPF, which 

functions on a higher, more detailed level. 

2.4.4.5 CULLING 

A routine is provided to cull the population of structures. This is done by sorting the 

population by total weighted score (fitness) and then discarding the least fit fraction. 

This allows the user to easily decimate the population in order to free up memory. 

This method is actually similar to the total score method of pedigreed breeders. 

FIGURE 11 - MULTIPLE DETAILLEVELS 
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- Rough FEM calculations 
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2.4.5 CHECKING THE STRUCTURE 
For the design of a structure the Eurocode is used as a basis. This code will be fully 

implemented by 2010 and replaces the European national codes.15 

As noted before in chapter 2.3.6 each element must fulfill a number of unity checks. 

These checks consist of dividing the actual forces or deformations by the maximum 

forces or deformations. Before performing these checks both the loads and the element 

strengths and stiffnesses are modified by safety factors. 

The Eurocode defines three consequence classes16 for buildings.  

Consequence class Description Application examples 

CC3 High consequence for loss 

of  

human life, or economic, 

social or environmental 

consequences very great 

High rise buildings (h > 70 

m)  

Grandstands 

Large public buildings 

CC2 Medium consequence for 

loss of human life, 

economic, social or 

environmental 

consequences considerable 

Residential buildings  

Office buildings  

Public buildings  

Industrial buildings (3 or 

more storey‟s) 

CC1 Low consequence for loss of  

human life, and economic, 

social or environmental 

consequences small or 

negligible 

Agricultural buildings   

Greenhouses  

Standard single family 

houses  

Industrial buildings (1 or 2 

storeys) 
TABLE 3 - CONSEQUENCE CLASSES 

These classes each have their own associated safety factors. The safety factors for the 

materials are also adopted from the Eurocode. 

2.4.5.1 SAFETY FACTORS 

It should be noted that the term safety factor is actually misused in the case of the TLS 

application. This application doesn‟t perform any real code checks on structural 

elements, but is restricted to estimating the dimensions of these elements. The safety 

factors merely serve to help dimension the elements in such a way that the elements 

have a high likelihood of passing (but not too amply!) real code checks in the next 

phases of the project.  

The TLPF application does actually perform code checks. These checks are explicitly 

represented in the report of each structure variant. 

2.5 PROGRAMMING 
Though not the central object of study of this project, programming has been a very 

time-consuming and determinative aspect. Some of the concepts and choices made are 

therefore explained in this section. 

                                           
15 Website Bouwen met Staal - 

http://www.bouwenmetstaal.nl/index.php?page=eurocode, retr. 08-06-2009. 
16 NEN-EN 1990:2002/NB:2006, annex B.  
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2.5.1 OBJECT-ORIENTED PROGRAMMING 
Both applications are programmed with an object-oriented programming (OOP) 

language. As in this project a translation is made from the physical world to a digital 

simulation of this world, a quick explanation of the concept of OOP is provided. This 

explanation is also vital for understanding the UML diagrams (chapter 2.5.2 and 

appendix A, B, E & F). 

Central to most OOP languages, is the concept of a class. A class can be seen as a 

blueprint. It describes the nature of something. It describes what its properties are and 

what it can do. For example: a bicycle can be described as having the properties color, 

frame-height and brand. It can also do things like being ridden or getting a flat tire. The 

things that it can do are called methods. All these members (properties and methods) 

are part of the class „bicycle‟. 

A related concept is the object. An object is an instance of a class. For example: my bike 

is an instance of the class „bicycle‟. It has a specific color, black, a specific frame height, 

62cm, and a specific brand, Gazelle. These specifics are called values. It can also do 

things as defined in the class „bicycle‟.  

My neighbor also has a bicycle. Being of the same class, it has the same members as my 

bike, but a different set of values (called a state) for its properties. In this case: a blue 

color, a frame-height of 52cm and the brand Batavus. 

The use of classes gives great flexibility and oversight. They help to cut up the 

application in manageable pieces. This application for example probably won‟t contain 

any bicycles, but classes like „steel H section‟, „user preferences‟ and „possible structure‟ 

are conceivable.  

2.5.1.1 TYPES 

Each property is assigned a type. This type defines the type of variable it will hold. 

Examples of types are integers (natural numbers and their negatives), floating points 

(rational numbers) and strings (sequences of symbols). Classes can also be used as 

types. 

The methods can be defined as needing arguments. In this example, the method „Be 

Ridden‟ needs an argument. In this case the ID of a person. The outcome of the method 

will be different for different arguments. If, for example, an ID number which isn‟t mine 

is entered, it may not ride at all, since my bike is very faithful to me.  

2.5.2 UML 
To help design the tool and maintain oversight, UML17 is 

used. UML stands for Unified Modeling Language. It is not 

a programming language, but a method to create abstract 

models of a application. Apart from the structure it brings 

for the programmer, it can also be of use as a tool in 

communicating with others. 

                                           
17 Website „Object Management Group - UML‟ - http://www.uml.org, retr. 27-05-2009. 

FIGURE 12 – CLASS DIAGRAM 
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A much used type of UML-diagram is the class diagram. Class 

diagrams describe the systems structure. It shows (some) 

classes, their members and the relations amongst each other.   

In a class diagram each class is represented as a small table. 

The top row shows its name. The second row shows the 

properties. The last row its methods. Figure 12 illustrates this. 

Class diagrams for both applications are provided in the 

appendices. 

The second type of UML diagram is the activity diagram. 

These diagrams are used to illustrate the flow of the 

application. These diagrams are mostly self explanatory. 

Figure 13 is provided as an example. Activity diagrams for 

both applications are provided in the appendices. 

2.5.3 CHOICE OF PROGRAMMING LANGUAGE 
A number of computing platforms were considered for the 

development of the application. All options have been 

experimented with and a choice was made. An elaborate 

discussion of the different platforms is being left out here. A summary of the options is 

provided in the figure below. 

Option 1 2 3 4 5 

Platform Java SE Python 2.6 Visual Basic 

.NET 2008 

Microsoft Excel 

2007 

Open Office 

Calc 

Dependence stand-

alone 

stand-alone stand-alone embedded embedded 

Platforms many many Windows Windows many 

License GPL / 

GPL2 

(free) 

Python lic. 

(free) 

Proprietary Proprietary LGPL (free) 

Prog.language Java Python Visual Basic 

.NET 

VBA StarOffice 

Basic 

IDE Netbeans ActivePython Visual 

Studio 

local editor local editor 

Familiarity unfamiliar  unfamiliar 

(but easy) 

some familiar unfamiliar 

Data interface XML / 

JDBC 

XML XML / 

Access 

embedded embedded 

3D interface Java 3D Vpython AutoCAD 

via VBA, 

Mogre, 

WPF 

AutoCAD via 

VBA, Mogre, 

WPF 

Collada, 

VRML 

Max. sheet 

size 

- - - 17,179,869,184 67,108,864 

TABLE 4 – PROGRAMMING ENVIRONMENT OPTIONS 

Eventually option 3 was chosen. One of the main reasons is the familiarity; this project is 

not about learning a new language. Another advantage is the decent IDE, the available 

documentation, the huge .NET library and its easy linkage to Excel, AutoCAD and Revit. 

The main disadvantage is the proprietary license of the IDE and libraries. As the 

Start riding

Use steel cutter

Unlock bike

[No succes] 

[Succes] 

FIGURE 13 - ACTIVITY DIAGRAM 
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application is not meant as to be a commercial product, this disadvantage is not that 

much of a problem. 

2.5.4 PROGRAMMING CHOICES 

2.5.4.1 3D INTERFACE 

An important part of the Logical Structure application is its 3D interface, as it helps 

visualize the data. 

For the 3D interface, a number of options were explored. Among them was Mogre18, a 

wrapper for the open source Ogre graphics engine. Some time was spent learning its 

features, resulting in a small application (see appendix J). In a later stage, WPF 3D19 was 

found to be a decent alternative. On one hand it lacks many features of more advanced 

engines (like simple primitives such as a box and sphere and line-objects): both the 

composition of the scene from the underlying data objects and the interface had to be 

custom built. Its integration in the VB.NET libraries and (some) support by Microsoft 

make it an appealing choice for a light-weight engine. 

The search for a decent 3D engine was very instructive. Though each one has its own 

peculiarities, the underlying principles are always the same.   

2.5.4.2 SIMPLE PROGRAMMING 

Tasks can be accomplished in many different ways. This also holds true for 

programming. As this project is not mainly about programming, a decision had been 

made at an early stage to use very simple code. A large part of the code could be 

shorter, more flexible and faster, but this would have required a large(r) investment in 

time, in learning new concepts, functions and tricks. 

2.5.4.3 DATABASE 

To keep the code orderly, an effort is made to make a strict separation between data 

and code. Most of the data is confined to a single database.  

The database is in Microsoft Access 2007 (.ACCDB) format. The main reason for 

choosing this format is the convenience when accessing it from a .NET application and 

the large amount of documentation available. 

At the start of both applications, a database is used to fill a number of object lists, like 

„ColumnTypeList‟, „MaterialTypeList‟, „FamilyTypeList‟, etc. 

2.5.4.4 ARRAY VS. ARRAYLIST 

The application uses large amounts of data. The .NET framework offers both simple 

arrays and more complex „arraylists‟ (collection objects) to store arrays of data. 

                                           
18 Website Mogre - http://www.ogre3d.org/wiki/index.php/MOGRE, retr. 15-07-2009. 
19 Website „The Official Microsoft WPF and Windows Forms Site‟ - 

http://windowsclient.net/, retr. 27-05-2009. 
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The arraylist is more practical when using datasets of variable size20. Resizing simple 

arrays requires more code and is very slow. On the other hand, simple arrays are 

somewhat faster to use. 

The choice has been made to use arraylist, because it requires less code. As a lot of time 

is spent creating arrays of variable sizes and not performing large amounts of reading or 

writing the data, the performance hit is taken for granted. 

2.5.4.5 UNITS 

Its important to use consistent units internally. Therefore everything is stored and 

calculated in N and mm. Conversions are always made at interface-level. 

 

 

 

This choice a very important one, as units are not stored in the data structure, e.g. a 

certain force will be stored as ‟20.44‟ and not ‟20.44N‟. The units therefore need to be 

consistent. 

2.5.4.6 COORDINATE SYSTEM 

The chosen coordinate system complies with engineering conventions (Z is vertical), 

instead of computer (3D) graphics conventions (Y is vertical). Conversions are made at 

an interface level. 

2.5.4.7 RAM MONITORING 

The application handles large amounts of data. It is conceivable that the memory (in the 

form of RAM) required to store the dataset exceeds the amount of available memory. 

To prevent this, an event is raised every second to monitor the amount of available RAM. 

This information is relayed to the user, warning him if memory is running low due to too 

large an amount of structures residing in memory. 

If the available RAM drops below a set value (100Mb), the generation cycle automatically 

terminates. 

2.5.4.8 MULTITHREADING 

The application can basically be said to have two states. It can be in the process of 

generating structures or it can be servicing the user interface. In a typical single 

threaded application, the two states would be alternating. As a consequence, the user 

interface would be disabled during generation. 

                                           
20 Weblog Brian Tyler, 

http://detritus.blogs.com/lycangeek/2005/09/array_vs_arrayl.html, retr. 12-08-2009. 

FIGURE 14 - UNIT CONVERSION 
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To maintain functionality during the generation process, a multithreaded design is 

devised. When the command is given to generate structures, a new thread is started 

outside of the main thread. This main thread is then still available to service the user 

interface. An event raised by the second thread ensures that progress made by this 

thread is reported to the first thread and the interface. The interface can then be 

constantly updated to inform the user that something is happening. 

 

 

One of the most important rules that had to be obeyed in designing a multi-threaded 

application is that any shared variable is handled with care. This prevents crashes due to 

unexpected variable values. For example: thread 1 is going to perform a simple division. 

To prevent bad things from happening, it checks if the variable that is to be used as 

divisor is not zero. After this, it performs the division. If any other thread (of which the 

first thread is not aware) sets this variable to 0 between the check and the actual 

division, a crash may occur. Possibly worse even, a crash might not occur (due to an 

error-handling mechanism in the first thread), but the results could become illogical. 

Great care has been exerted to prevent these things from happening. 

2.5.4.9 INDEXES 

It should be noted that there is a difference between the notations of indexing in 

mathematics and in programming. In a mathematical array (vector or matrix), the first 

item is referred to as item 1. In programming it would be referred as item 0. Some 

programmers ignore this convention and use the mathematical notation, i.e. they use 

arrays in which the first item, item 0, is empty and unused. 

A choice is made to use the notation used in programming. An important reason for this 

is that this is easier, as a number of functions assume this notation. For example, the 

size of the array A can be determined by calling the A.Count function. To count the 

number of items when item 0 is ignored, this would always be A.Count – 1, thus 

complicating the application. This method of counting is visible in both applications, e.g. 

they will both generate a structure variant no. 0 as the first variant. 

 

FIGURE 15 – SINGLE- VS. MULTITHREADING 
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2.5.4.10 GETTERS AND SETTERS 

An interesting concept in object oriented programming is the concept of so-called getters 

and setters. These are functions built in a class that prevent direct handling of variables 

and can execute code when the value of a variable is retrieved (by using a Get function) 

or when it is given a certain value (by using a Set function). These functions have been 

used often to prevent unexpected results. 

For example: a class defines a structural element. Amongst other properties it consists 

of a variable „IsBeam‟ which states whether the element is a beam or not and the 

variable „IsColumn‟ which does the same if it is a column. When the value of one of 

these is changed, the other should automatically become the opposite. This can be 

achieved by using a Set function.  

A second example is a class defining a section, the properties of which consist of its 

height, its width and its section area. It is obvious that this area depends on the height 

and width. By placing a Get function (i.e. 𝐴 =  ∗ 𝑤) in front of the area function, this area 

will be calculated at the moment at the moment of retrieval.  

2.5.4.11 SPEED VS. EASE 

Another aspect of programming that can be illustrated with the second example is the 

balance between speed of execution and ease of programming. Speed of execution is 

most important for every function and procedure contained within the generation cycle. 

It is far less important for other aspects, like procedures used to draw a structure. 

So, each time when using the get function to calculate the area of the section, a 

calculation is made. If this is done often, while the height and width remain unchanged, 

it might be faster to skip the get function and only calculate the value of the area once in 

the beginning. This demands greater disciple, as it is now becomes possible to change 

the height and width, without these changes being represented in the section area. The 

reward however can be a quicker execution. 

2.5.4.12 FILE FORMAT 

The projects of the second application, consisting of a geometry and a set of loads, can 

be stored in files so they can be retrieved and edited at a later stage. The files are stored 

in the XML format. This is an open21 standard, meaning that it can be used freely and is 

well documented22. The accessibility of a file written in an open standard doesn‟t depend 

on the benevolence of a license holder and therefore can be said to be a „safer‟ option to 

assure access to the file in the future. 

The object instances in object-oriented programming lend themselves easily for 

conversion to XML files. An example of an object, in this case a node, written as an XML 

file is given: 

                                           
21  W3C document license - http://www.w3.org/Consortium/Legal/2002/copyright-

documents-20021231, retrieved 01-04-2010. 
22 Extensible Markup Language (XML) 1.0 (Fifth Edition) - http://www.w3.org/TR/REC-

xml/, retr. 01-04-2010. 
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<Node> 

    <Coords> 

        <X>4500</X> 

        <Y>0</Y> 

    </Coords> 

    <Tag>Node4</Tag> 

    <Restraint> 

        <C>0</C> 

        <RestrainRot>false</RestrainRot> 

        <RestrainUx>true</RestrainUx> 

        <RestrainUy>true</RestrainUy> 

    </Restraint> 

</Node> 
FIGURE 16 - XML SAMPLE 

As can be seen, this snippet of XML defines a node, giving it a set of coordinates, a tag 

and a set of restraints. 

The choice has been made for XML mainly because of its open status and its easy 

readability by humans. 

2.5.4.13 RANDOM NUMBERS 

The function of the application depends on the generation of random combinations of 

parameters. These combinations are based on random numbers generated by the 

computer. It is interesting to see how a deterministic machine like the computer (or the 

universe for that matter, but lets not venture into that discussion) generates apparently 

random numbers. 

The .NET library contains a „Rnd‟ function. This function will generate a deterministic 

sequence of number based on a single seed value. So every time the „Rnd‟ function is 

called for the 𝑛-th time in the lifetime of the application instance it will return the exact 

same value that it returned the last time it was called for the 𝑛-th time. This value is 

based on the seed and modified by some predetermined formula. An example of such a 

formula is given in the table below: 

𝒙 𝒇(𝒙) 𝟐𝒏𝒅 digit 

0 12,0 2 

1 17,1 7 

2 22,4 2 

3 27,9 7 

4 33,6 3 

5 39,5 9 

6 45,6 5 

TABLE 5 - „RANDOM‟ NUMBERS BASED ON 𝑓 𝑥 = 12 + 5𝑥 + 0.1𝑥2 

One trick to get different sequences each session is to use a different seed each time. 

The one thing that changes each time is time itself. The internal clock has a very high 

frequency. For example, the clock on one conventional pc has been tested to change its 

readout every 1/40th millisecond (= 40kHz). Basing the seed on this clock is therefore a 

decent method to get a usable sequence of random numbers. 
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2.5.4.14 SORTING 

At different points in the application, lists need to be sorted. For example, when 

preparing the Finite Element Model, or when sorting the structures along their 

performance. 

There exists a large number of sorting algorithms. Their performance is usually indicated 

by (the upper bound of) the rate of growth of the function, using the big O notation. The 

bubble sort algorithm, for example, has both an average and a worst performance of 

𝑂(𝑛2), meaning that calculation time increases with the square of the number of items. 

An example of a relatively fast and easy to implement algorithm is the insert sorting 

algorithm. It basically constructs a new list of elements by comparing each element that 

has to be inserted with the elements already there. This is the basic algorithm 

implemented. 

2.5.4.15 SINGLE VS. DOUBLE 

Most data stored as either a string, integer or a single (32 bit) precision floating-point 

variable. This is precise enough for most parts of the application, still small enough for 

storage. 

Sometimes a higher level of accuracy is however desirable. The most important example 

being the Gauss elimination process (chapter 4.5.4.2), where many variables are 

manipulated many times in a row. To minimize round-off errors, double precision (64 

bit) floating-point variables are consistently used throughout the calculation instead of 

single (32 bit) precision variables. This is acceptable, as most of the data generated is 

not stored at the end. The performance hit due to the use of double precision variables 

has been tested and was found to be absent. This is probably due to the 64-bit 

architecture of the testbed. 

2.5.4.16 MATRICES 

The finite element method depends on the use of a large number of variables. To 

process these variables, matrixes are used. As the programming language doesn‟t 

support any matrix operations natively, a custom matrix class is built. It supports a 

number of common operations, like adding and subtraction, multiplication and division, 

transposing, determining the determinant and inversion of a matrix.  

  



46  M.H. Monné  

3 THE LOGICAL STRUCTURE 

3.1 DESCRIPTION 
This application was designed to illustrate the concept of an automatic variant study for 

simple column-beam structural systems. It takes a set of parameters and uses them to 

randomly generate a large number of different options. The application actively varies 

both geometry and element types. After the generation process, it assesses them, filters 

out optimal one(s) and shows trends, depending on the user‟s preferences and priorities.  

The final application is not a highly polished product, but it has more than enough 

functionality to be used as an instructive sandbox. A number of analyses have been run 

with it, the results of which are documented in appendix D. 

Some of the features envisioned to be available in the application have not been 

implemented. The choice was made to offer a more slender and more stable version of 

the application, while only outlining some of the aspects that also play a role in this 

report. The UML diagrams (appendix A & B) represent the version that was actually 

produced. 

3.2 DEFINITIONS 

3.2.1 STRUCTURAL SYSTEM 
Before considering different types of structural systems, a clear definition of a load 

bearing structure and a structural system is needed.  

Bernard Leupen 23  distinguishes between five layers in a building: the load-bearing 

structure, the skin, the scenery, the servant elements and the access. 

This project focuses on the main load-bearing structure of a building. Leupen gives the 

following definition: „(columns, beams, load bearing walls, trusses and structural floors) 

The load bearing structure transmits the loads to the ground’. 

This is not a very accurate definition. Here a table leg is also part of the load-bearing 

structure, as it transmits a load to the ground. A more precise definition is devised: 

Here the load-bearing structure is defined as a configuration of elements (floors, beams, 

columns and walls) that fulfills the external structural requirements (strength, stiffness 

and stability) of the spaces and elements not being the load bearing structure (like the 

facade, internal walls). All forces occurring in these spaces and elements can be 

absorbed by adjacent elements of the structure, without failure of this structure. 

3.2.1.1 INTEGRATED FRAME 

An essential concept in this project is the notion of the integrated frame, also defined by 

Bernard Leupen. This is a combination of two or more layers. A very clear example of 

this is a concrete wall between two homes. It functions as a part of the scenery, isolating 

                                           
23 Leupen, B. 2002, Kader en Generieke Ruimte, Rotterdam. 
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the two homes from each other, as well as a  part of the load-bearing structure, carrying 

the floors and roof. 

This notion forces to take into account a number of non-structural aspects of the 

structure, as the value of some elements lies partly in their non-structural performance. 

Part of the value of the concrete wall in the example above lies in its sound-proofing. To 

compare it fairly with another type of wall, this aspect needs to be taken into account. 

3.2.1.2 TYPES OF LOAD-BEARING ELEMENTS 

The different types of load-bearing element are purposely not grouped in systems in 

which they are habitually combined. This is to avoid any bias in the view of what a 

„logical‟ combination is. The elements are grouped in four categories, based on their 

geometry: 

 1 dimensional 2 dimensional 

vertical column wall 

horizontal beam floor 
TABLE 6 - TYPES OF LOAD-BEARING ELEMENTS 

In the application, only columns, beams are floors will be combined. Walls might be 

considered at a later phase. Floors capable of transferring loads in two directions (plates, 

space frames) are also not considered for the application. 

All elements are organized in „families‟. These families can be used to identify structure 

options that are perceived as being of different types. In this way for example, a 

structure with steel H columns can be compared with a structure with round timber 

columns. At an earlier level it can also be used to generate structures with consistent 

element types. 

The specific combination of families is called the „character‟ of the structure. Forcing a 

character on the structure means a more consistent, but possibly less than optimal, 

structure. 

A number of element families are researched. Not all of them are implemented: the 

project is not designed to give a complete overview of building systems. The table below 

gives an idea of common types of column, beam and floor elements. 

Label Type Description 

SRTC column Single rectangular timber column 

ROTC column Round timber column 

DRTC column Double rectangular timber column 

RECC column Rectangular concrete column 

ROCC column Round concrete column 

SHHC column Steel H section column 

SRHC column 

Steel rectangular hollow section 

column 

SCHC column Steel circular hollow section column 

SRTB beam Single rectangular timber beam 

LVLB beam I-shaped LVL beam 

SHHB beam Steel H section beam 

SCCB beam Steel cold-formed C section beam 
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RECB beam Rectangular concrete beam 

IICB beam I shaped concrete beam 

SSCB beam Strengthened concrete strip 

SCHB beam Steel concrete H beam 

COSF floor Corrugated steel sheet 

RECF floor Concrete slab 

SCCF floor Steel-concrete floor 

JOTF floor Joist timber floor 

SSTF floor Stressed skin timber floor 

BOTF floor Timber box floor 

HCCF floor 

Hollow core prestressed concrete 

slab 

TTCF floor Double T prestressed concrete slab 

SOTF floor Solid timber floor 
TABLE 7 – ELEMENT FAMILIES 

A summary of some of the properties of these families can be found in the appendix C. 

3.2.2 BUILDING TYPES 
The method can only be valid for a number of specific building types, in order to limit the 

complexity. As a starting-point all types are considered. A number of restrictions is then 

placed on this set, thus reducing it to the definite set of building / structure types 

considered. 

3.2.2.1 RESTRICTIONS 

One especially important factor is the level of integration between the load-bearing 

structure and other layers. In the Netherlands the level of integration is very high for 

apartment complexes. The composition of the walls and floors separating the individual 

dwellings is almost entirely dictated by acoustic demands. Apartment complexes are 

therefore not considered. 

Lateral stability of the structure is also included in a basic form. Structures whose form is 

mostly dictated by the need for lateral stability, i.e. high-rise structures, are not 

considered. This would require an approach which is radically different from the 

calculation of a simple, low-rise structure. A limit is set at a height of 35m or 12 stories, 

following the definition of  Emporis24, and at a height/width ratio of 2. 

Another issue is the shape of the floor plan of the building. Obviously many shapes are 

possible, but still the majority of buildings that are not dwellings in the modern world are 

composed of one or more rectangular floor plans.  

Because of their prevalence and simplicity of calculation, only rectangular floor plans 

are considered. It should also be noted that for small deviations of a rectangular plan, 

like a slightly skewed or arched one, this method should also be of some value. This 

obviously also holds true for a combination of multiple rectangular plans. 

                                           
24 Website Emporis, http://standards.emporis.com/?nav=realestate&lng=3&esn=18727, 

retr. 15-08-2009. 
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On a side-note: one possible reason is that the constraints of packing rooms together, 

and the flexibility of dimensioning allowed by rectangular arrangements, explain the 

predominance of the right angle in architectural plans.25 In this way it can be considered 

a natural or optimal shape. 

 

FIGURE 17 – BOXES, BOXES, BOXES NEAR AMSTERDAM, NETHERLANDS 

Floors need to be horizontal to fulfill their function. Roofs however, don‟t have this 

restriction and therefore can be of many different shapes. Common ones are shown 

below. 

 

 

 

The first focus will be on the simplest type: the flat roof. Other types could be 

implemented at a later stage. 

 

3.2.2.2 CHOICE OF BUILDING TYPES 

Out of the initial set of all building types, a subset has emerged. This subset consists of 

low-rise buildings that are not dwellings with a rectangular floor plan and with a flat roof. 

This includes offices, industrial buildings and shops. 

 

                                           
25 Steadman, P. 2006, „Why are most buildings rectangular?‟, Architectural Research 

Quarterly 10, 119-130. 

FIGURE 18 – ROOF SHAPES 
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3.2.3 BUILDING PARAMETERS 
The application uses a parametrical representation of the building.  In this respect, it 

could be said to employ Building Information Modeling; the building doesn‟t consist of 

lines, but of a configuration of real-life elements. Each of these elements has its own 

associated data and sub-elements. 

3.2.3.1 SYMMETRY 

The amount of data and the time needed for calculation could be reduced by taking into 

account the symmetry of a floor plan. 

 

 

 

A rectangle is mirror symmetric along both a horizontal and a vertical axis. As the loads 

and other demands like the required fire-rating on the structure are also uniformly 

distributed across the structure, the floor plan of the structure could very well be mirror 

symmetric along both axes as well. 

Symmetry can be used to speed up calculation and reducing data size. This can only be 

achieved by creating a specific symmetric environment and not by generating symmetric 

structures in a more generic modeling environment. 

Forcing the use of symmetry, however, also means much less flexibility. Seeing the 

effects of the removal of a single column would be impossible, as would be the modeling 

of an eccentric roof structures or any other non-symmetric feature. Furthermore, the 

application would also become more complex if a specific symmetric environment 

needed to be created. 

Symmetry is therefore not assumed in the model. 

FIGURE 19 - SYMMETRY 
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3.2.3.2 STORIES 

A structure is composed of one or multiple stories. Each story is given a unique 

identifier. 

 

 

 

A building of multiple stories cannot be composed of multiple randomly generated 

stories, as vertical loads can‟t be depended to be always transferred properly to the 

foundation. This could happen if, for example, a column of a story is not supported by a 

beam or column on the story under it. 

The solution found is that only the base story is generated in a truly random fashion. It 

functions as a seed for the stories above it. All columns from higher stories are directly 

placed above a primary beam of the story below it. 

3.2.3.3 PLANES 

A single story is seen as composed of multiple planes. This allows for easy calculation, 

without needing to rely on finite element methods, as the load can be logically followed 

from the floor plane right down to the foundation. 

FIGURE 20 - STORIES 

story 0 

story 1 

story n 
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3.2.3.3.1 HORIZONTAL PLANE PARAMETERS 

The primary, secondary and tertiary horizontal planes contain systems of beams. Each 

beam system has a unique identifier, starting with number 0 at the edge. Each beam 

system is set at a certain offset from the edge and consists of one or multiple beams in 

series. 

FIGURE 21 - PLANES 
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The average spacing can also be calculated for each beam system. This value is stored 

as extended data as it can be directly derived from the offsets. 

A beam system consists of one or more beams. The individual beams are coupled by 

joints. 

 

 

3.2.3.3.2 VERTICAL PLANE PARAMETERS 

The vertical planes are highly similar to the horizontal planes, except for the fact that 

they contain single columns and no column systems. This difference is there because it is 

not common practice to stack different columns on top of each other within a single 

story. 

3.2.3.4 STABILITY 

A structure has to be stable. This is done by creating a number of stiff planes. The 

application solves this problem in a thoroughly simple way, bracing the structure in all 

four outer planes. This is often a very practical and economic solution and therefore 

acceptable for a preliminary variant study. An outline is given for alternate options:  

FIGURE 22 – BEAM PLANE 

Offset 2 
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Beam system 3 

Beam system 1 

FIGURE 23 – BEAM SYSTEM DEFINITIONS 

Offset 2 

Beam 0 

Beam 2 

Beam 1 



54  M.H. Monné  

 

 

3.2.3.4.1 VERTICAL PLANAR STABILITY 

At least three non-intersecting stiff vertical planes need to be available.  

As said, three stiff planes are needed: one for stability in one direction, another for 

stability in the other direction and finally one to prevent rotation.  

 

 

As only orthogonal grids are considered, this means that at least two planes need to act 

in the x direction and at least one in the y direction (or vice-versa). In order to have a 

high torsional stiffness, these planes should be as far apart as possible. 

 

 

The three options presented above are all stable. A less than optimal placement requires 

the individual planes to be stiffer and stronger plane in order to comply with the 

requirements.  

FIGURE 25 - FORCES TO RESIST 

FIGURE 24 – TYPES OF STIFF PLANE 

Bracing Shell Mom. Frame 

FIGURE 26 - PLACEMENT OPTIONS 



 

The Logical Structure  55 

3.2.3.4.2 HORIZONTAL PLANAR STABILITY 

Each separate floor has to be stiff. One usual method of doing this is by creating a stiff 

shell. This is often the case with an in situ poured concrete floor. Another common 

option is the creation of a system of braces. Horizontal moment frames are highly 

uncommon. 

The placement of the stiff planes dictates the required stiffness and strength of the 

horizontal planes. The first floor in Figure 26 for example, is subjected to significantly 

higher forces than the other two. 

3.2.4 ELEMENT PARAMETERS 
In order to calculate the (structural) performance of the different elements, a number of 

parameters have to be calculated. These parameters have also been put in an UML class 

diagram, which can be found in the appendix. 

3.2.4.1 MATERIALS 

Each element is made of a type of material. The materials are stored separately and can 

be used by multiple elements. 

3.2.4.2 SECTION PARAMETERS 

Each element has a section assigned to it, which is also stored separately and can be 

used by multiple elements. Each section is defined by a number of parameters. Part of 

these parameters can be generated through calculation. 

The nomenclature of the geometrical parameters has been chosen to correspond as 

much as possible to standards used by manufacturers. 

The following figure demonstrates a examples of some (but not all) section properties. 
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3.2.4.3 INTEGRATION OF BUILDING SYSTEMS 

The degree in which building systems like plumbing, climate control and electrical 

systems can be integrated in the load-bearing structure is an important aspect.  

This integration is difficult with some element types, like solid timber floors. There are 

also element types where this integration is easier, like hollow core prestressed slabs 

and even more easy with a others, like an in-situ poured concrete slab. 

Each element is simply rated on scale from 1 to 10, where 1 offers poor integration of 

building systems in the section and 10 offers easy integration. 

3.2.4.4 FIRE-RESISTANCE MEASURES 

An important parameter is the fire-resistance of the elements. The structural elements 

should be able to fulfill their role during a fire for a certain length of time. In the 

Netherlands this is determined by law to be at least 30, 60, 90 or 120 minutes 26, 

depending on circumstances. 

                                           
26 Website Bouwbesluit online (Bris BV) – http://www.bouwbesluitonline.nl, retr. 20-06-

2009. 

FIGURE 27 – SECTION PARAMETERS - EXAMPLES 
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All element types have some natural fire-resistance. Often however, extra measures are 

needed to satisfy regulations. As different element types need different measures these 

measures have to be taken into account to be able to make a fair comparison. 

A number of different measures are listed here, illustrating the impact on the 

composition of a structure. This aspect of the variant study has not been implemented in 

the application; the findings in this chapter serve merely as an outline for an actual 

implementation. 

3.2.4.4.1 EXTRA THICKNESS 

For many element types adding more material is a viable option. Not only will this 

reduce the average stress across the section, it will also slow down heat buildup in the 

heart of the section. Making elements thicker and wider by a set amount, based on the 

desired fire-resistance, is an option.  

3.2.4.4.2 CONCRETE FILLING 

Steel tubes can be filled with concrete to both increase their strength and help control 

temperatures in case of a fire. This option, like the previous one, also adds extra 

material with some associated cost, etc. 

3.2.4.4.3 INSULATION 

Adding insulation can be very effective at keeping temperatures in the element at bay. 

The insulation can be part of another layer, like the skin. To determine the amount of 

insulation needed, an enveloping box of insulation is assumed. 

 

3.2.4.4.4 PAINT 

A special type of insulation is fire-retarding paint. This is a thin film of paint that is often 

applied to steel structures. A protection of up to 120 minutes is possible27. 

To determine the amount of paint needed the total exposed surface has to be taken into 

account. This surface can be calculated as the total surface area (AL= outline / area) 

minus the covered parts of the section. 

Both options again can be translated into an extra amount of material needed for the 

structure. 

 

                                           
27 Website Fire Paint - http://www.firepaint.com.au/CommercialIndustrial.html, retr. 20-

06-2009. 

FIGURE 28 - TYPES OF FIRE-PROOFING 

Insulation Paint 
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3.2.4.5 JOINT COST 

Each beam, column or floor has two connections to two other entities. These joints are 

not modeled explicitly in the application. The necessity for this is low, as the application 

only aims to model simple statically determined elements. The effect of the joints on the 

cost of a structure, however, have been modeled. 

All joints have a certain cost. These costs can both be expressed in monetary and 

environmental costs. It should be noted that the impact of „a few nuts and bolts extra‟ 

on the environmental costs is quite less than that on the monetary costs. The effects on 

the environmental cost is therefore ignored. 

There are many ways of modeling the cost of a joint. 

3.2.4.5.1 TRUE COSTS 

Each joint can be completely calculated, leading to an exact set of properties. A steel-

timber joint could for example exist of a number of steel plates welded together, a 

number of bolts and nuts and a number of holes and slots. Each elements has its own 

associated costs and when combined this leads to a final assessment for the cost of the 

joint. 

This approach is not used in the TLS application, but it is in the TLPF application. The 

main reason is that the TLPF application functions on a more detailed level, where the 

cost of a single bolt actually makes a significant difference. 

3.2.4.5.2 SIMPLIFIED, RELATED TO SECTION SIZE 

A simpler approximation of the cost of a joint can be achieved by first recognizing that 

larger elements generally require larger, i.e. more expensive, joints.  

The costs can thus be made linearly dependent on the size of both connecting elements, 

i.e.: 

𝐶𝑜𝑠𝑡 = 𝛽1𝐴1 + 𝛽2𝐴2 

The factors 𝛽1  and 𝛽2 , multiplying the section sizes, depend on the type of joint and 

whether monetary or environmental cost is considered. A slightly more complex version 

incorporates an initial offset: 

𝐶𝑜𝑠𝑡 = 𝛼 + 𝛽1𝐴1 + 𝛽2𝐴2 

These models can be calibrated by comparing them to more elaborate calculations. 
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3.2.4.5.3 SIMPLIFIED, RELATED TO COST 

An alternative version of this assessment can be made by relating the cost not to the 

section size, but to the cost of the connecting elements. 

𝐶𝑜𝑠𝑡 = 𝛽1𝐶𝑜𝑠𝑡1 + 𝛽2𝐶𝑜𝑠𝑡2 

or 

𝐶𝑜𝑠𝑡 = 𝛼 + 𝛽1𝐶𝑜𝑠𝑡1 + 𝛽2𝐶𝑜𝑠𝑡2 

The first equation, without the constant, is easily interpreted. Assume for example a 

joint where a steel column (section 1) rests on a steel beam (section 2). The factors are 

given as 𝛽1 = 500 and 𝛽2 = 100. This means that the joint costs just as much as 500mm of 

the column and 100mm of the beam combined. The second equation adds a constant 

cost to it, for the fact that the joint simply exists. 

The first equation is used in the application. For use in the application, these values of 

beta are made dependant on the type of material. These values are thus entered in the 

database as material properties. 

3.2.5 DNA VS. EXTENDED DATA VS. ASSESSMENT DATA 
The application generates a lot of data. This data takes up valuable memory space. 

For each structure a distinction can be made between three categories of data associated 

with it. The first type is the DNA. Analogous to its real-life counterpart, the DNA forms 

the blueprint of the structure. It consists of element types, offsets, etc. From this DNA a 

set of extended data is generated.  

The extended data consists of forces, deflections, etc. This data does not need to be 

stored in memory and can be discarded after the structure has been calculated and 

assessments have been made. By discarding this data, memory space can be saved, 

without reducing the applications functionality, as both the DNA and the last type of 

data, assessment data, are retained. 

FIGURE 29 - JOINT COST 
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The assessment data is the data generated from the assessments. This needs to be 

stored to be able to compare different structures. 

3.3 SPECIFIC APPLICATION FUNCTIONALITY 

3.3.1 3D MODEL 
To gain insight in the a single solution offered by the application, a 3D viewer is 

developed. This viewer gets its data from the structural variant object and displays it in a 

window.  

The viewer is completely custom-made and built on the .NET library. This library 

supports a basic 3D canvas, as well as a triangular face built on three vertices as the 

basic building block. Parametrical objects like I-beams have been manually coded to give 

an accurate representation, consisting of a set of triangular faces, of a real object. 

The window is interactive. The camera can be moved around the scene using the mouse. 

Furthermore, objects can be identified by clicking on them. This identification is possible 

by a system of tags assigned to the triangular faces. These tags then correspond to data 

about the structural variant. 

The 3D model is of great help to communicate the composition of the structural variant. 

Users of the application often comment that it helps bring the structure alive, especially 

if the user is not used to reading 2D drawings. This is hardly surprising, as the 

information that the application tries to communicate is 3D information and not 2D 

information. A 2D representation asks for the user to translate the information himself, 

both straining the user and allowing room for misinterpretations. 

3.3.2 ANALYTICAL MODELS 
A choice is made for the use of analytical models in this application (2.4.2.1). The 

general method is illustrated in this chapter. 

3.3.2.1 BEAM MOMENTS DUE TO DISTRIBUTED LOADS 

 

 

 

Calculation of the maximum moment and deflection in this type of beam is simple. These 

values are used in the TLS application. 

 

 

FIGURE 30 – MMAX FOR LINEAR LOADS 
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3.3.2.2 BEAM MOMENTS DUE TO POINT LOADS 

 

 

The moments of force in this situation can be calculated by superposing (assuming 

linearity) the moments occurring through each individual load. The point at which a 

maximum is reached is always at a point where a load is applied, so only these points 

have to be checked to find the maximum. To check deflections, the (combined) 

deflection in the center of the beam is used.  

3.3.2.3 STRENGTH OF COLUMNS 

 

 

Both the ultimate strength of the section and the Euler buckling load of the system have 

to be checked. For a column without wind-loads acting on it (i.e. an inner column) these 

can be calculated using the following formulas 

𝑁𝑢 ;1 = 𝐴𝑐 ∗ 𝑓𝑢 

𝑁𝑢 ;2 =
𝜋2𝐸 𝐼𝑐

𝑙𝑏𝑢𝑐
2  

An important parameter here is 𝑙𝑏𝑢𝑐 . It usually depends on the geometry of the structure 

and the joints. As the application assumes that elements are hinged at both ends 

however, this length is always 𝑙𝑠𝑦𝑠 . The calculations on a facade column are slightly more 

complex. 

 

FIGURE 31 – MMAX FOR POINT LOADS 
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FIGURE 32 - COLUMN SCHEMATIZATIONS 
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3.3.3 DESIGN LOADS 
A number of design loads for a number of different structures are listed here and offered 

as a tooltip in the application. By doing these, the user will be less prone to make 

mistakes.  

3.3.3.1 FLOOR LOAD 

The design loads for a number of common building functions are given by Eurocode 

1991. A number of the loads considered are given here: 

Category qk (kN/m
2) Qk (kN) 

A. Domestic and residential use (floors) 1.75 3.00 

B. Office areas 2.50 3.00 

C. Congregations of people 5.00 7.00 

D. Shopping 4.00 7.00 

E1. Shops 5.00 7.00 

E2. Industrial ≥3.00 ≥7.00 

 

The design loads for corridors and balconies are in most cases somewhat higher than the 

ones mentioned above. For simplicity‟s sake, these loads are however not considered. 

3.3.3.2 ROOF LOAD 

The load on a roof is either determined by snow, rain, wind or a fourth load called the 

roof load. This is a load due to people working on the roof. It is assumed that only a 

small part of the roof is loaded by this load. This is therefore not determinative for the 

design of the load-bearing structure of a large building. The choice between these four 

loads is left to the structural engineer. 

Category qk (kN/m
2) Qk (kN) 

H. Roof 1.00 1.50 

 

3.3.3.3 SNOW LOAD 

Snow loads are determined for persistent / transient (non exceptional) design situations: 

𝑠 = 𝜇1𝐶𝑒𝐶𝑡𝑠𝑘  

Here 𝑠 is the snow load on the roof. 𝜇1depends on the geometry of the roof. This factor is 

0.80 for flat roofs. The factors 𝐶𝑒 and 𝐶𝑡 take into account local geography and thermal 

exposure respectively. The last factor 𝑠𝑘  is the characteristic snow load of the region. 

The Dutch national annex deems that no exceptional snow load needs to be considered. 

The characteristic snow load on the ground 𝑠𝑘 = 0.70𝑘𝑁/𝑚2, with representative values of 

Ψ0 = 0.00; Ψ1 = 0.20; Ψ2 = 0.00 . Furthermore, both thermal and exposure coefficient are 

ignored, i.e. 𝐶𝑒 = 𝐶𝑡 = 1.00. 

It can be concluded that all the flat roofs in the Netherlands have to be designed to take 

a load of 𝑠 = 0.80 ∗ 1.00 ∗ 1.00 ∗ 0.70𝑘𝑁/𝑚2 = 0.56𝑘𝑁/𝑚2. 

3.3.3.4 RAIN LOAD 

The load due to rainwater on the roof is fully dependent on the flatness of the roof and 

the presence, size and location of drains. It is common practice to design a roof to be 
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able to support either the roof load or the snow load and then adjusting the emergency 

drains and/or the roof slope in such a way that rain will never be determinative. 

3.3.3.5 WIND LOAD 

The influence of wind is not implemented in the application. Still a simple outline is 

provided for its application. 

The wind load depends on the location of the structure, as well as its shape. The basic 

wind velocity is calculated as follows: 

𝑣𝑏 = 𝑐𝑑𝑖𝑟  𝑐𝑠𝑒𝑎𝑠𝑜𝑛  𝑣𝑏 ,0 

The Dutch national annex gives a value of 1.00 to both 𝑐𝑑𝑖𝑟  and 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 . The value of 𝑣𝑏 ,0 

depends on the geographical location. The Netherlands is divided up in three zones, 

copied from the old Dutch norm NEN6702, each with their own value of 𝑣𝑏 ,0.   

The base values are then combined with other factors, like the shape factors and factors 

taking the dynamic influences into account, which both can be derived from the 

geometry of the structure. These lead to wind pressures (kN/m2), which can be used to 

calculate the forces in the structure. 

3.3.3.6 REDUCTION 

Each building has a design working life given by Eurocode 1990. 

Category Design working life 

(yrs) 

Application 

1 5 Temporary structures. 

2 15 Agricultural and similar structures. 

Industrial buildings of 1 or 2 stories. 

3 50 Building structures and other common 

structures. 

4 100 Monumental building structures. 

 

The design loads need to be changed for different design working life spans: 

𝐹𝑡 = 𝐹𝑡0
{1 +

1 − 𝜓1

9
ln  

𝑡

𝑡0

 } 

This reduction is being left to the engineers discretion.  
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3.4 ASSESSMENTS 
To determine the suitability of a single structure, one or more assessments have to be 

made.  

Multiple assessments can be individually weighted and combined to give a total score for 

a structure. Both individual assessments and total scores can be compared. These 

comparisons give indications for what and „optimal‟ structure is. 

Many aspects of a structure can be assessed. A selection has been made. 

Category Assessment Units Method 

Material use Bill of materials 𝑘𝑔 ⋁ 𝑚3 Count material use 

 Total material use 𝑘𝑔 ⋁ 𝑚3 Count material use 

Monetary cost Monetary cost € Global, costs per unit 

Environm. cost Environmental cost 𝑘𝑔 𝐶𝑂2⋁ € Global, costs per unit 

Integration of 

installations 

Integration of installations pts Rate from 1-100 

Prefabrication Prefabrication pts Rate from 1-100 

Flexibility Number of columns # Count columns 

 Number of internal columns # Count columns 

 Reserve strength 𝑘𝑁/𝑚2 Compare 𝑝𝑚𝑖𝑛  with 𝑝𝑟𝑒𝑞  

Compactness Compactness 𝑚3/𝑚2 Volume per area of surface 

 Compactness 2 𝑚2/𝑚2 Floor area per area of 

surface 

 Compactness 3 𝑚2/𝑚2 Floor area per area of 

footprint 

 Total floor height (htot) 𝑚𝑚  

 Floor height h1 𝑚𝑚  

 Floor height h2 𝑚𝑚  

Net floor area Net floor area 𝑚2 Derived from gross area 

 Total column area 𝑚2 Total floor space occupied 

by columns 

Floor mass Weight 𝑘𝑔  

Foundation Monetary cost € Based on soil profile 

 Environmental cost 𝑘𝑔 𝐶𝑂2⋁ € Based on soil profile 

Fire resistance Monetary cost € Based on fire-proofing 

 Environmental cost 𝑘𝑔 𝐶𝑂2⋁ € Based on fire-proofing 

Total score Total weighted normalized 

score 

pts Rate from 1-100 

TABLE 8 - ASSESSMENTS 

Most scores can also be expressed per square meter of floor area. 

3.4.1 MATERIAL USE 
One of the easiest aspects to assess is the material needed for the structure. This also 

functions as the basis of more complex assessments. 

3.4.1.1 BILL OF MATERIALS 

The volume of each element is calculated. Because the material type of each element is 

also known, a bill of materials can be made, composed of a number of volumes and 

materials. This list is then compiled by adding up all the volumes of the same material. 

This results in a global bill of materials. 
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3.4.1.2 TOTAL MATERIAL USE 

The global bill of materials can be compiled further by converting the volumes and 

materials in weights. This way the total weight of the materials / structure is calculated. 

3.4.2 MONETARY COST 
Assessing the costs of a structure is no easy task. It depends highly on factors like 

logistics, complexity and repetition. Because of this and many other factors, 

manufacturers and contractors habitually only indicate costs for specific projects. 

The problem is obviously that the monetary cost of a structure is an important, if not the 

most important, consideration. It is so that all respondents placed monetary cost at the 

number one position of important aspects. A correct assessment is therefore invaluable. 

3.4.2.1 CALCULATION 

As the costs of a structure depend on so many factors, only a general indication is viable 

when many of these factors are left out of the equation. 

Costs are calculated per unit of length (m1), area (m2) or volume (m3) of a certain 

component. They should incorporate all materials, equipment and labor needed to create 

that specific component. By coupling these costs with the amounts needed for a certain 

structure, the total cost (or cost / m2 floor space) can be calculated. 

These total costs thus give a rough estimate of the true costs of a certain structure. They 

could be off by some amount, but should at least give a decent indication.  

3.4.2.2 SOURCES 

There is a large number of sources of information on building costs. This information is 

often offered by commercial companies and based on large amounts of reference 

projects. 

An extensive survey of available sources is beyond the scope of this project. This would 

be more important if the application were to be used in practice; it doesn‟t have any 

influence on the methodology of the project. 

A number of freely available sources have been selected. Only sources with detailed 

information on the composition of the given numbers are used, like bouwkosten-

online.nl. 

One aspect that is difficult to implement is the aspect of logistics.  Logistics can be 

responsible for a large fraction of costs and depend on both distance and accesibility of 

the building site. 

3.4.2.3 IMPLEMENTATION 

All materials are assigned an associated cost. This cost is used if no more specific 

information is available. These costs are specified per unit of volume (for timber and 

concrete) or per unit of weight (for metals). 

Each element type can also have an associated cost. If this is available, then this 

information is used instead of the more general cost derived from the use of a certain 

volume of material. 
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3.4.3 ENVIRONMENTAL COST 
The durability of the building is expected to become an important component of the 

perceived value of the building28. There are many methods and tools available to help 

assess the durability of a building. As there is not one clear ideal method, choices need 

to be made. 

3.4.3.1 METHODS 

To be able to measure differences between different structures, the chosen method 

should be applicable to the varying structures resulting from varying parameters. E.g. 

methods that only measure aspects like the impact of extra traffic can‟t be taken into 

account, as this doesn‟t vary for different structures. 

The method should be applicable to single buildings. It should be able to differ between 

different structural systems through aspects like material usage and flexibility. It should 

be suitable for the building types as described previously and the Dutch situation. The 

score should be generated through calculation and, in order to make comparisons with 

all kinds of other measures and systems, CO2 emissions should be considered. 

The engineering company DHV and Dutch government agency Senternovem made a 

survey of a number of these methods29. One of the main conclusions of this study is the 

need for international as well as national compatibility. Another important conclusion is 

the need to be able to clearly communicate durability, i.e. what are the costs of certain 

measures and what are the benefits of these measures? By expressing these costs and 

benefits in customary units, like €/m2 or kg CO2/m
2/yr, comparisons with other options 

and measures can be easier and possibly more objective. 

By applying all these demands on a list of a number of these methods, a selection of 

possible assessment methods appears: BREEAM, GPR and Greencalc. 

Most of these methods are commercial software products and are not free to use. 

3.4.3.2 ENVIRONMENTAL PERFORMANCE RATING METHODS 

All methods assessing environmental impact of materials, need data on this impact. This 

data is generated with a life cycle analysis (LCA) of a material or component. 

“The Holy Grail of the green building movement would be a database in which the life-

cycle environmental impacts of different materials were fully quantified and the impacts 

weighted so that a designer could easily see which material was better from an 

environmental standpoint.”30 

It should be noted that it is very hard to create such a database. The process of isolating 

individual elements of a building already generates major problems. This is mainly 

because the environmental impact of a certain element depends partly on the way it is 

being used.  

                                           
28 Senternovem / DHV, 2008, Instrumenten Beoordeling en Promotie Duurzame 

Kantoren, p. 30. 
29 Senternovem / DHV, 2008, Instrumenten Beoordeling en Promotie Duurzame 

Kantoren. 
30 Wilson, A. 2006, „Building Materials: What makes a product green?‟, Environmental 

Building News. 
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For example, the impact of a single sheet of aluminum roofing depends greatly on the 

roof it is used on. Applied on a house in the shade of tall buildings in northern regions its 

impact is very much a negative one, because of the large amount of energy needed to 

manufacture this sheet. Applied on a sun baked roof in the desert, it can actually have a 

very positive contribution, reducing heat transfer and keeping the house cool. 

Another important aspect is the definition of environmentally friendly. Products can be 

environmentally friendly in one way but much less so in another.  

Even when these aspects are clearly defined, calculating and comparing alternatives still 

means a lot of work31.  

3.4.3.2.1 GREENCALC+ 

This application takes into account four major aspects of the structure: material, energy, 

water and mobility. From these individual assessments a single score, called the 

environmental index, is calculated. The application gives this rating by comparing the 

building to a similar structure built in 1990.  

𝑖𝑛𝑑𝑒𝑥 =
𝑠𝑐𝑜𝑟𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑛𝑒𝑤

𝑠𝑐𝑜𝑟𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 1990
∗ 100% 

 

FIGURE 33 - SCREENSHOT GREENCALC+ 

The tool is presented as an easy-to-use decision support tool, mainly because of this 

single index that it presents. The material LCA costs are derived from different 

international studies32, using TWIN model of NIBE. Energy consumption is calculated 

through a number of different methods based on Dutch standards NEN 2916 and NEN 

5128. 

http://www.greencalc.com 

 

                                           
31 Struble, L. and J. Godfrey, 2004, „How Sustainable is concrete?‟, in: Wang, K. 

Proceedings of the International Workshop on Sustainable Development and Concrete 

Technology. Beijing, China. May 20-21, 2004, Ames, Iowa, 201-211. 
32 Website GreenCalc – http://www.greencalc.com/en-materiaalmodule.html, retr.08-09-

2009. 
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3.4.3.2.2 ATHENA 

As most databases, this database is accessible through a piece of software. The following 

aspects are taken into account: 

 Primary energy 

 Global warming potential 

 Weighted resource use 

 Water pollution 

 Air pollution 

 

FIGURE 34 - SCREENSHOT ATHENA 

http://www.athenasmi.org/index.html 

 

3.4.3.2.3 GREEN BOOK LIVE 

A material database maintained by BRE. In this database products are given „Ecopoints‟. 

These are calculated through consideration of the following aspects: 

 Climate change – from CO2 and other greenhouse gases especially associated 

with energy use 

 Ozone depletion – from gases affecting the ozone layer 

 Acidification – contribution to the formation of acid rain 

 Consumption of minerals and water 

 Emission of pollutants to air and water – including toxicity to humans and 

ecosystems 

 Quantity of waste sent to disposal 
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http://www.greenbooklive.com/ 

3.4.3.2.4 GREENSPEC 

For the Greenspec list of products five categories have been devised:  

 Products Made with Salvaged, Recycled, or Agricultural Waste Content  

 Products That Conserve Natural Resources  

 Products That Avoid Toxic or Other Emissions  

 Products That Save Energy or Water  

 Products That Contribute to a Safe, Healthy Built Environment  

This list however only incorporates products that its editors perceive as environmentally 

friendly. It is an example of an interesting list to see and browse through, but, because 

of its narrow scope, not usable for this project. 

http://www.greenspec.co.uk/ 

3.4.3.2.5 DUTCH GREEN BUILDING COUNCIL MATERIAL LIST 

The Dutch Green Building Council (DGBC) is an independent organization, which is 

developing a label for the durability of buildings for Dutch buildings and areas33. It is a 

relatively new organization and an emerging member with de World Green Building 

Council.  

From its own analysis of existing methods, it has decided to harmonize with the Dutch 

Greencalc+ and GPR methods. It has also chosen BREEAM over LEED to be developed 

into a Dutch standard. 

One of the goals of DGBC, dictated by the Dutch Ministry of Housing, Spatial Planning 

and the Environment (VROM), is the creation of a database of the environmental impact 

of materials, independently of all assessment methods34. 

This list seems most appropriate for this project. 

http://www.dgbc.nl 

3.4.3.3 UNITS 

Ways of expressing the environmental impact of materials are, for example: 

 Primary energy consumption (MJ/kg) 

 CO2 emissions (kg/kg) 

 Economic value (€/kg) 

3.4.3.3.1 CONVERSION INTO ECONOMIC VALUE 

As the right to emit CO2 becomes a commodity, it gets a monetary price. This price 

allows (part of) the environmental cost to be added up (or subtracted from) the other 

monetary costs, thus combining them. 

At the moment of writing (beginning of 2010) the price of the right to emit one ton of 

CO2 is relatively stable at around €14,-35. 

                                           
33 Website DGBC – http://www.dgbc.nl, retr. 20-06-2009. 
34 Website DGBC – http://www.dgbc.nl/wat_doet_dgbc/materialendatabase, retr. 25-06-

2009. 
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3.4.4 INTEGRATION OF INSTALLATIONS 
In the past decades the importance of installations in office buildings has increased 

tremendously36. This has consequences for the load bearing structure. The choice for a 

structural system depends on aspects like the integration of ducts, the use of a lowered 

ceiling, etc. 

The easiness of the integration of installations can be rated on a scale from 1 to 100. A 

score of 1 indicates the minimum performance; a score of 100 is the maximum 

performance. 

3.4.5 PREFABRICATION 
The degree of prefabrication can be rated from 1 to 100 for each element. In this 

system, an in-situ poured floor gets a lower score than a hollow core prestressed floor. 

3.4.6 FLEXIBILITY 
A valuable asset of a building is the amount and functionality of the floor space. Not only 

the total area is important, but also the degree in which the area can accommodate 

different functions. 

3.4.6.1 WALLS AND COLUMNS 

One aspect that determines the flexibility of a structure in accommodating different 

functions is determined by the number of obstructions, e.g. columns and walls, present.  

Both the total amount of columns and the number of internal columns can be calculated. 

3.4.6.2 RESERVE STRENGTH 

This is another valuable asset is, and just like the amount and placing of columns and 

walls, related to flexibility.  

Reserve strength is defined as the amount of extra live load a structure can have on its 

floors (or roof), whilst still conforming to demands relating to strength, stiffness and 

stability. The user is allowed to enter the loads on the structure, thus creating reserve 

strength. 

Obviously at higher floors the cost for extra reserves will be higher, because of the 

longer „path‟ from to source of the load to the foundation. This is something that the TLS 

application can show. 

3.4.7 COMPACTNESS 
Compactness of a building can be a valuable asset. A number of different things can be 

used to define a „compact‟ building. 

3.4.7.1 EXPOSED SURFACE 

The total amount of exposed surface is an important parameter for the calculation of the 

compactness of the building. It is calculated as follows: 

                                                                                                                                   
35 Website CO2prices.eu, http://www.co2prices.eu/ 
36 Website Bouwen met Staal, http://www.bouwenmetstaal.nl/index.php?page=vloeren, 

retr. 12-07-2009. 
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𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑 = 𝐴𝑓𝑎𝑐𝑎𝑑𝑒 + 2 ∗ 𝐴𝑔𝑟𝑜𝑢𝑛𝑑𝑓𝑙𝑜𝑜𝑟  

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑 =  2(𝑤𝑖 + 𝑙𝑖

𝑛𝑢𝑚𝑓𝑙𝑜𝑜𝑟𝑠

𝑖=1

)𝑖 + 2𝑤𝑖𝑙𝑖 

This assumes that the total roof are is as large as the size of the floor plan. This is 

illustrated below. 

 

 

 

3.4.7.2 COMPACTNESS 1 

This value is calculated with the following formula: 

𝑉𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑

 

3.4.7.3 COMPACTNESS 2 

This value is calculated with the following formula: 

𝐴𝑓𝑙𝑜𝑜𝑟

𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑

 

3.4.7.4 COMPACTNESS 3 (FAR) 

Another definition of compactness is that a higher compactness means a smaller 

footprint for the same floor space. To measure compactness a simple formula is devised: 

𝑐 =
𝐴𝑓𝑙𝑜𝑜𝑟

𝐴𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡

 

FIGURE 35 – EXPOSED SURFACES 

𝑤𝑔𝑟𝑜𝑢𝑛𝑑𝑓𝑙𝑜𝑜𝑟  

story 0 

story 1 

story 2 
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This assessment is also called the Floor Area Ratio (FAR)37. 

For box shaped buildings, this simple formula is effectively the same as the number of 

floors as: 

𝐴𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =
𝐴𝑓𝑙𝑜𝑜𝑟

𝑛
;  𝑐 =

𝐴𝑓𝑙𝑜𝑜𝑟

𝐴𝑓𝑙𝑜𝑜𝑟

𝑛

= 𝑛 

 

3.4.7.5 FLOOR HEIGHT 

The combined height of primary and possibly secondary and tertiary beams and the 

floors themselves is an important parameter. This height depends on both the height of 

the elements themselves and the way they are combined. 

Three heights are assessed: the total height (htot), the combined height of the secondary 

and tertiary beams and the floors (h1) and the difference between these two (h2). 

                                           
37  Metropolitan Council, 2006, Compact Development | Guide for Transit-Oriented 

Development. 

FIGURE 36 - COMPACTNESS 3 

c=1 c=2 c=4 
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Higher floors mean a higher ratio of gross volume / net volume for the building, i.e. 

space is „wasted‟. In many building h2 is utilized for a multitude of building systems (like 

HVAC), often in combination with a dropped ceiling. 

By default the elements are assumed to be stacked right on top of one another. The 

outer most beams, i.e. beams on the edge of the structure, are not considered. 

3.4.8  NET FLOOR AREA 

3.4.8.1 ACCESSIBILITY 

It should be noted that the need to access the floors of a building with many stories 

generally gives need to more space for stairs, elevators than is the case with a building 

with less stories. 

A more complex formula for compactness incorporates this observation. The 

compactness is redefined as the area of usable space divided by the footprint 

𝑛 = 1 → 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑔𝑟𝑜𝑠𝑠 = 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑛𝑒𝑡  

𝑛 > 1 → 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑔𝑟𝑜𝑠𝑠 = 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑛𝑒𝑡 ∗ (𝑎 − 1 + 𝑏𝑛−2) 

Here 𝑛 is the number of stories. The factor 𝑎 is the enlargement factor of the floor space 

needed for the access to a second story. The factor 𝑏 (>1) is introduced to account for 

the increasing need for space with an increasing number of floors above a second one. 

A simple graph is drawn to illustrate this principle. This example is a 10.000m2 building. 

For the addition of a second floor, an additional 5% floor space is needed (𝑎 = 1,05), 

further floors increase this space by 3% (𝑏 = 1,03). 

htot 

h1 

 

h2 

 

 

hfloor 

hfree 

 

 

FIGURE 37 - FLOOR HEIGHT ASSESSMENTS 
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The resulting function gives a clear image. The compactness rises with an increasing 

number of floors, but the effective increase in compactness decreases a bit as the 

number of floors is increased, because of the extra provisions needed to provide access. 

3.4.8.2 COLUMNS 

Another important factor in determining the relation between gross and net floor space is 

the area occupied by the columns. 

𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑛𝑒𝑡 = 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑔𝑟𝑜𝑠𝑠 − 𝐴𝑐𝑜𝑙𝑢𝑚𝑛𝑠  

Often it is desirable to keep column sections as small as possible. One of the reasons is 

an aesthetical one: a smaller column interferes less with the view than a wider one. 

Another reason is that a column occupies a certain amount of floor area, though often 

this space is not much more than 5% of the total floor area.  

On a practical side note, in the real estate business it is common to only deduct the area 

occupied by columns with a section area larger than 0.5m2 to calculate the net floor 

area. This could also be implemented. 

The total column area per area can be considered to be the slenderness of the column 

grid. 

3.4.8.3 IMPLEMENTATION 

The net floor space can be calculated from the gross floor space, using the following 

formula: 

𝑛 = 1 → 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑛𝑒𝑡 = 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑔𝑟𝑜𝑠𝑠 − 𝐴𝑐𝑜𝑙𝑢𝑚𝑛𝑠  

𝑛 > 1 → 𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑛𝑒𝑡 =
𝐴𝑓𝑙𝑜𝑜𝑟 ;𝑔𝑟𝑜𝑠𝑠 −  𝐴𝑐𝑜𝑙𝑢𝑚𝑛𝑠

𝑎 − 1 + 𝑏𝑛−2
 

This can be used in a number of compactness assessments. 

3.4.9  FLOOR MASS 
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Heavy floors can be an asset, because of the high acoustic insulation and low sensitivity 

to vibration they offer. This mass is usually expressed in kg/m2 floor. A higher weight 

means a higher score. 

An interesting note is that another much heard argument for the use of heavy floors is 

their ability to retain heat or cold. This argument is often raised by suppliers of concrete 

(products). Verburg (1997) argues however that 95% of the energy used by a heated 

building is caused by heat-transmission and ventilation. Increasing thermal mass for 

environmental reasons is therefore a weak argument38. 

Floor mass is included as an assessment limit. 

3.4.10  FOUNDATION 
This assessment relates to the force the structure exerts on its foundation. A heavier 

structure usually needs a more expensive foundation (in terms of monetary and 

environmental cost). This assessment is there to make a very simple estimate of these 

costs. 

An exception to the assumption that a heavier structure needs a more expensive 

foundation, is a structure so light that it is at risk of being blown away. This situation is 

not taken into account, as usually the ground floor of a structure is already heavy 

enough to counter the suction of the wind. 

The cost of the foundation depends not only on the weight of the building, but also on 

the soil conditions. A choice has to be made between a number of soil profiles. 

After an estimate of the size of the foundation, based on the weight and soil conditions, 

has been made, the monetary and environmental cost can be calculated. This is done in 

a similar way as the calculation of the superstructure. 

3.4.10.1 SOIL PROFILES 

A number of different soil profiles could be included to be able to give some estimate of 

the cost of the foundation. The combination of a certain profile and certain load leads to 

a decision about the type of foundation needed: a pile foundation or a shallow 

foundation. 

Each profile contains two layers. The top layer can be used for a shallow foundation, the 

lower layer for a pile foundation. 

                                           
38 Verburg, W.H. 1997, „Nieuwe taak voor de constructeur‟, Bouwen met Staal 134, 4-7. 
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TABLE 9 - SOIL PROFILE EXAMPLES 

3.4.10.2 PILE FOUNDATIONS 

There are many types of pile available. For this type of estimate, square prestressed 

concrete piles are assumed, as they are the most common type of pile 39 40 in the 

Netherlands. 

To calculate the needed section of piles a simple rule of thumb is used. The combined 

section of the piles available is assumed to be able to carry 7N/mm2. 

This data is used to calculate the needed combined section of piles. A reduction of 15% 

is applied to account for the overcapacity created by the use of a whole number (i.e. 1, 

2, 3, etc.) of fixed sizes of piles and a non-perfect distribution of the piles under the 

columns. 

As the amount of piles increases, the amount of concrete needed to lead the forces from 

the superstructure into these piles increases as well. 

3.4.10.3 SHALLOW FOUNDATIONS 

Just as with the pile foundation, the dimensions of a shallow foundation are calculated 

using  a simple rule of thumb. 

top layer assumed strength 

Thin layer of sand 0.1N/mm2 

Decent layer of sand 0.2N/mm2 

                                           
39 Website Heibedrijf P.G Kooyman BV - http://www.kooymanheiwerken.nl, retr. 13-10-

2009. 
40 Brouwer, J.J.M. 2000, Jellema Hogere Bouwkunde – Onderbouw, Utrecht/Zutphen, 

p.83. 
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Strong and thick layer of sand 0.4N/mm2 

Bedrock >1.0N/mm2 
TABLE 10 - SHALLOW FOUNDATION STRENGTH 

Using this data, a square concrete slab is generated under each column. To take into 

account the limited spread of the load through the slab, only 75% of the assumed 

strength of the soil is used to calculate the size of the slab. The height is set at 1/5 the 

width of the slab (derived from a h/l = 1/10 rule of thumb for beams), with a minimum 

of 150mm. 

 

 

𝐴𝑠𝑙𝑎𝑏 =
𝑁𝑑

0,75𝑓𝑢 ;𝑠𝑜𝑖𝑙

 ; 𝑤 =  𝐴𝑠𝑙𝑎𝑏  

𝑉𝑠𝑙𝑎𝑏 = 𝐴𝑠𝑙𝑎𝑏 ∗ (
𝑤

5
≥ 150) 

 

 

3.4.10.4 IMPLEMENTATION 

Due to the amount of work involved, only the shallow foundation option is implemented. 

The amount of concrete needed for this foundation is explicitly reported and added to 

the total amount of material needed for the structure. 

3.4.11 FIRE-RESISTANCE 
Under Dutch law, structures are required to remain intact and usable for a certain 

amount of time after a fire breaks out in the building. This rating is generally higher 

when the building is taller or more lives are at stake, e.g. a garden shed may collapse 

immediately, but a 10-story hospital should remain standing for at least 120 minutes. 

FIGURE 38 - SHALLOW FOUNDATION 
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This fire-resistance translates directly to a number of measures that might need to be 

taken. These measures often consist of using extra materials, for example through the 

use of thicker structural elements or the use of fire-retarding paint. 

These materials all have their associated monetary and environmental costs. 

Fire-resistance can be incorporated in the unity checks. I.e. when deciding which 

element to choose, the application also performs unit checks for a „hot‟ situation. This 

requires modified loads, sections and material properties. 

3.5 CONCLUSION 
A number of analyses have been made with the application. These are included in 

appendix D. The analyses show that the application can be used to perform a quick and 

thorough variant study with outcomes that are comprehensible and strongly dependent 

on the wishes of the designer. 

The main conclusion after developing this application is that it is a very viable method. It 

is able to generate a usable solution space quickly and allows easy analysis of this space 

through the use of graphs and different assessment weights. 

3.5.1 RECOMMENDATIONS 
As said before, not all aspects of the design of a structure that are explored, are actually 

implemented in the application. This somewhat limits its usability. The method, however, 

is usable.  

Expansion of the application with a some of the left-out features outlined in this report, 

like fire-resistance, would be practical. 

A final recommendation is the integration of an evolutionary algorithm. This would help 

speed up the filling in of the most interesting regions of the solution space. This is 

especially interesting for an analysis with a high number of degrees of freedom, such as 

is the case with multiple-story structures. 
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4 THE LOGICAL PORTAL FRAME 

4.1 DESCRIPTION 
In this part of the report a more specific problem is explored in more detail, namely the 

design of a single portal frame. This problem can be seen as part of the larger task 

described before. The focus lies on the complete design and optimization of a portal 

frame, with a large number of degrees of freedom. The geometry and (external!) loads 

are fixed, but the shape and materials of the sections and joints are variable. 

The aim is to model all aspects of its structural behavior accurately, including the limited 

stiffness of the joints. The structure‟s strength, stiffness and stability are checked using 

valid building codes (Eurocode) to determine the performance of the structure 

accurately. 

This application is meant to demonstrate the viability of the method for the optimization 

of a limited part of a structure. Combined with the application designed in the previous 

part of the project, which deals with a complete building and is capable of varying 

geometry and loads, the viability of the method the make a useful variant study is 

demonstrated. 

4.2 DEFINITION 
The portal frame consists of a number of columns and beams which are joined by a 

number of joints. In this example a timber structure with two possible types of timber 

joint is modeled. This could have been any type of material and joint, but due to the 

depth of the modeling, this scope has been limited to the structure type described. 

4.2.1 ELEMENTS  
The element data is stored in a similar way as the elements in TLS. The only elements 

that are considered to function as beam or column in TLPF are single or double 

rectangular timber elements. Three types of timber are built into the system. First of all 

there is normal sawn timber which is available at low cost, but only in limited sizes. Then 

there is glulam, i.e. laminated timber. These sections are more expensive, but are 

available in larger sections. Lastly, laminated veneer lumber, or LVL, is also considered. 

These elements are even more heavily engineered than glulam sections and offer 

significant strength and stiffness at a somewhat higher price.  

More heavily engineered sections have higher costs and higher carbon footprints as well 

(up to 134kg CO2/m
3 for LVL 41 . If this larger footprint per unit of volume can be 

compensated by smaller dimensions is one of the questions this application is designed 

for to be able to answer. 

                                           
41  http://www.finnforest.com/cr/mitigatingclimatechange/carbonfootprint/Pages/ 

CarbonfootprintofKerto.aspx, retr. 04-05-2010. 
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FIGURE 39 - SAWN TIMBER, GLULAM AND LVL 

4.3 DOWEL JOINT 
Each beam or column has at least two connections to two other entities. These joints are 

modeled explicitly in TLPF, instead of implicitly in TLS. 

4.3.1 STRUCTURAL BEHAVIOUR 
To say something about the load capacity of a rigid or flexible connection and the 

stiffness of a flexible connection, a further exploration of the matter is needed. Joints can 

be modeled as hinges, rigid connections or flexible connections. 

4.3.1.1 TRUE BEHAVIOUR 

The true behavior of a connection can be very complex. A simple 𝑀 − 𝜑 diagram is used 

to illustrate this. 

 

 

This diagram for example shows initial deformation (slip), followed by a more or less 

elastic branch, a plastic branch, final stiffening and then gradual failure. This type of 

model is too complex for the needs of the application. It requires very specific 

information about the joint and will lead to complex (i.e. long) calculations. 

 

 

 

𝑀
 
→

 

𝑀𝑢 

𝜑 → 

FIGURE 40 – JOINT – TRUE BEHAVIOR 
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4.3.1.2 ELASTO-PLASTIC MODEL WITH SLIP 

 

 

Each joint can be assumed to show elasto-plastic behavior. The joints are characterized 

by a number of variables: 

Stiffness 𝐶 kNm/rad 

Ultimate strength 𝑀𝑢  (= 𝑀𝑦) kNm 

Ultimate deformation 𝜑𝑢  rad 

Yielding deformation 𝜑𝑦  rad 

Slip deformation 𝜑0 rad 

 

4.3.1.3 LINEAR-ELASTIC MODEL 

An even simpler model is the linear-elastic model. 

 

 

This joint can be characterized by a smaller number of variables: 

Stiffness 𝐶 kNm/rad 

Ultimate strength 𝑀𝑢   kNm 

Ultimate deformation 𝜑𝑢  rad 

 

This model is easier to implement than the elasto-plastic model. This type of 

approximation is common in linear finite element modeling. 

𝜑0 

𝑀𝑦  

 

𝜑𝑦  𝜑𝑢  

𝑀
 
→

 

𝐶 = tan(𝛼) 𝛼 

𝑀𝑢 

𝜑 → 

FIGURE 41 – JOINT – ELASTO-PLASTIC APPROXIMATION 

FIGURE 42 – JOINT – LINEAR-ELASTIC APPROXIMATION 

𝜑𝑢  

𝛽 

𝑀
 
→

 

𝐶𝑟𝑒𝑑 = tan(𝛽) 

𝑀𝑢 

𝜑 → 
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4.3.1.4 STRENGTH ONLY 

The simplest model consists only of the strength of the joint, without considering 

deformations of the joint itself. 

 

 

This joint can be characterized by a single variable: 

Ultimate strength 𝑀𝑢   kNm 

 

4.3.1.5 IMPLEMENTATION 

A choice is made to use the linear elastic model. The first reasons behind it being that 

linear modeling is something that the building codes are geared towards. The second is 

the (relatively) simple implementation in a finite element model. 

4.3.2 BASIC DESIGN 
A set of two columns and a single beam or a set of two beams with one column can be 

joined by using a number of fasteners. The resulting joint can transfer both a shear force 

as well as a moment of force, as long as the number of fasteners is two or more. This 

chapter mainly describes the properties of this kind of joint using steel dowels. A second 

option (tube fasteners) is also considered, which is shortly described in chapter 0. 

A common pattern is the circular one, as illustrated in the figure below. 

 

FIGURE 43 – JOINT – STRENGTH ONLY APPROXIMATION 

𝜑𝑢  

𝑀
 
→

 

𝑀𝑢 

𝜑 → 
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This joint joins a double column with a single beam, but this could just as well be the 

other way round. The joint itself consists of 𝑛 fasteners placed in a circle with radius 𝑅. It 

should be noted that at least one of the dowels should be a bolt or tube (see 0), capable 

of keeping the members from separating sideways. 

The joint with the circular pattern is actually a special case of a general type of dowel 

joint. A more general definition of this type of joint is given in Figure 45. 

𝑅 

𝑐  𝑡𝑐  
𝑡𝑏  

𝑡𝑐  

𝑏  

𝑐/2 𝑐/2 

𝑏/2 

𝑏/2 

𝑛 

𝑑𝑓  
𝑙𝑓  

individual dowel 

FIGURE 44 - DOWELLED JOINT WITH CIRCULAR PATTER 
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Figure 45 shows the general joint type 

The dowels need to be of a certain size (NEN-EN1995-1-1 8.6) 

6𝑚𝑚 < 𝑑𝑓 < 30𝑚𝑚 

A set of dowels, from which the user can make a choice, fitting these limits is 

considered: 

𝑆𝑑𝑓 = {8,10,12,16,20,24} 

4.3.3 SPACING 
The fastener spacings and end and edge distances are determined without looking at 

what load cases the frame is designed for. The reason behind this is that for every frame 

it‟s thinkable that a multitude of different load patterns could occur, be it during 

fabrication, during transport, during assembly or in its designed application. This is an 

actual issue due to a hiatus in the Eurocode, which only defines minimum fastener 

spacings, end and edge distances depending on the presence of a load and not on the 

magnitude.  

4.3.3.1 DEMANDS 

The minimum spacings for dowelled joints are given in Table 11 (NEN-EN1995-1-1 8.6), 

where 𝛼 is the angle between the force and grain direction: 

Index 𝜶 Minimum 
𝑎1 Parallel to grain  3 + 2 𝑐𝑜𝑠𝛼  𝑑𝑓  

FIGURE 45 – DOWELLED JOINT WITH A RANDOM PATTERN 

𝑐  𝑡𝑐  
𝑡𝑏  

𝑡𝑐  

𝑏  
𝑛 

𝑑𝑓  
𝑙𝑓  

individual dowel 
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𝑎2 Perpendicular to grain 3𝑑𝑓  

𝑎3,𝑡 (loaded) 

𝑎3,𝑐 (unloaded) 

−𝜋/2 ≮ 𝛼 ≤ 𝜋/2 
5𝜋/6 < 𝛼 < 7𝜋/6 
𝜋/2 < 𝛼 < 5𝜋/6 

7𝜋/6 < 𝛼 < 3𝜋/2 

7𝑑𝑓 ∧ 80𝑚𝑚 

3𝑑𝑓  

𝑎3,𝑡 |𝑠𝑖𝑛𝛼| ∧ 3𝑑𝑓  

𝑎3,𝑡 |𝑠𝑖𝑛𝛼| ∧ 3𝑑𝑓  

𝑎4,𝑡 (loaded) 

𝑎4,𝑐 (unloaded) 

0 ≤ 𝛼 ≤ 𝜋 
𝜋 < 𝛼 < 2𝜋 

(2 + 2𝑠𝑖𝑛𝛼)𝑑𝑓 ∧ 3𝑑𝑓 

3𝑑𝑓  

TABLE 11 - MINIMUM SPACINGS FOR DOWELLED JOINTS 

 

FIGURE 46 - FASTENER SPACINGS AND DISTANCES – DEFINITIONS (NEN-EN1995-1-1 FIG8.7) 

In order to find optimal dowel placements, all distances between the dowels mutually 

and between the dowels and the edges need to be checked. This is true for random and 

circular patters, where, to maximize the strength of the joint, the radius R at which the 

dowels are placed has to be as large as possible.  

4.3.3.2 END AND EDGE DISTANCE WITH VERTICAL SHEAR 

If the beam is assumed to be relatively stiff and no horizontal forces were applied, i.e. 

no moments of force were working on the joint, then only a shear / normal force is 

present in the joint. This is illustrated in the next figure. 
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The shear force forces the fasteners in the top of the column downward (𝑎3 ≥ 3𝑑𝑓), but it 

forces the fasteners in the beam upward: 𝑎4 ≥  2 + 2𝑠𝑖𝑛
𝜋

2
 𝑑𝑓 ∧ 3𝑑𝑓 → 𝑎4 ≥ 4𝑑𝑓  

Similar calculations are made for the other edges. 

 

 

 

 

End and edge distances can be translated to a general set of equations for the limits 

placed on the positioning of random pattern. For example, given this load case, these 

can be written as: 

FIGURE 48 - MINIMUM END AND EDGE DINSTANCES TO TRANSFER VERTICAL SHEAR  

𝑎3,𝑐 ≥ 3𝑑𝑓 

 

𝑎4 ≥ 3𝑑𝑓 

 

𝑎4,𝑡 ≥ 4𝑑𝑓  

 

𝑎3 ≥ 3𝑑𝑓 

 

𝑎4,𝑐 ≥ 3𝑑𝑓 

 

𝑁𝑠,𝑓 ,𝑑  

𝑁𝑠,𝑑  

FIGURE 47 – VERTICAL SHEAR 
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−
𝑐

2
+ 3𝑑𝑓 ≤ 𝑦𝑖 ≤

𝑐

2
− 4𝑑𝑓 

−
𝑐

2
+ 3𝑑𝑓 ≤ 𝑥𝑖 ≤

𝑐

2
− 3𝑑𝑓 

Here 𝑥𝑖 and 𝑦𝑖 represent the offset of the fastener from the center of the joint (not the 

center of rotation). 

Reversal of the load case shown here would result in a minimum end distance at the top 

of the column 𝑎3,𝑡 ≥ 7𝑑𝑓 ∧ 𝑎3,𝑡 ≥ 80𝑚𝑚, leading to the following equations: 

−
𝑐

2
+ 7𝑑𝑓 ≤ 𝑦𝑖 ≤

𝑐

2
− 7𝑑𝑓 

−
𝑐

2
+ 80𝑚𝑚 ≤ 𝑦𝑖 ≤

𝑐

2
− 80𝑚𝑚 

4.3.3.3 END AND EDGE DISTANCE WITH HORIZONTAL SHEAR 

Vertical shear is not the only load case plausible to occur for a frame. For every frame it 

is thinkable that a horizontal shear develops, be it in its designed application, during 

fabrication, or during assembly.  

 

 

 

4.3.3.4 END AND EDGE DISTANCE WITH MOMENT OF FORCE 

A moment of force in the joint results in forces (nearly) perpendicular to the edges in the 

fasteners closest to the edge. In any case a moment of force will not generate any forces 

in the joints that are less favorable than the forces generated by horizontal or vertical 

shear.   

4.3.3.5 END AND EDGE DISTANCE CONCLUSION 

In conclusion, the following end and edge distances are held as a minimum in the design 

of the joint. 

FIGURE 49 - MINIMUM EDGE DINSTANCES TO TRANSFER HORIZONTAL SHEAR  

𝑎3,𝑐 ≥ 3𝑑𝑓 

 

𝑎4,𝑐 ≥ 3𝑑𝑓 

 

𝑎4,𝑡 ≥ 4𝑑𝑓  

 

𝑎3,𝑡 ≥ 7𝑑𝑓 ∧ 80𝑚𝑚 

 

𝑎4,𝑐 ≥ 3𝑑𝑓 
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4.3.3.6 MUTUAL FASTENER INTERVALS 

The minimum distance between individual fasteners is determined by assuming that the 

angle between the load and the grain of the timber, 𝛼 is unknown. It would be possible 

to calculate this angle in advance or even to adapt (!) these angles by assuming plastic 

behavior of the joint, but this would require too much computing time. 

The minimum interval parallel to the grain now becomes: 

𝑎1 ≥  3 + 2 𝑐𝑜𝑠𝛼  𝑑𝑓 → 𝑎1 ≥ 5𝑑𝑓 

The minimum interval perpendicular to the grain remains: 

𝑎2 ≥ 3𝑑𝑓  

Around each fastener an ellipse can be drawn, marking the zone in which no other dowel 

should be present. As the fasteners intersect multiple timber sections with their fibers 

crossing each other at an angle, two ellipses need to be drawn: 

FIGURE 50 - MINIMUM EDGE AND END DISTANCES 

𝑐  𝑡𝑐  
𝑡𝑏  

𝑡𝑐  

𝑏  

𝑎 ≥ 7𝑑𝑓 ∧ 80𝑚𝑚 

 

𝑎 ≥ 7𝑑𝑓 ∧ 80𝑚𝑚 

 

𝑎 ≥ 7𝑑𝑓 ∧ 80𝑚𝑚 

 

𝑎 ≥ 4𝑑𝑓  
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Two options present themselves for the checking of the distance between the individual 

fasteners. The first option is to check for the presence of other fasteners within each of 

the two ellipses. The second option is to do only one single check for the presence of 

other fasteners within a bounding circle, 5𝑑𝑓  in radius. This option is faster, but may lead 

to less optimal solutions, as possible configurations are excluded in this way. As the 

applications aim is to find optimal solutions and checking both ellipses is relatively 

cheap, speaking in terms of computing time, both ellipses are checked. 

The shape of an ellipse can be described by an implicit relation in a Cartesian coordinate 

system as (modified to allow displacement of the ellipse to point {𝑋𝑐 , 𝑌𝑐}): 

(𝑥 − 𝑋𝑐)2

𝑎2
+

(𝑦 − 𝑌𝑐)2

𝑏2
= 1 

Here the total length of the ellipse is 2𝑎; the total height of the ellipse is 2𝑏.  

A different definition of the ellipse is that it is a set of points, whose combined distance 

to a set of two defining points, called foci, is constant. Assuming the horizontal 

dimension 𝑎 to be the largest and therefore defining the major axis, the coordinates of 

the foci are defined as: 

𝐹 = {𝑋𝑐 ±  𝑎2 − 𝑏2, 𝑌𝑐} 

Each point 𝑍  on the edge of the ellipse is at a constant combined distance from these 

foci: 

𝑑𝑖𝑠𝑡 𝑍 , 𝐹 1 + 𝑑𝑖𝑠𝑡 𝑍 , 𝐹 2 = 𝐶 = 2𝑎 

This definition makes it simple to check whether a point 𝑌   is outside of the boundaries of 

the ellipse: 

 𝑌  − 𝐹 1 +  𝑌  − 𝐹 2 > 2𝑎 

Figure 52 demonstrates the use of this formula. It is a representation of a large number 

of randomly placed points.  Each of these points is checked if it falls outside of two 

precedingly defined ellipses (which are not drawn), both of which are centered on a 

FIGURE 51 - FASTENER EXCLUSION ZONE 

5𝑑𝑓  

 

3𝑑𝑓  

 

3𝑑𝑓  

 

exclusion 
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circle 

 

other 
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single point. The points are given a color based on these checks. Because of the large 

number points the contours of the ellipses become visible. 

 

FIGURE 52 - AUTOMATED ELLIPSE DETECTION 

4.3.4 FASTENER STRENGTH 
The joint is only as strong as its fasteners. The strength of dowel fasteners is analyzed 

via the so-called Johansen-Meyer mechanisms. 

4.3.4.1 JOHANSEN-MEYER 

The relevant Johansen-Meyer mechanisms for fasteners in double shear these are (NEN-

EN1995-1-1 8.2.2): 

𝐹𝑣,𝑅𝑘 ,1 = 𝑓 ,1,𝑘  𝑡1𝑑𝑓 

𝐹𝑣,𝑅𝑘 ,2 = 0.5𝑓 ,1,𝑘  𝑡2 𝑑𝑓  𝛽 

𝐹𝑣,𝑅𝑘 ,4 =
1.05 𝑓 ,1,𝑑  𝑡1 𝑑𝑓

2 + 𝛽
   2𝛽 1 + 𝛽 +

4𝛽 2 + 𝛽 𝑀𝑦 ,𝑅𝑘

𝑓 ,1,𝑘  𝑡1
2  − 𝛽             … +

𝐹𝑎𝑥 ,𝑅𝑘

4
  

𝐹𝑣,𝑅𝑘 ,6 = 1.15 
2𝛽

1 + 𝛽
 2𝑀𝑦 ,𝑅𝑘𝑓 ,1,𝑘𝑑𝑓           … +

𝐹𝑎𝑥 ,𝑅𝑘

4
  

In these formulas 𝑡1 is the thickness of the outer member, 𝑡2 the thickness of the inner 

member. These correspond to either the thickness of the column or beam, depending on 

the type of structure. 

The corresponding embedding strengths are 𝑓 ,1,𝑘  and 𝑓 ,2,𝑘 . Their proportion 𝛽 (=

𝑓 ,2,𝑘/𝑓 ,1,𝑘)  factor is used to simplify the formulas.  

The axial pull-out strength, 𝐹𝑎𝑥 ,𝑅𝑘 , is ignored, as this is practically zero for dowel 

fasteners (which corresponds to the value used in the building code). 
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4.3.4.2 EMBEDDING STRENGTH 

The embedding strength for dowel fasteners depends both on the angle, 𝛼, betweeen the 

direction of the fibre and the direction of the load as well as the density, 𝜌  (NEN-

EN1995-1-1 8.5.1.1): 

𝑓 ,𝛼 ,𝑘 =
𝑓 ,0,𝑘

𝑘90 sin2 𝛼 + cos2 𝛼
 

𝑓 ,0,𝑘 = 0.082 1 − 0.01𝑑𝑓 𝜌𝑘  

𝑘90 = 1.35 + 0.015𝑑𝑓  (for softwoods) 

𝑘90 = 0.90 + 0.015𝑑𝑓  (for hardwoords) 

A graphical illustration of the relation between the angle of the load on the fastener and 

the embedding strength is given in Figure 53. 

 

FIGURE 53 - EMBEDDING STRENGTH VS. LOAD-FIBRE ANGLE (D=16, ΡK=380) 

So, to determine the strength of the joint the forces on the fastener need to be known. 

To know these the forces on the joint need to be determined. Another important factor 

that determines the forces on a single fastener is the distribution of fasteners and the 

center of rotation of the joint. 

4.3.4.3 DESIGN STRENGTH 

The design strength of a joint depend on the environment and include a safety factor: 

𝐹 ,𝑛 ,𝑑 =
𝑘𝑚𝑜𝑑  𝐹 ,𝑛 ,𝑘

𝛾𝑀

 

Safety factor 𝛾𝑀  for fasteners used in joints is (NEN-EN1995-1-1 2.4.1): 1.3 (1.0 for 

service combinations). The factor 𝑘𝑚𝑜𝑑  depends on the service class, which can be said to 

be the environment in which the joint is used. Three classes are distinguished (EC5 

3.1.5): 
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Service Class Climate 

1 20˚C, rel. humidity >65% for a few weeks per year 

2 20˚C, rel. humidity >85% for a few weeks per year 

3 No demands on environment 
TABLE 12 - SERVICE CLASSES 

As some of the mechanisms include bending of the fastener, their bending strength 

(𝑀𝑦 ,𝑅,𝑘) also needs to be known. The basic bending strength of a dowel with a circular 

cross-section would normally be calculated as follows: 

𝑀𝑦 ,𝑅,𝑘 =
𝑓𝑢 ,𝑘𝑊𝑝𝑙

𝛾𝑀

=
0.8𝑓𝑢 ,𝑘𝑑

3/6

1.1
 

Here 𝑓𝑢 ,𝑘  is the yield strength of the material of the fastener. (This usually is 640𝑁/𝑚𝑚2 

for customary „8.8‟ quality fasteners.) 

The Eurocode (NEN-EN1995-1-1) has a slightly different take on the bending strength of 

a dowel, defining it directly as: 

𝑀𝑦 ,𝑅,𝑘 = 0.3𝑓𝑢 ,𝑘𝑑
2.6 

4.3.5 JOINT STRENGTH 
The joint could fail in a number of different ways. Failure of the beam or column itself 

are checked independently of the joint. 

4.3.5.1 LOADS 

The strength of a joint depends on the way it is loaded. It is therefore not possible to 

give an accurate assessment of the strength of a joint without knowing how it is being 

loaded. 

Three loads are identified: 

 

 

4.3.5.2 JOINT STRENGTH WITH MOMENT OF FORCE 

All fasteners combined are used to transfer the loads. For example the strength of a 

circular dowel joint, 𝑀𝑟 ,𝑑 , loaded by a moment of force  can be calculated: 

FIGURE 54 - JOINT LOADS 

1. Moment of force 2. Beam shear force,  

     Column normal force 

3. Column shear force, 

     Beam normal force 
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𝑀𝑟 ,𝑑  = 𝑉𝑟 ,𝑓 ,𝑑 ∗ 2𝑅𝑛 

Here 𝑅 is the radius of the circular pattern, 𝑛 the number of dowels and 𝑉𝑟 ,𝑓 ,𝑑 the strength 

of a single shear plane of which there are two per dowel. 

If the pattern is not circular in shape, an assumption has to be made whether the 

fasteners will be loaded to their capacity independent of the distance to the centre of 

rotation (plastic), or if this load depends linearly on this distance (elastic) 

4.3.5.2.1 ELASTIC 

The strength of a joint with an elastic load distribution is 

as follows: 

𝑀𝑟 ,𝑑 = 2  𝑉𝑟 ,𝑓 ,𝑑 ,𝑖  𝑟𝑖

𝑛−1

𝑖=0

𝑟𝑖
𝑟𝑚𝑎𝑥

 

4.3.5.2.2 PLASTIC 

The strength of a joint with a plastic load distribution is as 

follows: 

𝑀𝑟 ,𝑑 = 2  𝑉𝑟 ,𝑓 ,𝑑 ,𝑖  𝑟𝑖

𝑛−1

𝑖=0

 

4.3.5.3 JOINT STRENGTH WITH GENERAL LOAD 

The joint can be loaded by a random combination of the three types of load as given 

above. 

 

4.3.5.3.1 ELASTIC 

A common way to check the strength of a joint loaded by a moment of force as well as 

two shear forces is to assume an elastic distribution of forces: 

𝑉𝑠,𝑀 ,𝑓 ∝ 𝑟 

𝑉𝑠,𝑥 ,𝑓 =
𝑉𝑠,𝑥

𝑛
 

𝑉𝑠,𝑦 ,𝑓 =
𝑉𝑠,𝑦

𝑛
 

The direction of the load vector due to the moment of force is different for each fastener. 

The loads need to be combined in such a way that the maximum vector possible is 

obtained. This is illustrated in Figure 56.  

𝐶𝑜𝑅 

𝑟𝑖 

 

𝑖 

 

𝑉𝑠,𝑓 ,𝑗  

𝑉𝑠,𝑓 ,𝑖 

𝑟𝑗  

 

𝑗 

 FIGURE 55 - ELASTIC DISTRIBUTION 
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𝑉𝑠,𝑡𝑜𝑡 = 𝑉𝑠,𝑀 +  𝑉𝑠,𝑥
2 + 𝑉𝑠,𝑦

2  

The strength of each fastener depends on the direction of the load vector relative to the 

direction of the fiber. This direction is different for each fastener and each combination of 

loads. By assuming a minimum strength, i.e. both elements are assumed to be loaded 

perpendicular to their fiber direction, a more complex calculation is avoided. 

𝑉𝑟 𝛼1 , 𝛼2 = 𝑉𝑟  
𝜋

2
,
𝜋

2
  

This can be easily improved for a minimum in (calculation) cost by noting that 𝛼1 and 𝛼2 

are always 𝜋/2 out of phase in this type of joint. As each angle has a different amount of 

influence on the strength of the fastener, three options have to be examined to 

determine the minimum strength: 

𝑉𝑟 𝛼1 , 𝛼2 = min(𝑉𝑟  
𝜋

2
, 0 , 𝑉𝑟  0,

𝜋

2
 , 𝑉𝑟  −

𝜋

4
,
𝜋

4
 ) 

On a side note: as 𝛼1 and 𝛼2 are always 𝜋/2 out of phase, 𝛼2 can be calculated within the 

function itself: 

𝑉𝑟 𝛼1 , 𝛼2 = 𝑉𝑟 ,2 𝛼1  

The simple elastic calculation method is the one used in the application. The plastic 

method is achievable and delivers superior results, but is not (yet) implemented. 

4.3.5.3.2 PLASTIC 

A different approach to check the strength of a joint is to assume a plastic distribution of 

loads. With an elastic distribution not all fasteners are loaded equally. Only the ones 

farthest from the centre of rotation are loaded to their full strength; the rest are not 

used as heavily. When a plastic distribution of loads is assumed, a more optimal use of 

the fasteners can be achieved. 

A plastic load distribution can only be achieved by assuming plastic behavior of the 

individual fasteners. This is plausible as all (Johansen-Meyer) failure mechanisms depend 

on either the compression of the timber or the bending of the fastener, both of which 

have a significant plastic branch in their 𝐹 − 𝛿 and 𝑀 − 𝜅 diagrams. It should be noted 

that these plastic branches have a limited dimension. Load redistributions requiring large 

FIGURE 56 - FASTENER SHEAR COMPOSITION 

𝐶𝑜𝐺 𝑟 

 

𝑉𝑠,𝑥 

 

𝑉𝑠,𝑦  

 
𝑉𝑠,𝑀 

 

𝑉𝑠,𝑡𝑜𝑡  
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deformations can still lead to failure of the joint without every fastener being loaded to 

their maximum. 

𝑀𝑟 ,𝑑 = 2  𝑉𝑟 ,𝑓 ,𝑑 ,𝑖  𝑟𝑖

𝑛−1

𝑖=0

 

Here 𝑉𝑟 ,𝑓 ,𝑑 ,𝑖  is the shear strength of a single shear plane of fastener 𝑖 , which is at a 

distance 𝑟𝑖  from the center of rotation of the cluster of fasteners. This is illustrated in 

Figure 57. 

 

 

If the joint is loaded however by a moment of force, the displacements in the outer 

fasteners needed to allow the development of full loads in the inner fasteners, might 

become too extreme to be able to still assume plastic behavior. Each fastener is 

therefore assumed to take a load proportionate to the distance to the centre of rotation. 

In other words, an elastic load distribution is assumed. 

This is a practical assumption, as this also prevents this centre shifting depending on the 

load distribution. If this assumption were not to be made, more degrees of freedom 

would be introduced into the system, complicating the solution. 

The central assumptions are that each fastener can be loaded to its full strength and that 

the two shear loads on the joint can be freely distributed among them. 

𝑀𝑠 = 2  𝑉𝑠,𝑓 ,𝑀,𝑖  𝑟𝑖

𝑛−1

𝑖=0

 

𝑉𝑥 = 2  𝑉𝑠,𝑓 ,𝑉𝑥 ,𝑖

𝑛−1

𝑖=0

 

𝑉𝑦 = 2  𝑉𝑠,𝑓 ,𝑉𝑦 ,𝑖

𝑛−1

𝑖=0

 

FIGURE 57 - PLASTIC LOAD DISTRIBUTION IN JOINT 

𝐶𝑜𝐺 

𝑀𝑠,𝑑  
𝑟𝑖 

 
𝑖 
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𝑉𝑟 𝛼1 , 𝛼2  

The following steps are taken in order to check the joint: 

1. Resist 𝑀𝑠 by using all fasteners shear strength, 𝑉𝑟 ,𝑀 ∝ 𝑟, thereby not disturbing the 

COR. 

a. Determine the „strongest‟ (𝑉𝑟 ∗ 𝑟) fastener. 

b. Determine the ultimate strength of the combined set of fasteners, 𝑉𝑟 ,𝑀 ∝ 𝑟 

c. Determine the usage fraction of the fasteners (𝑀𝑆/𝑀𝑅). 

d. Determine the forces on each fastener, 𝑉𝑠,𝑀 

2. Resist 𝑉𝑠,𝑥, by distributing the load amongst fasteners that are not fully loaded 

3. Resist 𝑉𝑠,𝑦 , by distributing the load amongst fasteners that are not fully loaded 

Step 1 consists of a number of sub steps, but is still straightforward. Steps 2 and 3 are 

more complicated. 

Consider one fastener of a set of fasteners in a single piece of timber. Its strength 

depends on the direction of the load vector 𝛼. The other factors (thickness, density) are 

assumed to be constant, thus: 𝑉𝑟(𝛼). 

The direction of the load vector, 𝛼𝑀, resulting from a moment of force is thus given by 

the location of the fastener within the joint, the (fixed) centre of rotation and the 

direction of the fiber. This fastener is assumed to be able to absorb a fraction of the 

moment of force in the joint, 𝑉𝑠,𝑀. This is illustrated in Figure 58. 

 

 

FIGURE 58 – FASTENER, LEFTOVER STRENGTH 

As long as the fastener is not loaded to its full capacity by the moment of force, it can be 

„used‟ to absorb part of one of the shear forces as well.  

𝑉𝑠,𝑀 ,𝑥 = 𝑉𝑠,𝑀 ∗ cos 𝛼𝑀 

𝑉𝑠,𝑡𝑜𝑡 ,𝑥 = 𝑉𝑠,𝑡𝑜𝑡 (𝛼𝑡𝑜𝑡 ) ∗ cos 𝛼𝑡𝑜𝑡  
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𝑉𝑠,𝑥 ,𝑟𝑒𝑚 = 𝑉𝑠,𝑡𝑜𝑡 ,𝑥 − 𝑉𝑠,𝑀 ,𝑥 

𝑉𝑠,𝑥 ,𝑟𝑒𝑚 = 𝑉𝑠,𝑡𝑜𝑡 (𝛼𝑡𝑜𝑡 ) ∗ cos 𝛼𝑡𝑜𝑡 − 𝑉𝑠,𝑀 ∗ cos 𝛼𝑀 

This equation cannot be solved easily, as the unknown strength of the fastener 𝑉𝑠,𝑡𝑜𝑡  

depends on angle 𝛼𝑡𝑜𝑡 , which is unknown as well. The equation for 𝑉𝑠,𝑡𝑜𝑡  is complex 

(consisting four Johansen-Meyer mechanisms for starters) and can not be readily 

converted to a function depending on 𝑉𝑠,𝑥 instead of 𝛼𝑡𝑜𝑡 . 

Each combination of force can be checked however. This leads to an approach not 

dissimilar to the general idea behind the application, namely guessing options. To be 

able to guess an option, an upper and lower bound need to be known. The upper bound 

if given by 𝑉𝑠,𝑥(𝛼 = 0), the lower bound by 𝑉𝑠,𝑥 ,𝑟𝑒𝑚 = 0.  

The load is determined by stepping through a number of guesses. The highest load 

found that still leads to a valid combined load is labeled as the remaining shear capacity. 

This is an underestimate of the „true‟ capacity and therefore a safe approximation. 

 

FIGURE 59 - FASTENER, LEFTOVER STRENGTH APPROXIMATION 

4.3.6 STIFFNESS 
The stiffness of the joint depends on the stiffness of the individual fasteners. As timber is 

an anisotropic material, the stiffness, just like its strength, depends on the direction in 

which the material is loaded. 

4.3.6.1 BASIC STIFFNESS 

The joint derives its stiffness from the fasteners embedding themselves into the timber. 

The secondary mechanism that is at work, being the friction between the timber 

members, is ignored. This is acceptable, because it leads to a „safe‟ approximation of the 

true stiffness and secondly because this mechanism is usually a lot less stiff than the 

stiffness derived from the fasteners embedding themselves into the timber.  

The stiffness depends on both embedding materials and the diameter of the fastener 

(which is assumed to be rigid). The mechanism at work is illustrated in the figure below: 
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For the calculation of the rotational stiffness, the relation between the shear force in the 

fastener and the distance from the center of rotation is assumed to be linear (Figure 55). 

This is true for small moments of force, where the outermost fasteners are not loaded to 

maximum capacity (and into a non-linear behavior branch). 

When the joint with 𝑛 fasteners is subjected to a moment of force 𝑀𝑠, each shear plane, 

of which there are two per fastener, is loaded by a force 𝑉𝑠,𝑓 ,𝑖. This load is: 

𝑉𝑠,𝑓 ,𝑖 =
𝑟𝑖

𝑟𝑚𝑎𝑥

𝑉𝑠,𝑓 ,𝑚𝑎𝑥  

𝑀𝑠 = 2  𝑉𝑠,𝑓 ,𝑖  𝑟𝑖

𝑛−1

𝑖=0

= 2  
𝑟𝑖

2

𝑟𝑚𝑎𝑥

𝑉𝑠,𝑓 ,𝑚𝑎𝑥

𝑛−1

𝑖=0

 

The embedding stiffness of the dowel is given directly by (NEN-EN1995-1-1 7.1): 

𝐾𝑓 ,𝑠𝑒𝑟 = 𝜌𝑚
1.5

 𝑑𝑓

23
  

According to the Eurocode, Slip of the joint has to be taken into account separately. Slip 

depends on the difference between the size of the hole and the size of the dowel. This is 

taken to be a percentage of the dowel size and the stiffness is modified proportionately. 

When two different materials are used, the average density 𝜌𝑚 =  𝜌𝑚 ,1 ∗ 𝜌𝑚 ,2 has to be 

used. This equation results in a lower density than the usual procedure for calculating 

the average, i.e.: 𝜌𝑚 = (𝜌𝑚 ,1 ∗ 𝜌𝑚 ,2)/2.  

Assuming small rotations (tan 𝜑 ~𝜑), the corresponding rotation is: 

𝜑 =
𝑢𝑓 ,𝑖

𝑟𝑖
→ 𝜑 =

𝑢𝑓 ,𝑚𝑎𝑥

𝑟𝑚𝑎𝑥

 

𝑢𝑓 ,𝑖 =
𝑉𝑠,𝑓 ,𝑖

𝐾𝑓 ,𝑠𝑒𝑟

→ 𝑢𝑓 ,𝑚𝑎𝑥 =
𝑉𝑠,𝑓 ,𝑚𝑎𝑥

𝐾𝑓 ,𝑠𝑒𝑟

 

The rotational stiffness for the joint as a whole is: 

𝐾𝑗 ,𝑠𝑒𝑟 =
𝑀𝑠

𝜑
 

𝑉𝑠,𝑓 ,𝑖  

 

𝑉𝑠,𝑓 ,𝑖  

 

𝑡2 

𝑡2 

𝑡1 

𝜍2 

𝜍2 

𝜍1 

2𝑉𝑠,𝑓 ,𝑖  

 

FIGURE 60 - FORCES AT WORK RESISTING DEFORMATION 
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𝐾𝑗 ,𝑠𝑒𝑟 = 2  
𝑟𝑖

2

𝑟𝑚𝑎𝑥

𝑉𝑠,𝑓 ,𝑚𝑎𝑥 ∗

𝑛−1

𝑖=0

𝑟𝑚𝑎𝑥

𝑢𝑓 ,𝑚𝑎𝑥

 

𝐾𝑗 ,𝑠𝑒𝑟 = 2  
𝑟𝑖

2

𝑟𝑚𝑎𝑥

𝑉𝑠,𝑓 ,𝑚𝑎𝑥

𝑛−1

𝑖=0

∗
𝐾𝑓 ,𝑠𝑒𝑟 𝑟𝑚𝑎𝑥

𝑉𝑠,𝑓 ,𝑚𝑎𝑥

 

This expression can be simplified to: 

𝐾𝑗 ,𝑠𝑒𝑟 = 2  𝑟𝑖
2  𝐾𝑓 ,𝑠𝑒𝑟

𝑛−1

𝑖=0

  

This can also be written as:  

𝐾𝑗 ,𝑠𝑒𝑟 = 2𝑟𝑡𝑜𝑡
2 𝐾𝑓 ,𝑠𝑒𝑟 ;  𝑟𝑡𝑜𝑡 =   𝑟𝑖

𝑛−1

𝑖=0

 

The stiffness of a joint with a circular dowel pattern can be derived from this general 

equation: 

𝐾𝑗 ,𝑐𝑖𝑟𝑐𝑙𝑒 ,𝑠𝑒𝑟 = 2𝑛𝑅2𝐾𝑓 ,𝑠𝑒𝑟  

4.3.6.2 ULTIMATE LIMIT STATE 

In the calculation of the deformed shape and therefore the loads on the frame in the 

ultimate limit state, a reduced deformation modulus has to be used (NEN-EN1995-1-1 

2.2.2): 

𝐾𝑓 ,𝑑 =
2

3
𝐾𝑓 ,𝑠𝑒𝑟  
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4.4 TUBE JOINT 
As an alternative to the traditional dowel joint, a different type of joint is also 

considered. This joint is the so-called densified veneer wood reinforced timber joint with 

expanded tube fasteners, developed by H. Katsma and A.J.M. Leijten 42 . In Leijtens 

dissertation on the joint a set of practical guidelines is given. These guidelines are 

directly used in the application: 

Tube 

diameter 
(𝒅𝒇) 

Tube wall 

thickness 
(𝒕𝒇) 

min. dvw 

thickness 
(𝒕𝒅) 

ULS 

strength 

SLS 

stiffness 
(𝑲𝒇,𝒔𝒆𝒓) 

ULS 

stiffness 
(𝑲𝒇,𝒅)  

mm mm mm kN kN/mm kN/mm 

17.2 2.35 12 35 30 15 

33.7 3.25 18 96 65 20 
TABLE 13 - TUBE PROPERTIES PER SHEAR PLANE 

Further guidelines are given for the 

maximum end and edge distances, being 

3.5𝑑𝑓  for both tube types considered. The 

values for unloaded end and edge distances 

are not used, for reasons previously noted. 

Values for the mutual distances of the tubes 

are not given. A safe assumption of 

2 ∗ 3.5𝑑𝑓 = 7 ∗ 𝑑𝑓  is made. 

4.5 FINITE ELEMENT MODEL 
The frame is analyzed by converting it into a 2 dimensional finite element model (FEM). 

It is assumed that the basic principles of FEM are understood. Some specific aspects and 

choices made regarding FEM in the design of the TLPF application are clarified in this 

section. 

4.5.1 BEAM ELEMENT 
Two element types are used in the model, one of which is the planar frame beam 

element. This is the smallest elements that fits the expected behavior of the frame, 

which parts can undergo both horizontal and lateral displacements as well as rotations. 

 
                                           
42 Leijten, A.J.M. 1998, Densified Veneer Wood. Reinforced timber joints with expanded 

tube fasteners. The development of a new timber joint, Delft. 

𝑑3 𝑑6 

𝐹6 𝐹3 
𝐹2, 𝑑2 

𝐹1, 𝑑1 

𝐹5, 𝑑52 

𝐹4, 𝑑4 

FIGURE 61 - 'LIGNOFORCE' TUBE JOINT 
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The combined element model, written in the form 𝐹 = [𝐾]𝑑 : 

 

 
 
 

𝐹1

𝐹2

𝐹3

𝐹4

𝐹5
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𝐿
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𝐸𝐴
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6𝐸𝐼
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12𝐸𝐼

𝐿3
−

6𝐸𝐼
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0
6𝐸𝐼

𝐿2

2𝐸𝐼

𝐿
0 −

6𝐸𝐼
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4𝐸𝐼
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The stiffness matrix can be written in a shorter form as: 

 𝐾𝑒 =

 

 
 
 

𝛽 0 0 −𝛽 0 0
0 12𝛼 6𝐿𝛼 0 −12𝛼 6𝐿𝛼
0 6𝐿𝛼 4𝐿2𝛼 0 −6𝐿𝛼 2𝐿2𝛼

−𝛽 0 0 𝛽 0 0
0 −12𝛼 −6𝐿𝛼 0 12𝛼 −6𝐿𝛼
0 6𝐿𝛼 2𝐿2𝛼 0 −6𝐿𝛼 4𝐿2𝛼  

 
 
 

;        𝛼 =
𝐸𝐼

𝐿3
;        𝛽 =

𝐸𝐴

𝐿
 

 

4.5.1.1 ROTATION 

The given stress stiffness matrix is only valid when forces and displacements are relative 

to the local element coordinate system. When an element is rotated, this local coordinate 

system rotates as well. In order to be able to assemble the stiffness matrices of 

elements with different rotations, an effort has to be made to transform the element 

matrix so that it gives the relation between global forces and coordinates instead of local 

ones. The first step is to make a clear distinction: 

Element stiffness matrix in local coordinates:  𝐾𝑒  

Element stiffness matrix in global coordinates: [𝐾 𝑒 ] 

Forces and displacements can be transformed by using a transformation matrix. Forces 

and displacements in the local coordinate system however have components in the 

global coordinates, depending on the angle 𝜃 at which the element is rotated. Rotation of 

the force vector is achieved by the following operation: 

 𝐹 =  𝑇  𝐹  →

 

 
 
 

𝐹1

𝐹2

𝐹3

𝐹4

𝐹5

𝐹6 

 
 
 

=

 

 
 
 

𝜆 𝜇 0 0 0 0
−𝜇 𝜆 0 0 0 0
0 0 1 0 0 0
0 0 0 𝜆 𝜇 0
0 0 0 −𝜇 𝜆 0
0 0 0 0 0 1 

 
 
 

 

 
 
 
 

𝐹 1

𝐹 2

𝐹 3

𝐹 4

𝐹 5

𝐹 6 

 
 
 
 

 

𝜆 = 𝐶𝑜𝑠 𝜃 

𝜇 = 𝑆𝑖𝑛 𝜃 

Both forces and displacements are rotated: 

FIGURE 62 - FEM BEAM ELEMENT, DEGREES OF FREEDOM 
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 𝛿 =  𝑇 {𝛿 } 

The basic FEM relations now become: 

 𝐹 =  𝐾𝑒 {𝛿} 

[𝑇] 𝐹  =  𝐾𝑒 [𝑇]{𝛿 } 

 𝑇 −1 𝑇  𝐹  =  𝑇 −1 𝐾𝑒  [𝑇]{𝛿 } 

 𝐹  =  𝑇 −1 𝐾𝑒 [𝑇]{𝛿 } 

Substitution of the stiffness matrix in local coordinates  𝐾𝑒  with the stiffness matrix in 

global coordinates  𝐾 𝑒 =  𝑇 −1 𝐾𝑒  [𝑇] leads to the following:  

 𝐹  =  𝐾 𝑒 {𝛿 } 

The stiffness matrix in global coordinates  𝐾 𝑒 =  𝑇 −1 𝐾𝑒  [𝑇]  can now be calculated. A 

computational software application (Mathematica 7.0) is used to ease the calculation. 

 𝐾 𝑒 =

 

 
 
 
 
 
 
 
 
 

𝛽𝜆2 + 12𝛼𝜇2

𝜆2 + 𝜇2

(−12𝛼 + 𝛽)𝜆𝜇

𝜆2 + 𝜇2
−

6𝐿𝛼𝜇

𝜆2 + 𝜇2
−

𝛽𝜆2 + 12𝛼𝜇2

𝜆2 + 𝜇2

(12𝛼 − 𝛽)𝜆𝜇

𝜆2 + 𝜇2
−

6𝐿𝛼𝜇

𝜆2 + 𝜇2

(−12𝛼 + 𝛽)𝜆𝜇

𝜆2 + 𝜇2

12𝛼𝜆2 + 𝛽𝜇2

𝜆2 + 𝜇2

6𝐿𝛼𝜆

𝜆2 + 𝜇2

(12𝛼 − 𝛽)𝜆𝜇

𝜆2 + 𝜇2
−

12𝛼𝜆2 + 𝛽𝜇2

𝜆2 + 𝜇2

6𝐿𝛼𝜆

𝜆2 + 𝜇2

−6𝐿𝛼𝜇 6𝐿𝛼𝜆 4𝐿2𝛼 6𝐿𝛼𝜇 −6𝐿𝛼𝜆 2𝐿2𝛼

−
𝛽𝜆2 + 12𝛼𝜇2

𝜆2 + 𝜇2

(12𝛼 − 𝛽)𝜆𝜇

𝜆2 + 𝜇2

6𝐿𝛼𝜇

𝜆2 + 𝜇2

𝛽𝜆2 + 12𝛼𝜇2

𝜆2 + 𝜇2

(−12𝛼 + 𝛽)𝜆𝜇

𝜆2 + 𝜇2

6𝐿𝛼𝜇

𝜆2 + 𝜇2

(12𝛼 − 𝛽)𝜆𝜇

𝜆2 + 𝜇2
−

12𝛼𝜆2 + 𝛽𝜇2

𝜆2 + 𝜇2
−

6𝐿𝛼𝜆

𝜆2 + 𝜇2

(−12𝛼 + 𝛽)𝜆𝜇

𝜆2 + 𝜇2

12𝛼𝜆2 + 𝛽𝜇2

𝜆2 + 𝜇2
−

6𝐿𝛼𝜆

𝜆2 + 𝜇2

−6𝐿𝛼𝜇 6𝐿𝛼𝜆 2𝐿2𝛼 6𝐿𝛼𝜇 −6𝐿𝛼𝜆 4𝐿2𝛼  

 
 
 
 
 
 
 
 
 

 

If the matrix is rotated by 𝜋/2 or −𝜋/2 for example, the stiffness matrix becomes: 

𝜃 =
𝜋

2
→  𝐾 𝑒 =

 

 
 
 

12𝛼 0 −6𝐿𝛼 −12𝛼 0 −6𝐿𝛼
0 𝛽 0 0 −𝛽 0

−6𝐿𝛼 0 4𝐿2𝛼 6𝐿𝛼 0 2𝐿2𝛼
−12𝛼 0 6𝐿𝛼 12𝛼 0 6𝐿𝛼

0 −𝛽 0 0 𝛽 0

−6𝐿𝛼 0 2𝐿2𝛼 6𝐿𝛼 0 4𝐿2𝛼  

 
 
 

 

𝜃 = −
𝜋

2
→  𝐾 𝑒 =

 

 
 
 

12𝛼 0 6𝐿𝛼 −12𝛼 0 6𝐿𝛼
0 𝛽 0 0 −𝛽 0

6𝐿𝛼 0 4𝐿2𝛼 −6𝐿𝛼 0 2𝐿2𝛼
−12𝛼 0 −6𝐿𝛼 12𝛼 0 −6𝐿𝛼

0 −𝛽 0 0 𝛽 0

6𝐿𝛼 0 2𝐿2𝛼 −6𝐿𝛼 0 4𝐿2𝛼  

 
 
 

 

This rotation of ±𝜋/2 is common and is therefore hard-coded into the application. This is 

an important step, because it allows for quicker calculation. 

On a side-note, one aspect that can be checked to verify the correctness of the 

transformation is the transformation of the relation between the moments of force and 

rotations. A moment of force or a rotation don‟t change when an element is rotated, so 

the intersections of rows 3 and 6 and columns 3 and 6 of the element stiffness matrix 

always remain unchanged. 
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4.5.2 SPRING ELEMENT 
The application aims to take into account the effects of the stiffness of the joint for the 

behavior of the frame as a whole. An infinitely stiff joint effectively fixes the angle 

between the two concerning elements to an appointed value. The effect of a joint with 

limited stiffness is that this fixation is also limited, thus introducing an extra degree of 

freedom. This is illustrated in the figure below. 

 

 

These extra degrees of freedom need to be represented in the finite element model. 

Each joint with limited stiffness requires an extra node in order to distinguish between 

the rotation of the end of one element and the (different) rotation of the beginning of the 

connecting element. These two nodes are coupled through a rotational spring. 

 

 

The second element type used beside the beam element is a spring element. A rotational 

spring defines a relation between the moment of force and rotations. 

FIGURE 64 - INCREASED FEM COMPLEXITY WITH LIMITED JOINT STIFFNESS  

𝑘 → ∞ 𝑘 = 𝑘1 

𝜃𝐴 ≠ 𝜃𝐵 𝜃𝐴 = 𝜃𝐵 𝜃𝐵 = 𝜃𝐶 𝜃𝐵 ≠ 𝜃𝐶 

 

𝑒𝑙
𝑒𝑚

𝑒𝑛
𝑡 
𝐴
 

𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐵 

𝑒𝑙
𝑒𝑚

𝑒𝑛
𝑡 
𝐶
 

FIGURE 63 - ROTATIONAL DEFORMATION WITH LIMITED JOINT STIFFNESS 

𝑘 → ∞ 𝑘 = 𝑘1 

𝜑1,𝑑𝑒𝑓 <
𝜋

2
 𝜑1,𝑑𝑒𝑓 =

𝜋

2
 𝜑2,𝑑𝑒𝑓 =

𝜋

2
 𝜑2,𝑑𝑒𝑓 >

𝜋

2
 𝜑2,𝑠𝑡𝑑 =

𝜋

2
 𝜑1,𝑠𝑡𝑑 =

𝜋

2
 

𝑘 𝑘 

𝑒𝑙
𝑒𝑚

𝑒𝑛
𝑡 
𝐴
 

𝑒𝑙
𝑒𝑚

𝑒𝑛
𝑡 
𝐶
 

𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐵 
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𝐹1

𝐹2
 = 𝑘𝑠𝑝𝑟𝑖𝑛𝑔  

1 −1
−1 1

  
𝑑1

𝑑2
  

Both other displacements can be simply coupled by a spring element. 

4.5.3 SUPER ELEMENT 
A beam element can be combined with two springs into one single element. This element 

doesn‟t have to share the two extra degrees of freedom with other elements or joints, by 

making them dependent on the rotation of the outer nodes. The external degrees of 

freedom are therefore the same as that of a beam element, allowing easy combination. 

 

A number of operations need to be carried out to get the final stiffness matrix. The first 

step is to combine the force vectors, stiffness matrices and displacement vectors of both 

internal forces (𝑓𝑖) and degrees of freedom (𝑑𝑖) and external forces (𝑓𝑒) and degrees of 

freedom (𝑑𝑒) in a single expression: 

 
𝑓𝑒
𝑓𝑖

 =  
𝑘𝑒𝑒 𝑘𝑒𝑖

𝑘𝑖𝑒 𝑘𝑖𝑖
  

𝑑𝑒

𝑑𝑖
  

The stiffness matrix consists of a number of sub matrices, each relating internal or 

external degrees of freedom with internal or external forces. 

After a number of mathematical transactions the (external) element stiffness matrix, 

containing both the properties of the beam element and the properties of both springs is 

isolated: 

 𝐾𝑒  =

 

 
 
 
 

𝛽 0 0 −𝛽 0 0
0 12𝛼𝑠1 6𝐿𝛼𝑠2 0 −12𝛼𝑠1 6𝐿𝛼𝑠4

0 6𝐿𝛼𝑠2 4𝐿2𝛼𝑠3 0 −6𝐿𝛼𝑠2 2𝐿2𝛼𝑠5

−𝛽 0 0 𝛽 0 0
0 −12𝛼𝑠1 −6𝐿𝛼𝑠2 0 12𝛼𝑠1 −6𝐿𝛼𝑠4

0 6𝐿𝛼𝑠4 2𝐿2𝛼𝑠5 0 −6𝐿𝛼𝑠4 4𝐿2𝛼𝑠6  

 
 
 
 

 

with: 

𝑒𝑙. 𝐵 𝑒𝑙. 𝐷 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝐶 𝑠𝑢𝑝𝑒𝑟𝑒𝑙𝑒𝑚𝑒𝑛𝑡  𝐵 

𝑒𝑙
.𝐸

 

𝑒𝑙
.𝐴

 

𝑒𝑙
.𝐶

 

𝑒𝑙
.𝐴

 

𝑑2 

𝐹2 

𝑑1 

𝐹1 
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𝑠1 =
1

2𝑠
(𝑠𝑎 + 𝑠𝑏 + 4𝑠𝑎𝑠𝑏 ) 

𝑠2 =
𝑠𝑎

𝑠
(1 + 2𝑠𝑏 ) 

𝑠3 =
𝑠𝑎

2𝑠
(3 + 4𝑠𝑏 ) 

𝑠4 =
𝑠𝑏

𝑠
 1 + 2𝑠𝑎  

𝑠5 =
2

𝑠
(𝑠𝑎𝑠𝑏) 

𝑠6 =
𝑠𝑏

2𝑠
(3 + 4𝑠𝑎 ) 

𝑠 = 2 1 + 𝑠𝑎   1 + 𝑠𝑏 −
1

2
 

𝛼 =
𝐸𝐼

𝐿3
 

This super element is used in the application to model a beam with two joints at the end. 

4.5.4 SOLVING THE FEM EQUATION 
After the stiffness matrix, (external) force vector and (external) displacement vector 

have been constructed from the different elements described before, the FEM equation 

needs to be solved: 

𝐹 =  𝐾 𝑑  

4.5.4.1 MATRIX INVERSION 

One option is to invert the matrix. The basic inversion procedure is as follows: 

𝐾−1 =
1

det(𝐾)
∗ 𝑎𝑑𝑗 𝐾    ;    𝑎𝑑𝑗 𝐾 𝑗𝑖 =  −1 𝑖+𝑗𝑀𝑖𝑗  

The minor 𝑀𝑖𝑗  can be calculated either by determining the submatrix or by simply 

replacing all facors in column 𝑖 and row 𝑗 with 0 and factor 𝑎𝑖𝑗  with 1. This also  makes 

the calculation of  −1 𝑖+𝑗  superfluous. Both methods have been tried out to determine 

the speed difference. 

M23 =  

𝑎11 𝑎12 𝑎14

𝑎31 𝑎32 𝑎34

𝑎41 𝑎42 𝑎44

 =  

𝑎11 𝑎12 0 𝑎14

0 0 1 0
𝑎31 𝑎32 0 𝑎34

𝑎41 𝑎42 0 𝑎44

  

However, even the quickest method of direct matrix inversion is slow compared to the 

so-called Gaussian elimination method, which is clarified in the next chapter.  

4.5.4.2 GAUSSIAN ELIMINATION 

There are many types of Gaussian elimination. Here the standard form is used. 
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The Gaussian elimination method is used to extract the displacements and forces. The  

standard procedure is as follows: 

 

𝑎11 𝑎12 𝑎13 𝑎14

𝑎21 𝑎22 𝑎23 𝑎24

𝑎31 𝑎32 𝑎33 𝑎34

𝑎41 𝑎42 𝑎43 𝑎44

  

𝑏1

𝑏2

𝑏3

𝑏4

 → 

 

 
 

𝑎11 𝑎12 𝑎13 𝑎14

𝑎21 −
𝑎21

𝑎11

𝑎11 = 0 𝑎22 −
𝑎21

𝑎11

𝑎12 𝑎23 −
𝑎21

𝑎11

𝑎13 𝑎24 −
𝑎21

𝑎11

𝑎14

𝑎31 𝑎32 𝑎33 𝑎34

𝑎41 𝑎42 𝑎43 𝑎44  

 
 

 

 
 

𝑏1

𝑏2 −
𝑎21

𝑎11

𝑏1

𝑏3

𝑏4  

 
 

 

𝑒𝑡𝑐. 

This procedure is repeated until a triangular matrix appears 

 

𝑐11 𝑐12 𝑐13 𝑐14

0 𝑐22 𝑐23 𝑐24

0 0 𝑐33 𝑐34

0 0 0 𝑐44

  

𝑑1

𝑑2

𝑑3

𝑑4

  

The calculation is now completed by backsubstituting the rows. This leads to the correct 

displacements and forces 

As can be seen, the Gaussian elimination procedure only works if there are no zeros on 

the diagonal. For beam element matrices this is always true as long as the element itself 

has a non-zero stiffness, i.e. 𝐸𝐼 ≠ 0  𝐸𝐴 ≠ 0.  

A system is also implemented to solve a matrix that, for one reason or another, actually 

does contain zeros on the diagonal. This is done by swapping rows before the Gaussian 

elimination procedure is carried out. These „swaps‟ are stored in a separate object.  After 

the elimination procedure, the „swaps‟ are carried out in reverse order to obtain the final 

solution. This was mainly done to provide a more robust procedure capable of solving a 

larger number of matrices. 

4.5.4.3 COMPARISON 

A number of continuous beams were modeled and their displacement vectors solved 

using the two different methods. The results of these two methods are compared in 

Table 14. 

# Elements Matrix Size Inversion Gauss 

  

ms ms 

2 6 0 0 

3 8 12 0 

4 10 428 0 

5 12 4271 0 

6 14 46653 0 

8 18 >> 0 

10 22 >> 0 

20 42 >> 0 
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30 62 >> 2 

50 102 >> 11 

75 152 >> 41 

100 202 >> 95 

125 252 >> 196 
TABLE 14 - MATRIX INVERSION VS. GAUSS 

The result is clear: even for a finite element model with just a few elements the 

difference in speed is significant. The Gauss method is obviously superior, computation-

time-wise. 

4.5.5 FORCES 
The building code requires the elements of a structure to be strong enough to resist the 

forces acting upon it. The strength can be calculated from the material properties, the 

sectional dimensions and the geometry of the element. The forces acting on the element 

need to be calculated from the, in this case, finite element. 

The forces acting on any finite element can be determined if the node displacements are 

known:  

𝐹𝑒
    =  𝐾 𝑒𝑢𝑒      

4.5.6 STABILITY 
The stability of each of the elements of the portal frame has to be checked. The building 

codes prescribe a number of ways to check for failure of elements due to instability. A 

vital ingredient in these calculation is the so-called buckling length of an element. This is 

a fictive length that is used in the standard Euler formula to calculate the buckling load: 

𝐹𝐸 =
𝜋2𝐸𝐼

𝑙𝑏𝑢𝑐
2  

This buckling length can be calculated through a number of different methods. Four of 

them have been explored and are illustrated in this chapter. 

4.5.6.1 EIGENVALUE STABILITY 

The bifurcation load of the system can be analyzed by introducing a so-called stress 

stiffness matrix [𝐾𝜍 ].  

 𝐾𝜍  = 𝜆𝑐𝑟  𝐾𝜍  𝑟𝑒𝑓  

The eigenvalue problem is defined as follows: 

  𝐾 + 𝜆𝑐𝑟  𝐾𝜍  𝑟𝑒𝑓   𝑑𝐷 = {0} 

By determining eigenvalue 𝜆𝑐𝑟 ,  𝐾𝜍   can be calculated. This matrix contains a force scalar 

(𝜆𝑐𝑟𝐹𝑟𝑒𝑓 ), which is designated the critical buckling load. This buckling load can then be 

translated through the use of Euler‟s formula into a buckling length. 
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4.5.6.2 GEOMETRICAL APPROXIMATION – LINEAR REGRESSION 

The buckling shape of a beam can always be more or less approximated by a sine 

function. This shape is based on the local coordinate system, and has a half-wave length 

of 𝐵: 

𝐴 sin 𝐵𝑥 + 𝐶  

 

 

This can also be approximated with a Taylor polynome: 

𝐴 sin(𝐵𝑥 + 𝐶) ≈ 𝐴 𝐵𝑥 + 𝐶 −
𝐴 𝐵𝑥 + 𝐶 3

3!
+

𝐴 𝐵𝑥 + 𝐶 5

5!
− ⋯ 

This function can be rewritten in terms of local coordinate 𝑥 and half-wave length 𝑙𝑏𝑢𝑐 : 

𝐴 sin  
𝜋

𝑙𝑏𝑢𝑐

𝑥 + 𝐶 ≈ 𝐴  
𝜋

𝑙𝑏𝑢𝑐

𝑥 + 𝐶 −
𝐴  

𝜋
𝑙𝑏𝑢𝑐

𝑥 + 𝐶 
3

3!
+

𝐴  
𝜋

𝑙𝑏𝑢𝑐
𝑥 + 𝐶 

5

5!
− ⋯ 

If the first support is known to be a hinge the „phase shift‟ parameter 𝑐 can be set at 0 (if 

it were known to be a full moment connection then 𝐶  could be set at −𝜋/2 ). The 

parameter 𝐴 can be removed by normalizing the function. A function corresponding to 

the first three terms of the Taylor expansion can now be fitted to the curve: 

𝑓𝑖𝑡 𝑥 = 𝛽1𝑥 − 𝛽2

𝑥3

3!
+ 𝛽3

𝑥5

5!
 

This should correspond to the assumed sine shape of the buckling mode: 

𝛽1𝑥 − 𝛽2

𝑥3

3!
+ 𝛽3

𝑥5

5!
≅

𝜋𝑥

𝑙𝑏𝑢𝑐

−
 

𝜋𝑥
𝑙𝑏𝑢𝑐

 
3

3!
+

 
𝜋𝑥
𝑙𝑏𝑢𝑐

 
5

5!
 

From this equation, an estimate for the buckling length can be made: 

FIGURE 65 - BUCKLING LENGTH 

𝑙𝑏𝑢𝑐  
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𝛽1 ≅
𝜋

𝑙𝑏𝑢𝑐

→ 𝑙𝑏𝑢𝑐 ≅
𝜋

𝛽1

 

𝛽2 ≅  
𝜋

𝑙𝑏𝑢𝑐

 
3

→ 𝑙𝑏𝑢𝑐 ≅
𝜋

 𝛽2
3

 

𝛽3 ≅  
𝜋

𝑙𝑏𝑢𝑐

 
5

→ 𝑙𝑏𝑢𝑐 ≅
𝜋

 𝛽3
5

 

Unless all betas are exactly the same, this answer is not very practical, i.e. it is unclear 

how the betas differ and how the „correct‟ one can be calculated. A series of 

approximations has been tried and even thought often the betas were not highly 

dissimilar, a direct approximation through linear regression clearly isn‟t a very elegant 

option. A numerical approach might be more practical. 

4.5.6.3 GEOMETRICAL APPROXIMATION – NUMERICAL APPROXIMATION 

Fitting the nonlinear sine function to the graph can be done by using the Levenberg–

Marquardt algorithm, which is a numerical approximation technique. 

A different numerical approximation technique that is more in spirit with the idea behind 

the application is described here. It is based on making educated guesses. The quality of 

the estimate can be measured by the coefficient of determination 𝑅2. By predefining a 

minimum satisfactory 𝑅2, the correctness of the fit is assured. Again the general sine 

function is used as a starting point: 

f x = A sin 𝐵𝑥 + 𝐶 + 𝐷 = A sin  
𝜋

𝑙𝑏𝑢𝑐

𝑥 + 𝐶 + 𝐷 

The deformed shape is firstly rotated and aligned to {0,0} . The ranges in which the 

parameters 𝐴, 𝐵, 𝐶 and 𝐷 fall need to be known in advance. 

The parameter 𝐴  corresponds to the amplitude of the function. A deformed column 

completely fixed at both sides has an amplitude of 𝑦𝑒𝑥𝑡𝑟 /2 (= 𝑦𝑚𝑎𝑥 /2 ∨ −𝑦𝑚𝑖𝑛 /2). A free 

standing „flagpole‟ has a maximum amplitude of 𝑦𝑒𝑥𝑡𝑟  (= 𝑦𝑚𝑎𝑥  ∨ −𝑦𝑚𝑖𝑛 ).  

The parameter 𝐵 corresponds directly to the buckling length. This buckling length can 

never be less than 𝑙𝑠𝑦𝑠 /2, being the buckling length if both ends are completely fixed. As 

no hinges are considered, which could possibly result in extra destabilizing loads when 

present in a column,  the maximum buckling length is that of the flagpole, i.e. 2𝑙𝑠𝑦𝑠  

𝑙𝑠𝑦𝑠

2
< 𝑙𝑏𝑢𝑐 < 2𝑙𝑠𝑦𝑠 →

𝜋

2𝑙𝑠𝑦𝑠

< 𝐵 <
2𝜋

𝑙𝑠𝑦𝑠

 

The parameter 𝐶  indicates the „phase shift‟ of the function. The sine function has a 

period of 2𝜋 , inverting every 𝜋 . This inversion is already taken into account by the 

parameter 𝐴, so : 

−
1

2
𝜋 < 𝐶 <

1

2
𝜋 

The parameters are summarized in Table 15. 
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 𝐀 𝐁 𝐂 𝐃 

 

𝑦𝑒𝑥𝑡𝑟

2
 

2𝜋

𝑙𝑠𝑦𝑠
 −

1

2
𝜋 

𝑦𝑒𝑥𝑡𝑟

2
 

 

𝑦𝑒𝑥𝑡𝑟  𝜋

𝑙𝑠𝑦𝑠
 0 0 

 

𝑦𝑒𝑥𝑡𝑟  𝜋

2𝑙𝑠𝑦𝑠
 −

1

2
𝜋 

𝑦𝑒𝑥𝑡𝑟

2
 

TABLE 15 - SINE CURVE FITTING PARAMETER LIMITS 

To limit the amount of time needed to calculate the buckling length, the demands on 𝑅2 

are continuously degraded during the calculation process. This is also important to be 

able to fit the sine curve to a set of points that don‟t fit a sine function exactly. Also, 

each 𝑅2 has to be registered and offered to the user as feedback, and a warning is given 

off if 𝑅2 drops below a certain value. 

The basic algorithm is improved by introducing an evolutionary principle. The optimum 

estimate is continuously monitored and registered. Every so many milliseconds the limits 

within which the estimates are made are altered, based on this current optimum. These 

limits are set at both sides of this optimum. Furthermore, the offsets of the limits from 

this optimum are decreased with each cycle, narrowing the bandwidth. This principle is 

illustrated in the figure below, where the principle is demonstrated for estimates of a 

single fictional parameter 𝑚. 

 

 

There is only one possible solution (within the given limits!), so convergence is normally 

assured. One important question is what would happen if 𝑦𝑒𝑥𝑎𝑐𝑡  starts to fall outside of 

𝑚𝑒𝑥𝑎𝑐𝑡  

𝑡𝑖𝑚𝑒 → 
𝑐𝑦𝑐𝑙𝑒 1 𝑐𝑦𝑐𝑙𝑒 2 𝑐𝑦𝑐𝑙𝑒 3 𝑐𝑦𝑐𝑙𝑒 4 

estimate bandwidth 

𝑚𝑜𝑝𝑡𝑖𝑚𝑢𝑚  

for 

for the time being 

for 

𝑚𝑒𝑠𝑡  

for 

decreasing 𝑅2  

adequate solution! 

FIGURE 66 - EVOLUTIONARY NUMERICAL APPROXIMATION 
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the bandwidth of the estimate. Convergence would be lost. The cycles need to be long 

enough to prevent this from happening, though this can never be completely avoided 

due to the random nature of the procedure. The monitoring of 𝑅2 assures that this won‟t 

go by unnoticed. 

This method works but is relatively slow. There is a a better option available, which is 

described in the next chapter. 

4.5.6.4 VIRTUAL SPRING STIFFNESS 

This method of estimating buckling lengths works by estimating the 

spring stiffness of a pair of virtual springs at the ends of each 

isolated element. These springs represent the rest of the structure 

that is attached to the element. 

The first step in determining the buckling length through this method 

is to assure whether the ends of the element are free to move 

laterally in relation to each other. 

This determination can be done automatically by determining the 

stiffness of the (virtual) linear spring in the system shown to the 

right. Horizontal displacements are resisted by both the rotational 

springs, the element itself and the linear spring. Through the use of the FEM, all 

displacements and forces in the system are known. This way 𝑘𝑙𝑖𝑛  could be determined. 

The classification as either a shored or non-shored column is however an artificial one, 

as these merely represent the two extremes of a continuous spectrum. Because of this 

highly artificial separation and as the big influence this has on the buckling length, the 

practice of classifying the element is left to the engineer‟s discretion. 

Support free to move laterally 

The stiffness of these springs can be estimated from the results of 

the finite element calculation.  

𝜌𝑡 =
𝑘𝑡 𝑙𝑠𝑦𝑠

𝐸𝐼
; 𝜌𝑏 =

𝑘𝑏 𝑙𝑠𝑦𝑠

𝐸𝐼
 

The buckling length of this system has been derived through 

analytical means43 and is not represented here. 

𝑙𝑘
2

𝑙𝑠𝑦𝑠
2  

=  
2𝜌𝑡𝜌𝑏 + 5𝜌𝑡

5𝜌𝑡 + 5𝜌𝑏 + 4𝜌𝑡𝜌𝑏

 
2

 
𝜋2

𝜌𝑡  
2𝜌𝑡𝜌𝑏 + 5𝜌𝑡

5𝜌𝑡 + 5𝜌𝑏 + 4𝜌𝑡𝜌𝑏
 

+ 4 (> 1) 

Shored  

Analysis of the buckling length of an element that is shored against 

lateral displacement results in the following formula: 

                                           
43  Snijder, H.H. z.j. Stabiliteit. Kniklengte en Knikstabiliteit, dictaat Mechanica 7b, 

Eindhoven. 

𝑘𝑏 

𝑘𝑙𝑖𝑛  

𝑘𝑡 

𝐸𝐼 

𝑘𝑡 =
𝑀𝑡

𝜑𝑡

 

𝑘𝑏 =
𝑀𝑏

𝜑𝑏

 

𝑘𝑡 =
𝑀𝑡

𝜑𝑡

 

𝑘𝑏 =
𝑀𝑏

𝜑𝑏
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𝑙𝑘
2

𝑙𝑠𝑦𝑠
2

=
 5 + 𝜌𝑡  5 + 𝜌𝑏 

 5 + 2𝜌𝑡  5 + 2𝜌𝑏 
(< 1) 

 

 

4.5.6.5 IMPLEMENTATION 

All four methods described have been tested. Of these the last method, i.e. the method 

with the virtual springs, is used in the application. The main reason is that it is the 

fastest method, because it uses data that is calculated anyway and consists of only a few 

simple additional formulae. 

4.6 CODE CHECK  
The timber elements are checked using the Eurocode. The relevant checks are described 

in this chapter. 

4.6.1 GLOBAL PARAMETERS 

4.6.1.1 CONSEQUENCE CLASS 

Three consequence classes are distinguished, based on NEN-EN1990, ranging from class 

1, where the consequences of the failure of the structure are limited to class 3, where 

these consequences are large. 

4.6.1.2 DESIGN WORKING LIFE 

It is less likely for an extreme action to occur during a short period than during a longer 

period. Due to a relatively short reference period, actions can be decreased by a certain 

factor.  

𝐹𝑡 = 𝐹𝑡0  1 +
1−𝜓1

9
ln  

𝑡

𝑡0
    

This factor is not explicitly used in the application. It is left to the engineers discretion to 

choose suitable loads. 

4.6.1.3 KMOD 

The factor 𝑘𝑚𝑜𝑑  depends on the load duration and humidty levels. High humidity and/or 

long load durations decrease the strength of the timber. For solid and laminated timber 

the value of 𝑘𝑚𝑜𝑑  is: 

Load-duration SC1 SC2 SC3 

1. Permanent (dead load) 0.60 0.60 0.50 

2. Long-term 0.70 0.70 0.55 

3. Medium-term 0.80 0.80 0.65 

4. Short-term (live load) 0.90 0.90 0.70 

5. Instantaneous 1.10 1.10 0.90 
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TABLE 16 – THE EFFECTS OF LOAD-DURATION AND HUMIDITY: KMOD  

Even when the combination of permanent and live loads leads to the highest stresses in 

the structure, the lower strength against permanent loads can still mean that the 

combination with only a permanent load is normative. This was for example recently 

illustrated by the sudden failure of a 38 year old beam in the roof of a sports hall 

(Haarlem, 2010), due to the presence of high permanent load by the heavy roof it was 

supporting. 

4.6.2 STIFFNESS 

4.6.2.1 SERVICE LIMIT STATE 

The stiffness of the structure is influenced by the relative humidity through the factor 

𝑘𝑑𝑒𝑓  (NEN-EN1995-1-1 2.3.2.2): 

𝐸𝑚𝑒𝑎𝑛 ,𝑓𝑖𝑛 =
𝐸𝑚𝑒𝑎𝑛

(1 + 𝑘𝑑𝑒𝑓 )
 

𝐾𝑚𝑒𝑎𝑛 ,𝑓𝑖𝑛 =
𝐾𝑚𝑒𝑎𝑛

(1 + 𝑘𝑑𝑒𝑓 )
 

The factor 𝑘𝑑𝑒𝑓  is identical for sawn timber, glulam and LVL (NEN-EN1995-1-1 table 3.2): 

Climate class 𝒌𝒅𝒆𝒇 

1 0.60 

2 0.80 

3 2.00 
TABLE 17 – THE HUMIDITY EFFECT: KDEF 

4.6.2.2 ULTIMATE LIMIT STATE 

The application makes a first-order calculation. The basic distribution of the forces on the 

frame is influenced by the stiffness distribution of the different elements. Because of this 

the average value of both the Young‟s and rotation modulus need to be modified.  

The stiffness of the structure is influenced by the relative humidity and through the 

factor 𝑘𝑑𝑒𝑓  (NEN-EN1995-1-1 2.3.2.2): 

𝐸𝑚𝑒𝑎𝑛 ,𝑓𝑖𝑛 =
𝐸𝑚𝑒𝑎𝑛

(1 + 𝜓2𝑘𝑑𝑒𝑓 )
 

𝐾𝑚𝑒𝑎𝑛 ,𝑓𝑖𝑛 =
𝐾𝑚𝑒𝑎𝑛

(1 + 𝜓2𝑘𝑑𝑒𝑓 )
 

The factor 𝜓2 is described as the quasi-permanent factor of the loadcase that causes the 

largest relative stress on the structure. To avoid an extra cycle of FEM calculations to 

determine which one this is, this load case is assumed to be the one whose total 

magnitude is highest. It should be stressed that this value is only used for the load 

distribution, and not for the checking effects like buckling, where a lower bound stiffness 

is used, instead of the mean stiffness. 

4.6.3 TIMBER STRENGTH CHECKS 
The timber elements are checked in accordance with NEN-EN1995-1-1. 
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4.6.3.1 GENERAL CHECK 

Only forces in the plane of the frame are allowed, which means that any moments of 

force occur in the plane of the frame as well. Bending moments out of plane are not 

taken into account and the equations used are modified appropriately (𝑀𝑧 ,𝑑 = 0 → 𝜍𝑚 ,𝑧 ,𝑑 =

0). 

An element which is loaded by a compressive and a bending force has to satisfy is (NEN-

EN1995-1-1 6.2.4): 

 
𝜍𝑐 ,0,𝑑

𝑓𝑐 ,0,𝑑

 

2

+
𝜍𝑚 ,𝑦 ,𝑑

𝑓𝑚 ,𝑦 ,𝑑

≤ 1 

Here 𝑘𝑚 = 0.7 as only rectangular timber, glulam and LVL sections are considered. 

Columns that are relatively slender (𝜆𝑟𝑒𝑙 ,𝑦 > 0.3 ⋁𝜆𝑟𝑒𝑙 ,𝑧 > 0.3 ) have to be checked against 

buckling as well (NEN-EN1995-1-1 6.3.2):: 

𝜍𝑐 ,0,𝑑

𝑘𝑐 ,𝑦  𝑓𝑐 ,0,𝑑

+
𝜍𝑚 ,𝑦 ,𝑑

𝑓𝑚 ,𝑦 ,𝑑

≤ 1 

An element which is loaded by both a bending force 𝑀𝑦 ,𝑑  and a compressive force 𝑁𝑐 ,𝑑 has 

to satisfy the following equations (NEN-EN1995-1-1 6.3.3): 

 
𝜍𝑚 ,𝑦 ,𝑑

𝑘𝑐𝑟𝑖𝑡 𝑓𝑚 ,𝑦 ,𝑑

 

2

+
𝜍𝑐 ,𝑑

𝑘𝑐 ,𝑧𝑓𝑐 .0,𝑑

≤ 1 

4.6.3.2 DESIGN STRENGTH 

Compressive and bending stresses are resisted by the strength of the material. This 

strength can be calculated from the characteristic strength: 

𝑓𝑐 ,0,𝑑 =
𝑓𝑐 ,0,𝑘

𝛾𝑀

𝑘𝑚𝑜𝑑  

𝑓𝑚 ,0,𝑑 =
𝑓𝑚 ,0,𝑘

𝛾𝑀

𝑘𝑚𝑜𝑑 𝑘  

The safety factor 𝛾𝑀  depends on the type of material. So-called engineered wood 

requires a lower factor of safety. This is shown in the table below: 

Material 𝜸𝑴 

Sawn timber 1.3 

Glulam 1.25 

LVL 1.2 
TABLE 18 – MATERIAL SAFETY FACTOR 

Smaller sections have a higher relative bending strength. This effect is taken into 

account through the factor 𝑘  and is different for sawn timber, glulam and LVL (NEN-

EN1995-1-1 6.3.3). The volume-effect of LVL depends on extra parameters determined 

using EN14374 („Structural laminated veneer lumber Requirements‟). These parameters 

are left out of the equation, negating the volume effect, i.e. 𝑘 = 1.0 
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Material 𝒌𝒉 

Sawn timber 
𝑚𝑖𝑛   

150


 

0.2

1.3

  

Glulam 
𝑚𝑖𝑛   

600


 

0.1

1.1

  

LVL 

𝑚𝑖𝑛   
300


 

𝑠/2

1.2

 → 1.0 

TABLE 19 – THE VOLUME EFFECT: KH 

4.6.3.3 BUCKLING FACTOR 

First the buckling lengths are determined. The out of plane buckling length has to be 

entered manually; the in plane buckling length can be calculated (chapter 4.5.6). From 

the buckling lengths and the section geometry, the slenderness can be calculated. Only 

the check for buckling in y-direction is shown here; the check for buckling in the z-

direction is applied in a similar way. 

𝜆𝑦 =
𝑙𝑦 ,𝑏𝑢𝑐

𝑖𝑦
    

𝑖𝑦 =  
𝐼𝑦

𝐴
  

As both 𝑖𝑦  and 𝑖𝑧 are section properties, they are both precalculated and only therefore 

have to be retrieved from the database only once, speeding up the calculation process. 

The relative slenderness is calculated: 

𝜆𝑟𝑒𝑙 ,𝑦 =
𝜆𝑦

𝜋
 

𝑓𝑐 ,0,𝑘

𝐸0.05

 

Another factor that is used to determine the buckling stability of a timber element is the 

𝑘𝑦  factor. 

𝑘𝑦 = 0.5 1 + 𝛽𝑐 𝜆𝑟𝑒𝑙 ,𝑦 − 0.3 + 𝜆𝑟𝑒𝑙 ,𝑦
2   

The 𝛽𝑐 factor depends on the type of timber: 

𝛽𝑐 =  
0.2     (𝑠𝑜𝑙𝑖𝑑 𝑡𝑖𝑚𝑏𝑒𝑟)
0.1 (𝑔𝑙𝑢𝑙𝑎𝑚 𝑜𝑟 𝐿𝑉𝐿)

  

A lower 𝛽𝑐  factor leads to a lower load bearing capacity. The value of 0.2 is therefore 

used if the type of timber is unknown.  

The relative slenderness and 𝑘𝑦  factor are used to calculate the buckling factor 

𝑘𝑐 ,𝑦 =
1

𝑘𝑦 +  𝑘𝑦
2 − 𝜆𝑟𝑒𝑙 ,𝑦

2

 

4.6.3.4 LATERAL-TORSIONAL BUCKLING FACTOR 
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The relative slenderness, different from the relative slenderness in the previous buckling 

calculation, is calculated: 

𝜆𝑟𝑒𝑙 ,𝑚 =  
𝑓𝑚 ,𝑘

𝜍𝑚 ,𝑐𝑟𝑖𝑡

 

𝜍𝑚 ,𝑐𝑟𝑖𝑡 =
𝑀𝑦 ,𝑐𝑟𝑖𝑡

𝑊𝑦

=
𝜋 𝐸0.05𝐼𝑧𝐺0.05𝐼𝑡𝑜𝑟

𝑙𝑒𝑓𝑊𝑦

 

(𝐼𝑡𝑜𝑟 =
1

3
𝑏3) 

The factor 𝑙𝑒𝑓  depends on both the span and the load configuration: 

𝑙𝑒𝑓

𝑙
= 𝑎 

It is assumed that 𝑙 depicts the span between two lateral supports of the compressed 

zone of the beam, 𝑙𝑙𝑎𝑡 . Furthermore, it is assumed that the span is loaded by a constant 

moment of force (worst case scenario). This leads to the following equation: 

𝑙𝑒𝑓 = 1.0 ∗ 𝑙𝑙𝑎𝑡  

The Eurocode demands for structural elements susceptible to stability problems to have 

a certain straightness (NEN-EN1995-1-1 10.2): 
1

300
𝑙 for sawn timber, 

1

500
𝑙 for glulam or 

LVL. 

If this requirement is satisfied (which it should), the lateral-torsional buckling factor can 

be calculated: 

𝑘𝑐𝑟𝑖𝑡 =  

1
1.56 − 0.75𝜆𝑟𝑒𝑙 ,𝑚

1/𝜆𝑟𝑒𝑙 ,𝑚
2  

    

   𝑖𝑓 𝜆𝑟𝑒𝑙 ,𝑚 ≤ 0.75

              𝑖𝑓 0.75 < 𝜆𝑟𝑒𝑙 ,𝑚 ≤ 1.4

𝑖𝑓 1.4 < 𝜆𝑟𝑒𝑙 ,𝑚

 

 

4.6.4 TIMBER DEFORMATION CHECKS 
The deformation of timber depends on the climate and the duration that a load is being 

applied. The influence of the climate is taken into account through 𝑘𝑑𝑒𝑓  (both in 𝐸 and in 

the following). The effect of the duration of the load depends on the quasi-permanent 

factor 𝜓2 (NEN-EN1995-1-1 2.2.3): 

𝑢𝑓𝑖𝑛 = 𝑢𝑓𝑖𝑛 ,𝐺 + 𝑢𝑓𝑖𝑛 ,𝑄 ,1 + 𝑢𝑓𝑖𝑛 ,𝑄 ,𝑖 

𝑢𝑓𝑖𝑛 ,𝐺 = 𝑢𝑖𝑛𝑠𝑡 ,𝐺(1 + 𝑘𝑑𝑒𝑓 ) 

𝑢𝑓𝑖𝑛 ,𝑄 ,1 = 𝑢𝑖𝑛𝑠𝑡 ,𝑄(1 + 𝜓2,1𝑘𝑑𝑒𝑓 ) 

𝑢𝑓𝑖𝑛 ,𝑄 ,𝑖 = 𝑢𝑖𝑛𝑠𝑡 ,𝑄 ,𝑖(𝜓0,𝑖 + 𝜓2,1𝑘𝑑𝑒𝑓 ) 

These factors are entered into the FEM model by increasing the loads for the SLS 

proportionately. 
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4.7 SPECIFIC APPLICATION FUNCTIONALITY 
This application was designed right after the Logical Structure application. It represents 

many lessons learned from the first one. One simple example is the deliberate use of 

element types as reference types and using direct pointers to them in the elements of a 

variant, instead of indirect pointers in the form of integers containing an ID. This helps 

to simplify the programming. 

 

4.7.1 PLAY BUTTON 
The play button that starts the simulation is the most important one 

of the application. This button starts the process of random 

generation that is at the heart of the applications functionality. In 

the TLPF application extra attention is paid to the design of this 

button. Design guidelines dictate that it should therefore be unique, 

weighty and recognizable in appearance. The first two requirements 

are fulfilled by making a round button, where all other buttons are 

square in shape. It‟s also made larger, shinier44 and more colorful 

than the other buttons. The function of the button is instantly 

recognizable through the use of the triangle that is used to denote the „play‟ function on 

modern electronics. In all, the play button should be seductive45. 

The technique that is used in the design of the application is a custom control template. 

This could be said to be a custom control class. The term control specifies an item that 

forms part of the user interface. This can be a button, a checkbox, a canvas or 

otherwise. The button itself is a based on a custom made control template. 

The button is joined by two custom made „progress bars‟. The inner ring depicts the 

amount of free RAM. As the application is capable of using up large amounts of RAM, this 

is an important figure. The outer ring depicts the progress of the simulation by turning 

green in a clock-wise (as expected) fashion, which is also an important figure. 

4.7.2 REPORT 
To ensure that the results of the generation process can be checked, each variant is 

given a report chart. This report contains mostly data on the assessments performed on 

the variant. This report is vital as it allows the calculation to be easily checked by a 

structural engineer. 

4.7.3 EVOLUTIONARY OPTIMIZATION 
As noted in chapter 2.4.4 one method to speed up the optimization process is to use an 

evolutionary (in this case genetic) algorithm. This has been implemented in the portal 

frame application. 

                                           
44  Lev Danielyan, A Style for Round Glassy WPF Buttons - 

http://www.codeproject.com/KB/WPF/glassbuttons.aspx, retr. 28-03-2010. 
45 Jawed Karim, How YouTube Got Viral - http://www.digitalalchemy.tv/2006/10/jawed-

karim-on-how-youtube-got-viral.html, retr. 06-04-2010. 

FIGURE 67 - PLAY BUTTON 
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Two different algorithm types have been considered. Both of them depend on a single 

seed population. This is a randomly generated population of structure variants that is 

used as a base to extract individuals from which are used to create new individuals.  

Both algorithms depend on inheritance (of the gene set), mutation (of genes) and 

selection (of the geneses). Crossover, i.e. the recombination of genes from multiple 

parents is not used in this specific application. 

 

4.7.3.1 PATRIARCHS 

The first algorithm that was considered is based on multiple pathways, based on the 

fittest members from the seed population (the „patriarchs‟). Each of these patriarchs 

generates a number of (mutated) children, of which the fittest is selected (more than 

one is also possible), which will get its own set of children, etc. This way a number of 

paths is traced; one of which – hopefully – converging to the true optimum. 

 

 

The big problem with this algorithm is that it is very well possible that all patriarchs start 

out in „good‟ parts of the solution-space, but none in the part where the true optimum is 

to be found. All paths will then converge to a local optimum; none will converge to the 

true optimum. To resolve this problem, a different solution is proposed 

4.7.3.2 FITNESS PROPORTIONATE SELECTION 

This algorithm does not depend on a fixed number of patriarchs. Selections are made 

from the whole population, based on chance. The aspect that makes this a genetic 

algorithm, is the fact that the chance to be selected depends on the fitness of the 

individual structure. Each structure has some chance of being selected, instead of only 

the x fittest individuals.  

Seed Population 

Patriarch 

Fittest 

Child 

Not so fit 

child 

Not so fit 

child 

Fittest 

Child 

Not so fit 

child 

Not so fit 

child 

Fittest 

Child 

Not so fit 

child 

Not so fit 

child 

Patriarch 
Not so fit 

child 

Not so fit 

child 
Fittest 

Child 

Not so fit 

child 
Fittest 

Child 

Not so fit 

child 

FIGURE 68 – „PATRIARCH‟ EVOLUTIONARY OPTIMIZATION 
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The basic formula for the probability of individual 𝑖 to be selected is: 

𝑝𝑖 =
𝑓𝑖

 𝑓𝑗
𝑁
𝑗 =1

 

Here  𝑓𝑗
𝑁
𝑗=1  is the sum of the fitness ratings of all individuals, 𝑓𝑖 the fitness of individual 𝑖. 

The big advantage of this algorithm is that no paths and therefore no regions of the 

solution-space are being closed definitely. (Apparently) less optimal areas of this space 

have less chance of being explored, not none at all. 

Instead of making multiple passes through the complete population, thus selecting on 

average one individual per pass, a factor 𝑛𝑎𝑣𝑔  is defined. This factor increases the chance 

of an individual being selected, resulting in a set consisting of 𝑛𝑎𝑣𝑔  individuals on average 

within one single pass. This is more efficient code-wise than passing through the set 𝑛 

times, though less accurate, as the exact size of the set is less predictable. This is no 

problem, however, as both a set of size 0 and a set the size of the original population 

will not pose a problem to the procedure. 

A second factor, 𝑠 (> 1.0), is introduced that skews the chance of being selected towards 

the fit end of the spectrum. The formula, as used in the application, now becomes: 

𝑝𝑖 =
𝑛𝑎𝑣𝑔𝑓𝑖

𝑠

 𝑓𝑗
𝑁
𝑗=1

𝑠 

This is the method used in the TLPF application. 

4.7.3.3 MUTATION 

Each parameter of a structure variant can be mutated. As most degrees of freedom are 

confined within the joints, only these are considered for mutation. 

Each joint is mutated a number of times each cycle. Three mutations are allowed to 

occur: 

 Add fastener (20% chance) 

 Delete fastener (20% chance) 

 Move fastener (60% chance) 

Each action is checked (except for the delete mutation) to ensure that the distances 

between the fasteners and the fasteners and the edges of the joint are still sufficient. 

4.8 CONCLUSION 
As with the first application, a number of analyses have been made. These are included 

in appendix G.  

The main conclusion after developing this application is similar to the conclusion after 

the first application. For these kinds of structure the method proves to be a very viable 

method as well. The finite element method and the other techniques applied allow quick 

calculation of a large number of variants. The method of presentation is also adequate 

for quick review by the structural engineer.  
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5 CONCLUSION 

5.1 RESULTS 
The results of the project consist of a thorough analysis of the problem of limited variant 

studies and a decent and usable solution to it. The two applications developed are not 

completely polished, but both show their virtue in being able to solve the puzzle, each 

for a different set of structure types. They are both great examples of the suitability of 

the method. 

One nice thing about a project that consists both of the development of a theory and the 

application of this theory is that it is capable of demonstrating that the theory actually 

works. This can be compared to the building industry. Drawing a wall is one thing, 

building the actual thing is something different. By building the wall all the problems of 

the actual world have to be solved; vague descriptions and general outlines won‟t 

suffice. 

5.2 DIFFICULTIES 
It would have been agreeable to have followed a more decent course in programming. 

Information technology is rapidly becoming a big part of life in general and of structural 

engineering in specific, so time spent learning the tricks of the trade would be time well-

spent. As the emphasis of the project was continuously steered away from the actual 

programming, whilst still demanding an actual application, no explicitly motivated 

attempt was made at a separate study. This should have been realized more deeply. 

Much time was used to explain the principle of the application to different people. The 

reactions were always a combination of fascination and skepticism. The resistance that 

was met was actually quite surprising to the author. A large effort has been made to 

explain the viability of the method itself. At the end, this has become the a focus of the 

project.  

The main problems with this project were due to its scope. Even though many attempts 

were made at limiting the size of the project, it ultimately proved to be still a tad too 

large. Though the applications developed are fully functional and useful, they are not 

that polished and could still be expanded upon a lot. 

5.3 CONCLUSION  
The main conclusion of this project is that the method described is a very viable one. 

The method is able to produce sensible results at high speeds.  

It is the author‟s conviction that this method of design is highly suitable for direct 

application within the structural engineering industry. It will help to rationalize the 

design process of everyday structures and through that way lead to cheaper, 

environmentally cleaner and less bulky buildings. 
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5.4 RECOMMENDATIONS 
Both applications can be improved in a number of ways. The existing processes can be 

streamlined by introducing / expanding the evolytionary optimization procedures. An 

even simpler improvement is the introduction of (optional) forced symmetry This might 

help produce results that are easier to accept as an optimum. Other improvements are 

the inclusion of aspects like floor vibration demands or fire-resistance, which is described 

but is not implemented (yet). 

In conclusion, the main recommendation is to further the development of practical 

applications like the ones developed in this study. The outlines are clear. A larger team 

consisting of both structural and software engineers should be able to develop 

applications quickly, based on this method, that are directly applicable in the setting of 

any structural engineering firm. 

5.5 FINAL THOUGHTS 
Just as a calculator is better at arithmetics than even the smartest engineer and a simple 

piece of paper is better at storing data than an engineers own memory, the computer is 

bound to overtake the engineer in many parts of the design process. The applications 

developed through this research are excellent examples of tools that can actively (help) 

design more logical structures and are precursors of things to come.  
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APPENDIX C – L

LOAD-BEARING ELEMENTS

- SINGLE RECTANGULAR TI

A single rectangular timber column.

MATERIAL 

Both sawn timber and laminated timber 

DIMENSIONS 

Sawn timber comes in relatively small sizes up to 71x271. 

Larger sizes can be made using laminated timber.

- ROUND TIMBER COLUMN

A single round timber column

MATERIAL 

Normally these sections are made of laminated timber. Larger 

sawn sections are available only as roundwood, which, though 

total usage is still low, is becoming increasingly popular.

DIMENSIONS 

Sawn timber comes in relatively small sizes. Larger sizes can be 

made using laminated timber.

- DOUBLE RECTANGULAR TI

This element consists of two single rectangular timber columns. 

To decrease buckling length both elements can be coupled. To 

increase fire resistance the gap can be filled with non

combustible material. 

MATERIAL 

As with single sections, both sawn and laminated versions are 

possible.  

DIMENSIONS 

Here the same applies as for single sections.

- RECTANGULAR CONCRETE 

A rectangular or (often) square concrete column.

 

                                          
1 Jorissen, A.J.M. (>2000), Round
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LOAD BEARING ELEMENTS

BEARING ELEMENTS: COLUMNS 

INGLE RECTANGULAR TIMBER COLUMN 

A single rectangular timber column. 

Both sawn timber and laminated timber can be used. 

Sawn timber comes in relatively small sizes up to 71x271. 

Larger sizes can be made using laminated timber. 

OUND TIMBER COLUMN 

A single round timber column 

Normally these sections are made of laminated timber. Larger 

awn sections are available only as roundwood, which, though 

total usage is still low, is becoming increasingly popular.1 

Sawn timber comes in relatively small sizes. Larger sizes can be 

made using laminated timber. 

OUBLE RECTANGULAR TIMBER COLUMN 

This element consists of two single rectangular timber columns. 

To decrease buckling length both elements can be coupled. To 

increase fire resistance the gap can be filled with non-

As with single sections, both sawn and laminated versions are 

Here the same applies as for single sections. 

ECTANGULAR CONCRETE COLUMN 

A rectangular or (often) square concrete column. 

   

Roundwood Structures, Eindhoven 

LEMENTS 
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MATERIAL 

Both in-situ and precast concrete 

DIMENSIONS 

Maximum dimensions are virtually limitless. In practice the limits are imposed by the 

maximum load a truck can carry (for prefab columns) and the maximum available sizes 

of formwork (for in-situ columns).

- ROUND CONCRETE COLUMN

This is the round version of the rectangular column.

MATERIAL 

Both in-situ and precast concrete are possible.

DIMENSIONS 

As with rectangular columns, dimensions are virtually limitless. A 

limit has been set at 800mm diameter.

- STEEL H COLUMN 

MATERIAL 

Multiple types of steel are regularly used for constructions. This 

project focuses on steel used in indoor, climate

environments. The main choice then is between steel types with 

different yield strengths. In the Netherlands this means choosi

between S235 (fy = 235N/mm

is not considered for simplicty’s sake.

A new development is the introduction of high strength steels. The 

strongest of these (with yield strengths up to 1200N/mm

being used for tensile structures. Hot rolled sections for use as columns under 

compression and beams are not (yet) available in the strongest 

already obtainable3. Higher grades

It should be noted that sections of a higher grade 

instability effects than ones of more regular grade.

DIMENSIONS 

The dimensions are dictated by the output of the rolling mills of the steel works. It 

should be noted that of the sections shown in catalogues, only a part is widely available. 

Some sections are more expensive because of their relative scarcity and some mi

even be unobtainable at times.

 

 

                                          
2 Website Hakron - http://www.hakron.nl/cms/ht/download/catalogus/, retr. 
3 den Hollander, J.P. (2004) , 
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situ and precast concrete are possible. 

Maximum dimensions are virtually limitless. In practice the limits are imposed by the 

maximum load a truck can carry (for prefab columns) and the maximum available sizes 

situ columns). 

OUND CONCRETE COLUMN 

This is the round version of the rectangular column. 

situ and precast concrete are possible. 

As with rectangular columns, dimensions are virtually limitless. A 

limit has been set at 800mm diameter.2 

Multiple types of steel are regularly used for constructions. This 

project focuses on steel used in indoor, climate-controlled 

environments. The main choice then is between steel types with 

different yield strengths. In the Netherlands this means choosing 

= 235N/mm2) and S355. S275 is also found, but 

is not considered for simplicty’s sake. 

A new development is the introduction of high strength steels. The 

strongest of these (with yield strengths up to 1200N/mm2) are 

e structures. Hot rolled sections for use as columns under 

compression and beams are not (yet) available in the strongest grades

grades are expected to follow. 

It should be noted that sections of a higher grade suffer from different (internal) 

instability effects than ones of more regular grade. 

The dimensions are dictated by the output of the rolling mills of the steel works. It 

should be noted that of the sections shown in catalogues, only a part is widely available. 

Some sections are more expensive because of their relative scarcity and some mi

unobtainable at times. 

   

http://www.hakron.nl/cms/ht/download/catalogus/, retr. 

den Hollander, J.P. (2004) , Slanker bouwen met hogesterktestaal, Bouwwereld 19

Maximum dimensions are virtually limitless. In practice the limits are imposed by the 

maximum load a truck can carry (for prefab columns) and the maximum available sizes 

e structures. Hot rolled sections for use as columns under 

grades. S460 is however 

suffer from different (internal) 

The dimensions are dictated by the output of the rolling mills of the steel works. It 

should be noted that of the sections shown in catalogues, only a part is widely available. 

Some sections are more expensive because of their relative scarcity and some might 

http://www.hakron.nl/cms/ht/download/catalogus/, retr. 08-06-2009 

Bouwwereld 19 
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- STEEL RECTANGULAR 

MATERIAL 

In the Netherlands the steel of hot

can usually be labelled as S275, although S235 is also found.

DIMENSIONS 

The comments on the dimensions of H sections are also valid for 

this section type. 

- STEEL CIRCULAR HOLLOW 

The circular version of the rectangular hollow section column. 

MATERIAL 

The comments on the material of the rectangular column are 

also valid for this section type.

DIMENSIONS 

The comments on the dimensions of H sections are also valid for 

this section type. 

LOAD-BEARING ELEMENTS

- SINGLE RECTANGULAR TI

A single rectangular beam.

program of De Groot Vroomshoop is used as a reference.

MATERIAL 

Both sawn timber and laminated timber is used.

DIMENSIONS 

Sawn timber comes in relatively small sizes up to 71x271mm

Larger sizes, up to4 about 240x2260mm

ratio is kept below 1/10. 

CONNECTIONS 

Other elements can be placed right upon the section. Connections on a lower plane can 

also be made, but require extra measures.

- LVL BEAM 

A highly engineered and modern type of timber beam. Finnforest is one of the main 

manufacturers of these types of beam

                                          
4 Website De Groot Vroomshoop 

http://www.degrootvroomshoop.nl/gelijmde_houtconstructies/productinformatie/standaa

rd_afmetingen.aspx, retr. 08
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ECTANGULAR HOLLOW SECTION COLUMN 

In the Netherlands the steel of hot-rolled rectangular sections 

can usually be labelled as S275, although S235 is also found. 

dimensions of H sections are also valid for 

OLLOW SECTION COLUMN 

The circular version of the rectangular hollow section column.  

The comments on the material of the rectangular column are 

section type. 

The comments on the dimensions of H sections are also valid for 

BEARING ELEMENTS: BEAMS 

INGLE RECTANGULAR TIMBER BEAM 

A single rectangular beam. For the laminated variant, the 

mshoop is used as a reference. 

Both sawn timber and laminated timber is used. 

Sawn timber comes in relatively small sizes up to 71x271mm2. 

about 240x2260mm2, can be made using laminated timber.

Other elements can be placed right upon the section. Connections on a lower plane can 

also be made, but require extra measures. 

A highly engineered and modern type of timber beam. Finnforest is one of the main 

ers of these types of beam5. Their programme as used as a reference.

   

Website De Groot Vroomshoop - 

http://www.degrootvroomshoop.nl/gelijmde_houtconstructies/productinformatie/standaa

08-06-2009 

, can be made using laminated timber. The w/h 

Other elements can be placed right upon the section. Connections on a lower plane can 

A highly engineered and modern type of timber beam. Finnforest is one of the main 

. Their programme as used as a reference. 

http://www.degrootvroomshoop.nl/gelijmde_houtconstructies/productinformatie/standaa
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MATERIAL 

The beam is made of laminated layers of veneer. By orienting the fibers in the same 

direction as the main axis, a material is made that is both stiffer and (especially) 

stronger than normal timber.

CONNECTIONS 

Other elements are normally placed on top of the beam.

- I-SHAPED LVL BEAM 

One of the most efficient type of engineered timber beam.

MATERIAL 

See LVL beam 

CONNECTIONS 

Other elements can be placed 

lower flange 

- STEEL H SECTION BEAM

The most common steel beam type.

MATERIAL 

See H Section Column 

DIMENSIONS 

See H Section Column 

CONNECTIONS 

Generally there are two options for connecting floors to H beams. They can be la

on top of the section or between the flanges, on the lower flange. To make assembly 

possible the distance between the flanges needs to be significantly longer than the 

height of the element that is lain between them. 

- STEEL COLD-FORMED 

These sections are often used as secondary beams.

MATERIAL 

Cold formed steel. 

DIMENSIONS 

See H Section Column. As these sections are made by flolding 

sheet metal, the thicknesses of the flanges and webs are always 

the same. 

 

                                                                                
5 Website Finnforest - 

http://www.finnforest.nl/countries/c_product_list.asp?path=1775;1799;3326;3394

29-09-2009 
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The beam is made of laminated layers of veneer. By orienting the fibers in the same 

direction as the main axis, a material is made that is both stiffer and (especially) 

than normal timber. 

Other elements are normally placed on top of the beam. 

 

efficient type of engineered timber beam. 

Other elements can be placed both right on top of the upper flange as well as on the 

EAM 

The most common steel beam type. 

Generally there are two options for connecting floors to H beams. They can be la

on top of the section or between the flanges, on the lower flange. To make assembly 

possible the distance between the flanges needs to be significantly longer than the 

height of the element that is lain between them.  

FORMED C SECTION BEAM 

These sections are often used as secondary beams. 

See H Section Column. As these sections are made by flolding 

sheet metal, the thicknesses of the flanges and webs are always 

                                                                                

http://www.finnforest.nl/countries/c_product_list.asp?path=1775;1799;3326;3394

The beam is made of laminated layers of veneer. By orienting the fibers in the same 

direction as the main axis, a material is made that is both stiffer and (especially) 

er flange as well as on the 

Generally there are two options for connecting floors to H beams. They can be lain down 

on top of the section or between the flanges, on the lower flange. To make assembly 

possible the distance between the flanges needs to be significantly longer than the 

                                                   

http://www.finnforest.nl/countries/c_product_list.asp?path=1775;1799;3326;3394, retr. 
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CONNECTIONS 

Due to their poor resistance to torsion, connections are practically always made by 

placing other elements on top and not between the flanges. 

- RECTANGULAR CONCRETE BEAM

A single rectangular beam.  

A well known manufacturer in the Netherlands of the p

variant of these beams is Betonson. The programme

manufacturer is used as a reference.

MATERIAL 

Both in-situ and prestressed prefabricated versions are possible. 

The prestressed version consists of of C53/65 grade concrete 

and steel prestressing tendons.

DIMENSIONS 

Prefabricated versions are available in the dimensions 300x300mm

CONNECTIONS 

Other elements are almost always lain on top of the beam.

- I SHAPED CONCRETE BEAM

An I shaped beam.  

A well known manufacturer in the Netherlands of these beams 

is Hurks Beton. The programme

as a reference. 

MATERIAL 

These beams are made of high

prestressing tendons.  

DIMENSIONS 

Prefabricated versions are available in t

400x1100, 450x1300, 450x1500mm

CONNECTIONS 

Other elements are almost always lain on top of the beam.

 

 

 

                                          
6 Website Betonson - http://www.betonson.com/producttypen/tt

08-06-2009 
7 Website Hurks Beton - 

http://website.hurksbeton.nl/main.php?cm=79%2C80%2C99%2C106%2C107%2C123_

1ka7em1_QeVJTRNQj1Meo6, retr. 
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Due to their poor resistance to torsion, connections are practically always made by 

placing other elements on top and not between the flanges.  

ONCRETE BEAM 

 

A well known manufacturer in the Netherlands of the prestressed 

variant of these beams is Betonson. The programme6  of this 

manufacturer is used as a reference. 

situ and prestressed prefabricated versions are possible. 

The prestressed version consists of of C53/65 grade concrete 

prestressing tendons. 

Prefabricated versions are available in the dimensions 300x300mm2, up to 500x800mm

Other elements are almost always lain on top of the beam. 

ONCRETE BEAM 

urer in the Netherlands of these beams 

is Hurks Beton. The programme7 of this manufacturer is used 

These beams are made of high-strength concrete and steel 

Prefabricated versions are available in the dimensions 300x700, 350x900, 400x900, 

400x1100, 450x1300, 450x1500mm2. 

Other elements are almost always lain on top of the beam. 

   

http://www.betonson.com/producttypen/tt-plaat/default.aspx, retr. 

http://website.hurksbeton.nl/main.php?cm=79%2C80%2C99%2C106%2C107%2C123_

1ka7em1_QeVJTRNQj1Meo6, retr. 08-06-2009 

Due to their poor resistance to torsion, connections are practically always made by 

, up to 500x800mm2. 

he dimensions 300x700, 350x900, 400x900, 

plaat/default.aspx, retr. 

http://website.hurksbeton.nl/main.php?cm=79%2C80%2C99%2C106%2C107%2C123_
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- STRENGTHENED CONCRETE

A concrete floor can be thickened locally to create an internal 

beam.  

MATERIAL 

Both in-situ and prefabricated versions are possible. 

DIMENSIONS 

Many different thicknesses can be made.

CONNECTIONS 

The beam is integrated in the floor.

- STEEL-CONCRETE H B

A steel beam can be coupled to a concrete floor through dowels. 

The result is a beam in which the concrete is under compression 

and the steel is (partly) under tension. 

MATERIAL 

The steel part is usually a H

either a concrete slab or a steel

DIMENSIONS 

See H Section Column 

CONNECTIONS 

The beam is coupled at the underside of the floor. 

LOAD-BEARING ELEMENTS

- CORRUGATED STEEL SHEE

A single steel sheet. 

MATERIAL 

Steel. 

DIMENSIONS 

There are many types of sheet of many different 

manufaturers available. 

- CONCRETE SLAB 

A massive concrete slab. 

MATERIAL 

Both prefabricated, sem-prefabricated and in

are available. 
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TRENGTHENED CONCRETE STRIP 

A concrete floor can be thickened locally to create an internal 

situ and prefabricated versions are possible.  

Many different thicknesses can be made. 

The beam is integrated in the floor. 

BEAM 

A steel beam can be coupled to a concrete floor through dowels. 

The result is a beam in which the concrete is under compression 

and the steel is (partly) under tension.  

The steel part is usually a H-beam. The concrete floor can be 

te slab or a steel-concrete floor 

The beam is coupled at the underside of the floor.  

BEARING ELEMENTS: FLOORS 

ORRUGATED STEEL SHEET 

any types of sheet of many different 

prefabricated and in-situ variants 
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DIMENSIONS 

The nature of concrete allows many dimensions. In 

- STEEL-CONCRETE FLOOR

This floor is made by pouring concrete on a corrugated 

steel sheet. Both the steel and the concrete have a 

structural function. 

MATERIAL 

Steel sheet and concrete filling.

DIMENSIONS 

There are many types of sheet of many different 

manufaturers available. 

- JOIST TIMBER FLOOR 

MATERIAL 

The joists are made of sawn timber. The decking is made 

of plywood. 

DIMENSIONS 

The spacing of the joints is always a fraction of 1200 

(mostly 1220 actually). This means spacings of 240, 300, 

400 or 600mm.  These spacings are limited by the load 

on the floor in order to limit the thickness of the plywood decking. For example a roof 

can do with a spacing of 600mm, the floor of an office should have a 

400mm. 

- STRESSED SKIN TIMBER 

In this element both top and bottom layers of plywood 

are stressed in the direction of the main span. This is in 

contrary to a classic timber floor, where the top layer 

only carries loads prependicular to the main span.

MATERIAL 

The joists are made of sawn timber. The decking is made 

of plywood. 

DIMENSIONS 

Both sheets of plywood have to be sized appropriatly to fulfill their load

functions. The top sheet also has to carry loads perpend
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The nature of concrete allows many dimensions. In practice multiples of 10mm are used.

ONCRETE FLOOR 

This floor is made by pouring concrete on a corrugated 

steel sheet. Both the steel and the concrete have a 

Steel sheet and concrete filling. 

There are many types of sheet of many different 

 

The joists are made of sawn timber. The decking is made 

The spacing of the joints is always a fraction of 1200 

actually). This means spacings of 240, 300, 

400 or 600mm.  These spacings are limited by the load 

on the floor in order to limit the thickness of the plywood decking. For example a roof 

can do with a spacing of 600mm, the floor of an office should have a spacing of at most 

TRESSED SKIN TIMBER FLOOR 

In this element both top and bottom layers of plywood 

are stressed in the direction of the main span. This is in 

contrary to a classic timber floor, where the top layer 

pendicular to the main span. 

The joists are made of sawn timber. The decking is made 

Both sheets of plywood have to be sized appropriatly to fulfill their load

functions. The top sheet also has to carry loads perpendicular to the main span. 

practice multiples of 10mm are used. 

on the floor in order to limit the thickness of the plywood decking. For example a roof 

spacing of at most 

Both sheets of plywood have to be sized appropriatly to fulfill their load-bearing 

icular to the main span.  
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- TIMBER BOX FLOOR 

A well known manufacturer of these floors is Lignatur. 

The LFE programme8 of this manufacturer is used as a 

reference. 

MATERIAL 

The floors are composed of multiple sawn sections glued 

together. 

DIMENSIONS 

The individual sections are 31mm wide. The combined boxes are 514 or 1000mm wide 

and 120 to 320mm high. 

- HOLLOW CORE PRESTRESS

A well known manufacturer in the Netherlands of these 

floors is VBI. The programme

used as a reference. 

MATERIAL 

The floors are composed of C45/55 grade concrete and 

steel prestressing tendons. 

DIMENSIONS 

A number of standard thicknesses are commonly available: 150, 200, 260, 320 and 

400mm. 

- DOUBLE T PRESTRESSED SLAB

A well known manufacturer in the Netherlands of these 

floors is Betonson. The programme

is used as a reference. 

 

 

MATERIAL 

The floors are composed of C53/65 grade concrete and steel prestressed tendons.

DIMENSIONS 

A number of standard heights are commonly available: 330, 430, 530, 630, 730 and 

830mm with a flange thickness of 80mm.

 

                                          
8 Website Lignatur - http://www.lignatur.ch/produkte_lignatur_flaechenelement.html, 

retr. 09-06-2009 
9 Website VBI - http://www.vbi.nl/?pageID=100&Title=Vloeren
10 Website Betonson - http://www.betonson.com/producttypen/rechthoekige

balk/default.aspx, retr. 08-07
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A well known manufacturer of these floors is Lignatur. 

of this manufacturer is used as a 

The floors are composed of multiple sawn sections glued 

The individual sections are 31mm wide. The combined boxes are 514 or 1000mm wide 

OLLOW CORE PRESTRESSED SLAB 

A well known manufacturer in the Netherlands of these 

floors is VBI. The programme 9  of this manufacturer is 

The floors are composed of C45/55 grade concrete and 

A number of standard thicknesses are commonly available: 150, 200, 260, 320 and 

PRESTRESSED SLAB 

A well known manufacturer in the Netherlands of these 

floors is Betonson. The programme10 of this manufacturer 

The floors are composed of C53/65 grade concrete and steel prestressed tendons.

andard heights are commonly available: 330, 430, 530, 630, 730 and 

830mm with a flange thickness of 80mm. 

   

http://www.lignatur.ch/produkte_lignatur_flaechenelement.html, 

http://www.vbi.nl/?pageID=100&Title=Vloeren, retr. 08

http://www.betonson.com/producttypen/rechthoekige

07-2009 

The individual sections are 31mm wide. The combined boxes are 514 or 1000mm wide 

A number of standard thicknesses are commonly available: 150, 200, 260, 320 and 

The floors are composed of C53/65 grade concrete and steel prestressed tendons. 

andard heights are commonly available: 330, 430, 530, 630, 730 and 

http://www.lignatur.ch/produkte_lignatur_flaechenelement.html, 

, retr. 08-06-2009 

http://www.betonson.com/producttypen/rechthoekige-
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SOLID TIMBER FLOOR 

Solid timber floors consist of multiple layers of cross

laminated timber. Cross-laminating makes it possible for 

the floors to carry loads in two directions, but there is 

always one direction in which the floor is stiffer / 

stronger. 

A well known manufacturer of these floors is Finnforest. 

Its Lenotec line of products is used as a reference.

MATERIAL 

The floors are composed of multiple sawn sections glued (or doweled) together.

DIMENSIONS 

Multiple thicknesses are available, depending on the manufacturer. Sizes normally range 

from 50 to 300mm.  
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Solid timber floors consist of multiple layers of cross-

laminating makes it possible for 

floors to carry loads in two directions, but there is 

always one direction in which the floor is stiffer / 

A well known manufacturer of these floors is Finnforest. 

Its Lenotec line of products is used as a reference. 

composed of multiple sawn sections glued (or doweled) together.

Multiple thicknesses are available, depending on the manufacturer. Sizes normally range 

composed of multiple sawn sections glued (or doweled) together. 

Multiple thicknesses are available, depending on the manufacturer. Sizes normally range 
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APPENDIX D 

VARIANT STUDY I 

An analysis is set up for a single

elements are included. The application calculated 100,000 variants in about 18 minutes. 

The element and material data is not perfect; the results are meant as a demonstration.

SETTINGS 

 

ASSESSMENT WEIGHTS 

The assessment weights are varied to evaluate the consequences of different design 

priorities. 

PRIORITY SET 1 

Monetary Cost = 1.0 

The most economic structure (with given 

parameters) consists of timber columns, 

beams and floors. 

Appendix D  

An analysis is set up for a single-story 10x15m2 structure. A number of common 

elements are included. The application calculated 100,000 variants in about 18 minutes. 

The element and material data is not perfect; the results are meant as a demonstration.

 

ghts are varied to evaluate the consequences of different design 

PRIORITY SET 2 

Monetary Cost = 1.0; hFree = 1.0

The most economic structure (with given 

parameters) consists of timber columns, 

An economic structure with a high demand 

for free headroom features more columns 

and steel beams (HEA100) instead of 

timber ones. 

 

 

structure. A number of common 

elements are included. The application calculated 100,000 variants in about 18 minutes. 

The element and material data is not perfect; the results are meant as a demonstration. 

 

ghts are varied to evaluate the consequences of different design 

Monetary Cost = 1.0; hFree = 1.0 

An economic structure with a high demand 

for free headroom features more columns 

and steel beams (HEA100) instead of 
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PRIORITY SET 3 

Monetary Cost = 1.0; hFree = 1.0; Internal 

columns=1.0 

When an extra desire is indicated 

limitation of the number of internal 

columns, all internal columns are removed 

and the floor is replaced with a slender 

concrete hollow core slab (A200) on steel 

beams (HEA160). 

 

 

TRENDS 

The number of columns vs. the 

monetary cost is graphed. The 

graph immediately answers a 

number of interesting 

questions. First of all it shows 

that costs can be reduced from 

€9900,- for a four column 

structure to about €3400,- 

a twelve column structure. 

Secondly it is noted that adding 

columns beyond the twelft

actually increases cost. 

 

 

 

 

Appendix D  

PRIORITY SET 4 

Monetary Cost = 1.0; hFree = 1.0; Internal Monetary Cost = 1.0; hFree

columns=1.0; Env. cost=1.0

When an extra desire is indicated for the 

limitation of the number of internal 

columns, all internal columns are removed 

and the floor is replaced with a slender 

concrete hollow core slab (A200) on steel 

More emphasis on low environmental costs 

sees the roof replaced by timber box 

elements and lighter steel 

 

The number of columns vs. the 

is graphed. The 

graph immediately answers a 

number of interesting 

questions. First of all it shows 

that costs can be reduced from 

for a four column 

 for 

Secondly it is noted that adding 

beyond the twelfth 

FIGURE 1 - MONETARY COST VS. NUMBER OF COLUMNS

 

Monetary Cost = 1.0; hFree = 1.0; Internal 

columns=1.0; Env. cost=1.0 

More emphasis on low environmental costs 

the roof replaced by timber box 

steel beams. 

 

MBER OF COLUMNS 
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Cheapest structure: €3400,- 

 

 

Another interesting graph is the monetary vs. environmental cost. Green represents 

timber, red concrete and blue is a steel 

FIGURE 2 - MONETARY COST VS. EN
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  Cheapest four column structure: 

Another interesting graph is the monetary vs. environmental cost. Green represents 

timber, red concrete and blue is a steel structure. The trends are clearly visible.

 
MONETARY COST VS. ENVIRONMENTAL COST 

 

 
Cheapest four column structure: €9900,- 

Another interesting graph is the monetary vs. environmental cost. Green represents 

The trends are clearly visible. 
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VARIANT STUDY II 

Another simulation is run using basically the same parameters

only thing changed is the roof load. This load is allow to vary bet

. A graph is drawn to illustrate the effects on the structure.

dots in the graph represents the free head

When a line is drawn through the lower points of the collection, a correlation figure can 

be given for the cost of a single 

about €3,-  for this structure

 

FIGURE 3 - MONETARY COST VS. RO
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Another simulation is run using basically the same parameters as variant study I

only thing changed is the roof load. This load is allow to vary between 

A graph is drawn to illustrate the effects on the structure.

dots in the graph represents the free head-room. 

When a line is drawn through the lower points of the collection, a correlation figure can 

given for the cost of a single  extra load-bearing capacity. This happens to be 

for this structure 

 
MONETARY COST VS. ROOF LOAD 

 

as variant study I. The 

ween  and 

A graph is drawn to illustrate the effects on the structure. The color of the 

When a line is drawn through the lower points of the collection, a correlation figure can 

bearing capacity. This happens to be 
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APPENDIX G 

VARIANT STUDY I 
An analysis is set up for a single timber

SETTINGS 
The 3m x 4.5m portal frame

(6kN).  

FIGURE 1 - LOAD CASE PERMANENT

 

Limits are placed on the dimensions and displacements; 

timber (sawn, glulam and LVL) and two types 

Symmetry is not forced. 

OPTIMUM 
Automated analysis of the data results in an 

consists of a top beam and a column of near maximum dimensions, combined with a thin 

column at the other end. This is very plausible, as stiffness increases with the third 

power of the height of the element, while costs o

FIGURE 3 - OPTIMUM 

Appendix G 

a single timber portal frame. 20,000 variants are created.

frame is loaded by both vertical (2x20kN) and horizontal loads

 

PERMANENT FIGURE 2 - LOAD CASE VARIABLE

e dimensions and displacements; all three 

(sawn, glulam and LVL) and two types of joint (dowel and tube) 

Automated analysis of the data results in an optimum as seen below. This optimum 

consists of a top beam and a column of near maximum dimensions, combined with a thin 

column at the other end. This is very plausible, as stiffness increases with the third 

ight of the element, while costs only increase linearly. 

 

 

 

20,000 variants are created. 

and horizontal loads 

 
VARIABLE 

all three different types of 

of joint (dowel and tube) are allowed. 

optimum as seen below. This optimum 

consists of a top beam and a column of near maximum dimensions, combined with a thin 

column at the other end. This is very plausible, as stiffness increases with the third 
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TRENDS 
The graph shows the monetary cost vs. the horizontal displacement.

is clearly illustrated by this graph.

The color of the fasteners is determined by the joint being either a dowel or tube joint. 

The frames with tube joints are 

performance, based on the input data available

 

FIGURE 4 - MONETARY COST VS. HO

Appendix G 

The graph shows the monetary cost vs. the horizontal displacement. The cost of stiffness 

is clearly illustrated by this graph. 

The color of the fasteners is determined by the joint being either a dowel or tube joint. 

The frames with tube joints are apparently more expensive for the same structural 

based on the input data available. 

  

MONETARY COST VS. HORIZONTAL DISPLACEMENT 

 

The cost of stiffness 

The color of the fasteners is determined by the joint being either a dowel or tube joint. 

more expensive for the same structural 
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VARIANT STUDY II 
A second analysis is set up for the same geometry and loads as the first variant study.

The application is used again

SETTINGS 
Only glulam elements and tube joints are considered.

the structure. 

FIGURE 5 - PARAMETERS 

The assessment weights used are as follows:

Monetary cost = 2.0; Environmental cost 

CONVERGENCE 
The optimization process converges to a

Appendix G 

A second analysis is set up for the same geometry and loads as the first variant study.

again to generate and analyze 20,000 different varia

Only glulam elements and tube joints are considered. Symmetry is now also forced on

used are as follows: 

.0; Environmental cost = 1.0; Horizontal displacement 

The optimization process converges to an (apparent) optimum. 

 

A second analysis is set up for the same geometry and loads as the first variant study. 

to generate and analyze 20,000 different variants. 

Symmetry is now also forced onto 

 

1.0; Horizontal displacement = 1.0 
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FIGURE 6 - CONVERGENCE 

A few of the temporal optima are shown here to illustrate 

OPTIMUM 1 
The first optimum found consists of 

relatively high elements and 

fasteners. 

 
 

 

 

 

 

 

Appendix G 

 

A few of the temporal optima are shown here to illustrate the optimization process.

OPTIMUM 2 
The first optimum found consists of 

relatively high elements and 4x17,2mm 

One of the next optima trades height of the 

beam for more fasteners 

is apparently a good tradeoff.

 

 
 

 

he optimization process. 

One of the next optima trades height of the 

 (5x17,2mm). This 

is apparently a good tradeoff. 
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OPTIMUM 3 
The element sizes are altered sli

5x17,2mm fasteners are replaced by 

2x33,7mm. 

 

SHIFTING WEIGHT 
The assessment weights are 

PRIORITY SET 1 
Monetary cost = 2.0; Environmental cost 

1.0; Horizontal displacement 

These are the default settings 

the analysis was run. 
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OPTIMUM 4 (FINAL) 
The element sizes are altered slightly and 

5x17,2mm fasteners are replaced by 

Finally the elements are shrunk a little and 

an extra 33,7mm fastener is added, 

providing relatively more stiffne

thicker elements apparently

 

 

 shifted to see the influence of these weights:

PRIORITY SET 2 
.0; Environmental cost = 

1.0; Horizontal displacement = 1.0 

Monetary cost = 2.0; Environmental cost 

1.0 

These are the default settings with which If no extra importance is attached to 

horizontal stiffness, the frame 

lighter and cheaper 

 

 
 

 

Finally the elements are shrunk a little and 

an extra 33,7mm fastener is added, 

more stiffness than the 

apparently would. 

 

e weights: 

.0; Environmental cost = 

importance is attached to 

horizontal stiffness, the frame can be made 
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PRIORITY SET 1 
Monetary cost = 2.0; Environmental cost 

1.0; Horizontal displacement 

If horizontal stiffness is considered more 

important the frame has to be 

heavier. 

 

 

FINAL CHOICE 
The frame is finally checked using the built

the deformed shape and the lines representing the 

The automatically generated 

FIGURE 7 - FINAL CHOICE: DEFORMED SHAPE 

 

  

Appendix G 

PRIORITY SET 2 
.0; Environmental cost = 

1.0; Horizontal displacement = 4.0 

Horizontal displacement = 

stiffness is considered more 

he frame has to be a lot 

If horizontal stiffness is the only factor of 

importance, then the frame

maximized. 

 

The frame is finally checked using the built-in FEM engine and display capabilities. B

the deformed shape and the lines representing the internal moment of force

 report is also checked which is also found 

 

ICE: DEFORMED SHAPE AND MOMENT LINE 

 

 

= 1.0 

stiffness is the only factor of 

frame size can be 

 

in FEM engine and display capabilities. Both 

moment of force are correct. 

 to be ok.  



 

The Logical Structure, Appendix G

 

VARIANT STUDY III 
Due to the flexibility of the application all kinds of different frames can be analyzed. 

SETTINGS 
An analysis is set up for a single timber portal loaded by both vertical

horizontal loads (1x10kN). Limits are placed 

considered are LVL beams and columns combined with dowel joints.

FIGURE 8 - LOAD CASE PERMANENT

 

OPTIMUM 
For this frame an optimum can be found

Appendix G 

exibility of the application all kinds of different frames can be analyzed. 

single timber portal loaded by both vertical (

. Limits are placed on element dimensions.

beams and columns combined with dowel joints. 

 
PERMANENT FIGURE 9 - LOAD CASE VARIABLE

For this frame an optimum can be found just as simply as for a more regular 

 

 

 

exibility of the application all kinds of different frames can be analyzed.  

(25, 20, 20kN) and 

on element dimensions. The elements 

 
VARIABLE 

just as simply as for a more regular frame. 
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APPENDIX H 

 

Appendix H 

 – SURVEY 
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Appendix H 
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APPENDIX I – 3D E

FIGURE 1 –SCREENSHOT OF DEVELO

FIGURE 2 –SCREENSHOT OF DEVELO
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EXPERIMENTS 

SCREENSHOT OF DEVELOPMENT OF 3D RENDERING SYSTEM USING MOGRE 

SCREENSHOT OF DEVELOPMENT OF 3D RENDERING SYSTEM USING WPF3D (

 

USING MOGRE (19-07-2009) 

 

(14-08-2009) 


