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Preface

This report, together with the created application, form my Master's thesis for
the study Building Engineering. An MSc study at the faculty of Civil Engineer-
ing and Geosciences at the Delft University of Technology.
The thesis research focuses on exploring and testing a new strategy for reusing
structural elements through an optimisation algorithm. The algorithm seeks
to reuse structural elements, while also utilising the structural capacity of the
reuseable elements and respecting the spacial requirements of the new structure.
Leading to a new functional and material economic structure constructed out
of reused elements.
Originally the research focused on �nding a new reuse strategy for sport stadi-
ums, during the research the topic shifted to �nding a more broadly applicable
reuse strategy with the Al Wakrah sport stadium as case to test the strategy.
The research was performed in collaboration with the BEMNext lab, provid-
ing computational knowledge for the computational application, and the Royal
BAM Group providing input on the structural reuse aspects, environmental im-
pact and a case to test the strategy in practice.
This thesis explores a new direction in its �eld, aiming to provide the reader
with insight in the potential of this reuse strategy.

Jorn van der Steen, Delft, June 2014
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Summary

This master's thesis covers the research and design of a computational reuse
application. The research starts with reuse incentive investigation: 'Why is it
pursued and how should it be applied?' The research continues by identifying
the struggles de�ning reuse, presenting the methods used to overcome these
struggles and �nally indicating the practical implications for the theoretical
strategy.
With this literary background, a strategy has been developed which is imple-
mented in the Grasshopper environment using custom made components. After
the model is build and calibrated it is applied to a stadium project in Al Wakrah,
for which the owner wants to disassemble the second ring.

In the stadium industry, big sporting events can require new venues, venues
not �tting the demand for the total technical lifetime of the structure. When
this occurs there are four possible outcomes. One of these outcomes is reuse,
which has not been successfully applied in practice. However for a variety of
incentives presented in Chapter 2, reuse is sometimes the only option. Therefore
this thesis will develop a reuse strategy for the stadium industry.

The reuse strategy creates the possibility to (partly) deconstruct the sta-
dium and create a new structure from these elements. This new structure is
not only reusing the available elements but also respects the new project list of
requirements and matches the demanded shape.
In doing so, the strategy provides a solution to the main criticism for hosting
sporting events with new, overcapacitated stadiums. Simultaneously creating a
strategy that allows the design of new structures in a more sustainable manner
than currently available in the building industry.

Due to element life time di�erentiation caused by user requirement changes
and because structural elements on average account for 90% of the building's
environmental footprint [Naber, 2012]. The literature study concluded that the
application focuses on the reuse of structural elements.
Furthermore, based on their generic character, the structural elements that will
be reused are columns, beams and �oor plates.

The research also indicates that designing with reusable elements strains the
design process. Caused by the reusable element set reducing the design freedom
and �exibility while increasing the amount of design constraints by the wish to
apply the reusable set. These complications are answered to by implementing a
genetic algorithm in the application. This type of algorithm moves through the

ix



project solution space in search of the solution best �tting the given boundary
conditions.
This search approach �nds '�t' solutions faster than can be expected from testing
each possible outcome, through the algorithm components 'crossover', 'muta-
tion', 'selection' and 'elitsm'. Meaning the algorithm is a more e�ective way
of scouting the search space and �nding a result satisfactory to the user. And
in doing so counters the strain caused in reuse design. However since not each
possible outcome is tested, it cannot be said with 100% certainty that the �ttest
solution in the search space has been found.
Furthermore the application is applied during the preliminary design stage
meaning there is a lot of design �exibility. Increasing the chance a satisfac-
tory solution is inside the search space.

The algorithm will be applied on a grid of building sections called subsets.
The algorithm parameters consist of the element types assigned to each subset
and the amount of subsets in each building direction. These parameters allow
the algorithm to search for the optimal con�guration using the reusable set,
while meeting the �oorspace requirements and following the shape set by the
building mass.

After calibration this algorithmic strategy is applied to the Al Wakrah sta-
dium, leading to four structures made from reusable elements. These structures
will be build for a housing and shopping function in the South African town-
ships. The four structures together use 100% of the available set, while deviating
around 1% from the required �oorspace and 3% from the building mass shape.
The created frames are however not directly translatable to practice, to this end
the building services, vertical transport, stability elements and non-structural
elements need to be de�ned �rst.
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1 | Introduction

"The key to growth is the introduction of higher

dimensions of consciousness into our awareness."

- Lao Tzu -
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1.1 Motivation Introduction

1.1 Motivation

Stadium Reuse

Hosting sporting events like the FIFA World Cup and the Olympic Games is
a prestigious matter for countries. These events have budget estimates and
societal impact on a scale that require national politics to get involved in the
decision making. During this decision process the total economic and societal
impact is estimated and based on the estimated outcome, the country either
chooses to bring out a bid or refrains from hosting the event.
However this estimation is �lled with uncertainties, leaving decision makers
with the di�culty of making a choice without knowing whether the country will
bene�t or not. One of the main uncertainties leading to con�icting outcomes of
these estimates, is the utilisation of venues after the event [Blake, 2005].
The stadium realisation costs are included in the event bid, however they cannot
be covered by the event exploitation. These venue costs have to be earned back
over a longer period of time. Meaning utilisation of the event venues during their
total lifetime in�uences the economic impact of the bid on society [Klomp, 2013].

Figure 1.1: Possible outcomes for sport stadiums after the event [Loosjes, 2011].

Loosjes proposes that every stadium built for an event has the same status
after the closing ceremony: it is vacant, creating zero revenues to cover the
investment and meanwhile maintenance costs keep stacking up [Loosjes, 2011].
From this status, 4 possible directions are given (Figure 1.1) 1:

• Neglect: By either abandoning or demolishing the stadium.

• Solve: The stadium gets a new function, creating a new revenue stream.

• Transport: The stadium is designed and realised as a transportable struc-
ture. After the event the stadium can be moved to a new location to
generate revenues.

• Reuse: (Partly) deconstruct the stadium and reuse the elements that are
extracted.

1The orignal model named the strategy 'Transport' as 'Prevent' and 'Reuse' as 'Avoid', for
clarity purposes these names have been altered.
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Introduction 1.1 Motivation

From these 4 options 'Neglect' is the least favorable one, since no revenues
will be created and as stated by Klomp, these revenues are needed to cover the
total project costs [Klomp, 2013]. However the 'Neglect' scenario has occured
in practice as is shown by Figure 1.2, leaving the owner with a project that has
a negative return on investment.

Figure 1.2: Three examples of abandoned venues. From left to right: Turner Field Baseball
Stadium for the Atlanta Olympics 1996, Olympic Aquatic Centre for the Athens Olympics
2004 & Shunyi Canoeing Park for Beijing Olymics 2008

The 'Solve' option requires the lowest investments and energy expenditure
after the event while ensuring an income stream for the stadium. However
competition between bidding countries and expectations due to previous event
editions, cause nations to o�er hosting a high quality event with top facilities
and stadiums, possibly leading to the realisation of venues which o�er a greater
capacity and quality level than needed for the lifetime after the event, meaning
'Solve' is not always an option [den Hollander, 2010].
An example illustrating the situation where a project had a to high capacity
and 'Solve' was not a real option, is the Montreal Olympic Stadium. After the
Olympics the venue was assigned to host baseball matches. However, the atmo-
sphere in the stadium was terrible due to the overcapacity (Figure 1.3). Which
lead to reducing ticket sales while having relatively large maintenance costs,
causing �nancial problems for the stadium. In this case partly deconstructing
the stadium could possibly have prevented this from happening.

Figure 1.3: Montreal stadium during the Games on the left and during a baseball match on
the right.

When no new user for the venue can be found, the 'Transport' and 'Reuse'
options can be applied. 'Transport' means creating a transportable venue that
can be used at multiple events on di�erent locations. Studies in this direction
focused on creating a stadium suited for container transport. A concept either

3



1.1 Motivation Introduction

based on a given architectural design [den Hollander, 2010] [Loosjes, 2011], or
starting from scratch [Klomp, 2013]. Other research in this �eld led to the
creation of a �oating stadium, consisting of large components requiring less
(de-)construction e�orts compared to a stadium suited for container transport
[Fransen & Vermeulen, 2012]. What these studies have in common is that the
stadium after deconstruction is rebuild to ful�ll the same function. A concept
applied by Ballast Nedam in their Plug & Play strategy [Ballast Nedam, 2013].
These studies assume that there is enough demand to reuse the stadium at
future events to make the concept economically feasible. However if this is
it not the case, the stadium remains vacant and could possibly shift to the
'Neglect' scenario. Due to this concept risk another direction is investigated
in this thesis, aiming to increase the stadium reuse potential, so the shift to
'Neglect' is less likely to occur. This other direction is the 'Reuse' strategy,
which means (partly) deconstructing the stadium to �t new user requirements.
The 'Reuse' strategy has the advantage that the elements can be reused in
a more �exible manner. The reuse structure can have a di�erent structural
con�guration than the original building. This means the reuseable elements
or components appeal to a bigger market, thus increasing their reuse potential
[Crowther, 1999].
Therefore the 'Reuse' strategy is explored in this thesis, aiming to increase the
stadium reuse potential and by doing so, averting the 'Transport' concept risk.
However reusing the elements for a new structure comes with its own set of
challenges. These challenges are identi�ed by looking into reuse theories in the
next section: 'Design for Reuse'.

Design for Reuse

Before the reuse challenges are described, �rst the incentives are researched in
a broader setting than the stadium industry. Leading to a more comprehensive
view on reuse and its possible challenges.

Reuse Incentives

A building is not a static entity, it is constantly subjected to change and a
structure should be able to cope with these demand changes instead of losing
its functional purpose. The fact that building materials have di�erent life cycles
and that the durability of most materials is longer than the durability of their
functions, forms the incentive for transformation. Therefore, the speci�cation
and arrangement of materials accounts for the structure's transformation ca-
pacity and for the recycling possibilities of the materials, which is an important
aspect for Industrial Flexible Design (IFD) [Durmisevic, 2006].
Another theory called 'Legolisering' elaborates on this component life-cycle fo-
cus. It states that the building industry should strive to reach a state of indus-
trial tailor-made design. Which means the building sector changes from creating
single man-made unique products for end users, into a sector that makes unique
buildings through the assembly of standard industrialised building components.
This way the individual needs will be suited better and the economical lifetime
of the building increases, making the building more durable. The emphasis is
no longer on the life cycle of buildings but on the life cycle of the building com-
ponents [de Ridder, 2011].

4



Introduction 1.1 Motivation

In 1997 Damen consultants conducted a market research on the prospects of
the IFD concept. This research showed that IFD in the Netherlands is feasible
with three conclusions from the viewpoint of di�erent stakeholders why it was
feasible [Zeiler, 2009].

1. The consumers, asking for more �exibility due to changing demands.

2. The contractor industry, able to realize a more e�cient production process
if the marketshare of IFD buildings increases.

3. Society as a whole, which has a need for sustainable development, which is
granted by demountable construction as shown in the previous paragraph

These reuse incentives will be translated into a strategy. For this strategy to be
successful the reuse challenges are addressed in the next section.

Reuse Challenges

The non existence of a market for reuse elements is the foremost reason why the
IFD building strategy is never applied on a large scale. This market does not
exist because the building components cannot be stored and wait until a reuse
function is at hand. This is caused by the loss of investment due to the time
value of money and the costs for deconstruction plus storage [Roders, 2003].
Another challenge is de�ning the ideal (de)mountable module. The top bound-
ary of the size is given by the means of transportation and the lower boundary
by the increasing dis-assembly costs per action [Zeiler, 2009].
A third reason was lack of digital power to link the virtual modules to real world
construction projects [Lichtenberg, 2005].
The last identi�ed challenge is stated by Durmisevic, claiming that a building's
reuse capacity depends on the structure's �exibility and potential to react to
the demanded changes. A problem with this statement is that on the build-
ing site, every project su�ers from unexpected problems. These problems are
normally solved by improvisation, often leading to monolithic solutions which
reduce the building �exibility. To prevent this, preventive measures need to be
taken, ensuring that the IFD principles are also maintained during construction
[Durmisevic, 2006].
What all the reuse theories discussed in this paragraph have in common is that
they only specify the incentives and challenges of reusing elements. Some also
present abstract strategies. However, practical methods to design for reuse are
not mentioned, reducing the practical usefulness of these theories (Figure 1.4).

Figure 1.4: The available reuse theories do present the incentives and challenges for reusing
elements, but a method to implement them is missing.

5



1.2 Previous Stadium Reuse Concepts Introduction

1.2 Previous Stadium Reuse Concepts

In the stadium industry the 'Reuse' direction has not yet been implemented
successfully, it was attempted on the London 2012 Olympic Stadium but failed.
Outside the stadium industry, the reuse of structural elements from an o�ce
building in a housing project has been studied. Both these reuse projects will
be analysed in this section, looking into the methods applied for reusing the
elements.

London 2012 Olympic Stadium

A stadium 'Reuse' was implemented during the London 2012 Olympic Games.
For these Olympics sustainability was a key selling point, therefore the Olympic
Stadium consisted of a permanent concrete lower ring and a temporary steel
top ring (Figure 1.5). The temporary steel structure was to be removed after
the games, reducing the stadium capacity to a size matching the demand.

Figure 1.5: London Olympic Stadium

The steel ring is built with respect to the design for deconstruction aspects.
So Dumisevic's (2006) requirement for reusing the structural elements is met.
Also all the connections were made in a demountable way so the ring could
e�ciently be deconstructed in its components. But when looking at the other
identi�ed IFD challenge in section 1.1.2, no solution strategy is worked out to
overcome the challenge of the non existing reuse market.
Because a destination for the reusable elements was not available, no party was
interested in deconstructing the stadium and take responsibility; why invest
when there is no clear option to create a return on the investment. Due to this
lack of feasible reuse options, it was decided to let the steel ring remain and give
the stadium a new function: Host the West Ham United soccer matches.
When looking at Figure 1.6, this meant switching from the 'Reuse' strategy to
the 'Solve' strategy. In this case the switch seems a feasible solution, however
this would be a problem if such a solution is not at hand and the 'Solve' strategy
is not an option.

6



Introduction 1.2 Previous Stadium Reuse Concepts

Figure 1.6: The Solution is changed from 'Avoid' to 'Solve'.

Related Reuse Research

The London case illustrates a challenge for designing with reused elements. This
challenge is the thesis topic of Glias: 'The Donor Skelet'. The study focused on
deconstructing an empty o�ce building and reusing its concrete structural ele-
ments into a housing project, doing so in an attempt to solve the problem of the
o�ce vacancy rate in the Netherlands (14,6% at the end of 2012). A strategy is
implemented where reusable elements in an existing building are identi�ed by
hand and based on these reusable elements, a new structure is designed. The
new structure ideally build up completely from the reused elements.
Applying this strategy meant no market of reusable elements is required, since
elements are reused directly in a new project. With this approach, roughly 90%
of the elements can be reused on element level. The 10% which is not reusable,
are mostly customised elements (e.g. facade beams), which due to their custom
shape and function, are not �exible enough to �t in another structure.

Figure 1.7: Skipping the need for the reuse market.

The strategy of Glias, reusing the elements directly into a new building,
solves the challenge of the non existing reuse market 1.7. However an aver-

7



1.2 Previous Stadium Reuse Concepts Introduction

age of 10% of the building elements cannot be reused, due to their specialised
functional shape, for example facade beams. Besides the 10% non reusable ele-
ments, the elements that can be reused lose an average of 25% of their volume
due to modi�cation requirements. These modi�cation requirements consist of
two components. The �rst loss is due to the connections not being suited for
deconstruction. Therefore the connection needs to be destroyed, leading to a
loss of 20cm at each connection. The second component is a loss in element
length caused by resizing the element to �t into the new design. To minimise
this, an intensive cooperation is needed between architect and structural engi-
neer, creating a design suited for the available elements [Glias 2013].

8



Introduction 1.3 Problem De�nition

1.3 Problem De�nition

The 'Reuse' Strategy

As previously stated in Section 1.1.1, the 'Transport' strategy for stadium reuse,
has a potential demand problem. The 'Reuse' strategy aims to increase the po-
tential demand by reusing the elements in a more �exible manner, increasing
the potential demand so the demand problem of the transportable stadium is
less likely to occur.
For the 'Reuse' strategy multiple books have been written describing the in-
centives and challenges for applying reuse, however clear methods on how to
implement this knowledge into practice is not given (Figure 1.4).

Reuse Methods

The London 2012 Olympic Stadium case (Section 1.2), illustrates the reuse
challenge following from the non existing reuse market. A challenge addressed
by Glias, who proposed to reuse the elements directly into a new structure
(Figure 1.7).
In doing so the reuse challenge of the non existing market for reused elements
is solved, this method will from now on be referred to as the 'Direct Reuse'
method.

Direct Reuse Consequences

Working with a �xed set of elements reduces the design freedom, because the
design needs to be shaped to �t the available set of elements. Since the ele-
ment dimensions are �xed and the wish to create an economic structure, the
structural con�guration will play a more important role in the design procedure
compared to designing with new elements. This requires implementation of the
method in an early design phase where the shapes of the building still need to
be determined (Figure 1.8). So in the preliminary design phase, when design-
ing with reused elements, the input consists of the spatial requirements of the
building from the list of requirements, a set of �xed structural elements and an
architectural mass study.

Figure 1.9 2 shows that during design with new elements, de�ning the struc-
tural dimensions and quantities provides design �exibility in the simulation
phase due to the variety of element choices. However during design with reused
elements, de�ning the dimensions and quantities moves from providing �exi-
bility in the simulation phase to becoming an extra constraint in the analysis
phase, leading to a more complex design procedure.

This increase in complexity requires intensive collaboration between architect
and structural engineer when using the direct reuse method. When done by
hand, this resulted in a loss of reused structural volume, because elements had
to be sized to �t into the new design.

2This �gure will be explained further in section 2.3

9



1.3 Problem De�nition Introduction

Figure 1.8: Due to the required �exibility the reusable elements need to be used as input
for creating the preliminary design.

Figure 1.9: In design with reused elements, the design �exibility is reduced due to the shift
of the dimensions and quantities in the design process.

10



Introduction 1.3 Problem De�nition

Solving towards multiple design parameters, can be modeled as a large search
space of solutions with each outcome having a certain solution �tness for solv-
ing the design problem. A solution space where each solution uses (part) of
the reusable element set, utilises the structural capacity of these elements to a
percentage of their maximum and meets the spacial requirements of the reuse
design to a certain extend. Glias performed this search process using trial and
error, a time intensive method that does not give information on whether the
optimal reuse solution is found [Glias 2013].
This leads to the following problem statement:

A time e�cient design method or application for simultaneously designing
a structural frame with reused structural elements, while meeting the functional
requirements of the spaces and respecting the architectural shape, does not exist.

11
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1.4 Thesis Objectives

Reuse Concept Goal

The problem statement in the previous paragraph asks for a method or ap-
plication that creates a structural frame. Furthermore the problem statement
implies three di�erent �tness parameters for this frame:

• Reusing as many elements from the original building as possible.

• Meeting the functional requirements of the spaces following from the list
of requirements.

• Respecting the architectural shape.

These three parameters and their degrees of freedom create the solution
space for designing with reusable elements. Creating a method or application
that explores this solution space in search of the �ttest solution, is a problem
type suited for an algorithmic solution. The algorithm moves through the so-
lution space searching for the �ttest outcome. The converging speed of such
an algorithm towards the �ttest solution is potentially higher than searching
the possible outcomes by hand. Therefore the method de�ned in the problem
statement will be solved by the means of a computational application.3

The above points can be distilled into the following research goal:

Exploring the feasibility of a computational reuse strategy, linking the reusable
elements directly to their new function, while taking into account the functional
requirements of the structure and respecting the architectural shape through im-
plementation of a genetic algorithm.

The reuse application will be used for a stadium project in Al Wakrah (city
in the United Arabic Emirates), which will be partly deconstructed and its ele-
ments reused for the realisation of townships in Africa.
This thesis is the exploratory study towards reusing elements by linking them
directly to their new function. Even though the concept is tested on a Stadium,
the goal is to create a tool that can be used in a broader project spectrum than
just the stadium industry. Because it is an exploratory study, showing the fea-
sibility of the concept is the main focus.

Research Scope

This paragraph elaborates on the research �elds explored to provide a scienti�c
background for the reuse method. After this identi�cation, the research scope is
set, aiming to set clear boundaries for the research, while leaving enough room
to create the depth needed to achieve non trivial results.

3Further elaboration on why an algorithm is a possible contribution is given in section 2.4
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Research Topics

To create the optimisation tool satisfying the research goal, a literary study is
performed to set the scienti�c background needed to build the application. The
literary review is divided in �ve parts, each part forms a section in the next
chapter, these sections are:

1. Reuse Incentives
Looking into the potential of reuse from a cost and environmental perspec-
tive. This section provides information on why reuse could be feasible.

2. Element Reusability
Going into what can be reused from a building project, by looking at the
di�erent types of elements and comparing these to the requirements of
reusable elements.

3. Design Phase Implementation
A section providing information on how to implement the strategy of
reusing the elements form the viewpoint of the design process.

4. Computational Strategy Implementation
The thesis goal ends by stating a genetic algorithm will be implemented.
This section goes into why a genetic algorithm is suitable for reaching the
thesis goal and how these algorithms work.

5. Practical Reuse Implementation
The last section looks at the requirements of getting the de�ned theoretical
method into practice.
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Topics Outside Scope

In this paragraph the research boundaries are described. These boundaries are
set in such a way that the research can produce non trivial results while remain-
ing of appropriate size for a Master's thesis. The following boundaries are set
for this research:

• Only spatial requirements for the total functional space are taken into
account in the con�guration of the structural frame. Not the requirements
of the individual functions.

• Installation requirements will not be taken into account, only a recom-
mendation on how the required holes and spacings could be realised are
given.

• The literary study will show that the focus lies on structural element reuse,
cladding and �nishing will not be taken into account.

• Connections will be designed to show the feasibility of the concept. So fea-
sibility calculations are done, however the translation to de�nitive design
calculations are set out of scope.

• No structural calculations are implemented in the application, the feasi-
bility of the frame will be proven after the application is done by means
of hand calculations.
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1.5 Methodology

This section presents the structure followed to reach the thesis goal. The thesis
chapters are ordered in such a way that each chapter is based on the previous
one and forms the foundation for the next chapter. This structuring of the
di�erent chapters, including the way they are connected, is presented in Figure
1.10.

Figure 1.10: Reader Guide

Figure 1.10 starts at the bottom with the Introduction, this is the current
chapter, presenting the research topic and explaining the thesis structure.
The second chapter is the literary study, which is connected to the introduction
by the chosen research �elds. The topics inside the de�ned scope are researched
here. Figure 1.10 shows that in this chapter the topic is explored in a broad
manner, giving a wide academic foundation for the rest of the thesis, from here
on each chapter will zoom in on the set goals.
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Chapter 3 gets into the tool design aspects, in this chapter the translation is
made between the information from the literary study into a set-up for the ap-
plication. Each aspect of the literary study shapes the application. The chapter
closes with presenting the application, showing how the literary information is
implemented into the application. This is done by diagrams showing the opti-
misation process but also by presenting the Grasshopper canvas, giving insight
into the steps the application makes.
After the previous chapter is completed, the application implementation is com-
pleted, however the proper input for the application needs to be selected and
imported, which is done in chapter 4 'Case Research'. When the in- and output
of the application is collected, the program is executed. The chapter closes by
showing the application results and by presenting a 3D-model to visualise the
results.
Chapter 4, the application validation shows the correctness of the case study
results as set-up for the last chapter. This last chapter holds the discussion and
conclusion of the created application.
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"I want to move to theory. Everything works in theory."

- John Cash -
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Literary Review

The literary review is split up in 5 sections, each contributing in sketching
the literary background for the reuse application.
The �rst section provides an answer to the question: "Why reuse?", what makes
it a relevant �eld for investigation; what are the incentives.
The section 2 of the literary review investigates which factors make a building
element suitable for reuse. The section covers topics on "What to Reuse?"
Section 3 looks into the design process, creating a background for how to im-
plement the proposed reuse strategy. This section sketches the changes in the
design process due to the introduction of reusable elements and concludes by
setting the implementation boundaries for the reuse application.
Section 4 elaborates on computational methods for the design of structures.
How can these methods contribute during design, which method is chosen and
how does it work.
The �fth section discusses the requirements for the practical implementation,
required when using this method in practice.
The chapter concludes with a summary of the �ndings from the previous section,
giving an overview of the scienti�c background of the reuse method.
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2.1 Reuse Incentives

European and national legislation, like the 'Landelijk Afvalbeheerplan' in the
Netherlands, encourage society to move in a sustainable direction. The incen-
tives behind this movement are sketched in this section. The �rst two subsec-
tions 'Lifespans' and 'Waste Hierarchy' go into the environmental aspects of
reuse, while the third subsection goes into the economical incentives, leading to
a overview of the answers to the question why reuse should be pursued.

Lifespans

Each type of building element has its own (technical and economical) lifespan.
The reason for possible under-utilisation of these lifespans is described by the
living building concept (LBC) [de Ridder, 2006]. The LBC argues that the
world is changing faster than the build environment. This can lead to parts of a
building losing functional value faster than that the technical lifetime is reached.
Possibly leading to buildings becoming useless because they do not meet user
requirements anymore. Clients should be aware of changing circumstances and
insights asking for 'living buildings', factors causing these changes are:

• Users with wishes and requirements.

• The surroundings with associated stakeholders.

• The regulations for what should be established and what is allowed in
buildings.

• Technology is in a constant acceleration.

• Climate changes with rainfall, winds and temperatures.

• Changing �nancial situations.

These changes should be regarded as regular instead of exception and there-
for be incorporated in building plans to ensure the technical lifetime of the
elements are maximally utilised [de Ridder, 2006].
This under-use of the technical lifetime does not only occur at building level,
but also at component level. Some parts of the construction lose their functional
value faster than other components. Possibly leading to the situation where the
entire building becomes vacant while a signi�cant part of the structure is still
in usable.
For example, while the structure of the building may have the service life of
up to 75 years, the cladding of the building may only last 20 years. Similarly,
services may only be adequate for 15 years, and the interior can change as fre-
quently as every three years (Figure 2.1).

Nevertheless, it is common practice for parts with a relative short durability
to be �xed in permanently, preventing easy disassembly. Leading to demoli-
tion instead of deconstruction. However when the potential of disassembly is
recognised, it is possible to divert the �ow of materials from disposal and save
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Figure 2.1: Di�erent life cycles of element groups [Durmisevic, 2006].

the energy embodied in them by avoiding the demolition process 1. This way
the lifetime of the structural components can also be fully utilised, independent
from the components with a lower life expectancy. This increased lifespan util-
isation leads to a more sustainable use of materials [Lichtenberg, 2005].
Therefore an increase in sustainability can be created by reusing the building
elements with a higher life expectancy than the structure as a whole.

Waste Hierarchy

The construction industry is responsible for 40% of the waste footprint in
the Netherlands, thereby reducing the amount of construction and demolition
(C&D) waste, the building industry could have a signi�cant impact on the
Netherlands total waste output [de Ridder, 2011].
C&D waste can be divided into multiple categories, where each category has a
di�erent amount of environmental impact. To indicate the amount of environ-
mental impact, the waste categories are placed in a ladder with the least sustain-
able category at the bottom and the most sustainable at the top. There are mul-
tiple waste ladders that indicate the level of sustainability. The ladders di�er at
the bottom (Figure 2.2). Since the 'Delft Ladder' gives a more detailed division
of the categories, this ladder will be discussed further [Hendriks & Janssen, 2013].

The terms in the 'Delft Ladder' mean the following:

• Reduction: Through design with a construction con�guration requiring
minimal material volume.

• Reuse: Prolonging the life of a building or component by dismantling the
building components at the end of their functional life cycle and reusing
them in a new structure.

• Re-Cycling: Turning waste material into new products and by doing so,
reducing the demand for new raw materials.

1The relation of embodied energy to sustainability is explained in the following subsection
'Waste Hierarchy'
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Figure 2.2: Examples of wasteladder, the 'Delft Ladder' will be discussed in this thesis.

• Compost: Breaking down vegetable waste by bacteria (germs), the end
product can be used to fertilise plants.

• Burn with recuperated energy: Burning waste material as an source of
energy.

• Burn without recuperated energy: Again burning the waste material but
in this case energy has to be added to burn the waste material.

• Land�ll: Non combustible materials are disposed of as land�ll.

The top of the ladder represents the most sustainable C&D waste manage-
ment strategy, meaning besides reduce, reuse requires the least amount of energy
and has the smallest carbon footprint. The strategies lower on the ladder are
less sustainable, therefore from the environmental viewpoint, strategies high up
on the ladder should be pursued.
The top strategy, 'Reduce', is not applicable here, since the strategy from chap-
ter 1 starts from a already realised building. Next on the ladder are 'Reuse' and
'Recycle', from which the favorable one in terms of sustainability is described
by the principle embodied energy (Figure 2.3).

Figure 2.3 shows reuse strategies down to the building level 'Element', from
there on the strategies are recycling strategies, showing that reusing elements
requires less energy than recycling elements [Naber, 2012].
The strategy opted for in Chapter 1 is reusing on 'Component' or 'Element'
level. The 'Building' and 'Component' strategies represent the 'Transport' so-
lution from Chapter 1, with require less energy but are out of scope because
they are a di�erent concept type, with a risk in possible demand for the reusable
systems or buildings.
The choice for reusing on the 'Component' or 'Element' level is made in Section
2.2.

The waste hierarchies form a theoretical background indicating a sustainable
direction for the building industry. To get the sector moving in this sustainable
direction, waste handling legislationâ��s have been developed on a national
and European scale. The European Unionâ��s Waste Framework Directive
(WFD) requires 70% of each member stateâ��s C&D waste to be reused or
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Figure 2.3: The Embodied energy in a structure, where each vertical movement of the line
represents energy being used [Naber, 2012].

recycled by 2020. However, since each member state had to incorporate the re-
quirements into their own legislation, the methods for achieving this target will
vary across the continent. While Germany, Denmark, Ireland, the Netherlands
and the United Kingdom have already surpassed the Waste Framework Direc-
tiveâ��s C&D waste requirements (Figure 2.1), countries such as Spain, Poland
and Greece have diversion rates which are currently below 20% [Je�rey, 2011].

Table 2.1: C&D waste management percentages from 2006-2010 in the Netherlands
[Rijkswaterstaat, 2013].

The sustainability goals in legislation refer to the recycling of C&D waste,
the goals do not give an incentive towards reuse. However based on the 'Delft
Ladder' and looking at embodied energy, reusing is a more sustainable solution
than recycling. The di�erence in sustainability between the two is sketched in
Figure 2.4. Comparing the recycle steps to reuse, it becomes clear that recy-
cling requires more processing thus energy, which makes reuse environmentally
more attractive. To put this di�erence in numbers, Glias has calculated that
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the environmental impact of reusing structural elements compared to elements
made with 100% recycled concrete aggregate are reduced 75% [Glias 2013].

Figure 2.4: Di�erence between reuse and recycle [Durmisevic, 2006]

So while the waste management strategies for C&D waste focuse on recycling,
a more sustainable design strategy would be to minimise the total mass of the
material that will be recycled and to maximise the material that is reused. Now
the incentives towards reuse from an environmental point of view are identi�ed,
the next subsection looks to the incentives from an economical viewpoint.

Economical Incentives

In 2005 the costs for demolishing, transporting and dumping the C&D waste of
a building was 20 euro cents per kilogram, creating a new building costs 80 euro
cent per kilogram. However even though the deconstruction and demolition
costs equal 25% of the building costs ([Lichtenberg, 2005]), reusing elements is
not common practice, partly due to acclaimed negative �nancial aspects.
One of these �nancial aspects is that creating a building designed for deconstruc-
tion (DfD) is more expensive than not doing so. These extra costs need to be
made in the construction phase, an early phase of the buildings lifetime. Due to
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the time value of money and the uncertainty whether the elements will be reused,
investors are not likely to make these extra costs [te Dorsthorst et al., 2000].
To reduce the uncertainty of reuse, the strategy proposed in chapter 1, works
from a situation where the reuse project is known beforehand, however this is
not possible for every project. To reduce the reuse uncertainty, the government
can implement legislation requiring reuse of buildings on 'Element' or 'Compo-
nent' level (Figure 2.3).
The time value of money is a factor that cannot be reduced, however through
legislation or subsidies for reusing elements, its in�uence towards not choosing
DfD can be reduced.

When looking at the building elements, the di�erence in costs for DfD versus
not applying DfD comes from two factors. The �rst is over-dimensioning of the
elements. Either the elements are bigger, to later suit their reuse function or
due to the higher load in the original function, the elements will not be loaded
to maximum capacity during reuse [Huijbrechts, 2010].
The second factor is the di�erence in costs between the process of manufacturing
new elements and the process of dis-assembling reusable elements. Where the
factor of overdimensioning will always increase costs due to reuse, this second
factor can also be favorably towards reuse as calculated by Glias. Glias con-
cluded that a reused concrete element is 50% cheaper than a new one 2 because
creating cement is 80% of primary energy expenditure, a procedure not required
when reusing [Glias 2013].
During these calculations the donor building was not built for deconstruction
and the elements had to be retracted by sawing them out of the frame. This
relatively energy intensive retraction method could be avoided by applying less
energy and labor intensive connections, increasing the �nancial gain of reusing
elements.

This labor intensity is an important factor. Since the cost of materials are
low in comparison with the cost of labor, it is â��cheaperâ�� to waste mate-
rials rather than invest more time in using materials e�ciently ([Hobbs, 2011]).
Meaning the labor intensiveness of the connections and deconstruction process
is vital to whether reuse is economically bene�cial or not.
The paradigm here is that during construction, creating monolithic solutions is
seen as a labor extensive procedure, leading to many monolithic connections,
which later on make the deconstruction process labor intensive and thus �nan-
cially unattractive.

Overview of Reuse incentives

The incentives for pursuing reuse are divided into environmental and economi-
cal incentives.
The environmental reuse incentives are that it leads to a higher element lifetime
utilisation and that the embodied energy retained inside the elements is higher
compared to recycling C&D waste.
Whether the economic incentives are positive or negative is less clear compared
to the environmental ones. Theoretical studies claim reuse is economically ben-

2This percentage is based on a �ctional test case.
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e�cial, however in practice this has not been proven yet. And due to the un-
certainty on the return of investment, private parties are not yet applying DfD
construction on a regular basis. What is certain is that the type of connections
in a building and their labor intensiveness in�uence whether or not there will be
economic bene�ts from reuse and by setting up reuse legislation or government
funding, reuse can be made more attractive and reduce the uncertainty which
is currently holding back the development of reuse projects in practice.
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2.2 Element Re-usability

After previously looking into the incentives for reuse, the question "What can
be reused?" will be the main topic for this section. To determine the suitability
of an element for reuse, the �rst look will be into the Industrial Flexible Design
(IFD) strategy. This is done due the need for �exibility identi�ed in the subsec-
tion 'Lifespans'. Based on the IFD principles a further look will be given into
the topics 'Element Levels' and 'DfD Element Requirements'.

IFD Strategy

The section on element lifespans identi�ed that there occur di�erences in techni-
cal and economical lifetime between di�erent components in the same building.
Being able to update a building so it remains usable or to reuse the elements in
a new structure, requires �exibility. One of the main strategies for �exibility in
constructions is the Industrial Flexible Design (IFD) strategy.

IFD construction is an integrated approach for design and construction. It is
a process where during the design phase the practical implementation of the de-
sign is thought through. While doing so also respecting possible future changes
to the building. To achieve this, the building is created from demountable
standardised industrial components. By using these components the realised
structures can be easily adapted when the building demands change.
Because the building is now more �exible in following the whishes of the users,
the lifespan of the building as a whole increases [Roders, 2003]. Alternatively
by applying the IFD principles, the elements can also be disconnected from the
frame and be reused in a di�erent project.

The IFD strategy focuses on creating the components providing this �exi-
bility. The main questions for these IFD components are which type of building
components can be reused and what are the requirements for these elements
[de Ridder, 2011]. These are the topics for the following two subsections.

Element Levels

Available Level Theories

There are multiple theories which de�ne element levels or construction levels.
These theories have in common that the identi�ed element levels can be installed
and replaced with minimal in�uence to the other levels, aiming to increase the
inter-level �exibility. This will speed up the design process, because no complex
adaptive system (for instance a building) will succeed in adapting in a reason-
able amount of time unless the adaptation can occur subsystem by subsystem,
each subsystem relatively independent of the others [Alexander, 1964].
The 'Open Bouwen' design methodology is one of these theories. It is primarily
intended as an organised way of responding to the demands of diversity, adapt-
ability and user involvement in the built environment. Making structures able
to respond to the various needs of individual users.
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'Open Bouwen' approaches the built environment as a constantly changing prod-
uct, much like the living building concept, with the changes resulting from de-
cisions made at various levels. The levels are distinguished as: city structure,
urban tissue, support, space and furniture. (Figure 2.5).
The 'Open Bouwen' levels are set in such a way that the need for change at a
lower level emerges faster than at upper levels. The method aims at a situation
where decisions to be made at a lower level require no or only minor changes on
a higher level [Zeiler, 2009].

Figure 2.5: The di�erent levels of the Open Bouwen method, compared to the levels of
Integral Design.

The concept of 'Slim Bouwen' agrees with the required divisions and presents
a sequential building constructed from decoupled building elements, creating the
opportunity for the lower level groups to be changed (Figure 2.6). A decoupling
leading to high �exibiliy in later life stages of the building. The goal of this
decoupled, sequential levels is to minimise the dependency of the process parts.

1. Casco (Structural Frame): The realisation of the structural frame, con-
sisting of beams, columns, �oors and load baring walls.

2. Gevel + Dak (Facade + Roof): The realisation of the roof and facade,
forming the shell of the building.

3. Installaties (Installations): This are the installations for which in the pre-
vious phases, measures have been taken to �t these in.

4. Inbouw (Non Structural Elements): This is the realisation of the interior
walls, deviding the spaces up in the desired con�guration.

5. Oplevering (Delivering): Handover of the building to the user, after which
he is able to import his desired furniture and start utilising the building.

27



2.2 Element Re-usability Literary Review

Figure 2.6: The sequential building process of the 'Slim Bouwen' Method, aiming to min-
imise the dependency of the building phases.

The theories of 'Slim Bouwen' and 'Open Bouwen', present respectively a
hierarchic division in element levels and sequential installation process to create
the required �exibility for implementing IFD in practice. Another �exibility
factor is that the lifespans on each level are roughly the same (Figure 2.1).
So reducing the inter-connectivity between the levels, provides the required
accessibility for each type of change during the buildings lifetime.

Designer versus User Division

The 'Open Bouwen' methodology proposes a division between the support and
the space level. The support level being the structural frame and the space
level consisting of the interior walls, windows etc. de�ning the interior layout
of the building. This is because the structural framework has a public function
subjected to several building regulations.
On the other hand the interior building elements are products which can be
totally decided upon by the user. In most cases people change their homes on
interior level. Therefore interior building elements, in contrast to the structural
framework, require a consumer aimed production and marketing process.
'Slim Bouwen' makes the same division between public and private levels. Spa-
cial division and furniture should be determined by the client and are also the
two groups most frequently dealing with changing requirements [Lichtenberg, 2005].

Reusable Element Levels

Based on the division between the structural framework and the lower element
levels, the amount of expected change and technical element life expectancies,
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the decision is made to create a reuse strategy aimed on reusing structural ele-
ments.
While the theories of 'Open Bouwen' and 'Smart Bouwen' are written for creat-
ing a �exible building, the same principles are assumed to hold for reusing the
elements in a new building.
This assumption is made based on the fact that in case of reuse, the required
changes are originating at the level of 'City Structure', 'Urban Tissue' or 'Sup-
port' (Figure 2.5), invoking changes from that level down to the lowest level.
However the requirements to the structural elements for the new project will
probably not have changed that much as mentioned by 'Slim Bouwen', which
means they can be reused.
The element levels below the structural frame are bound to user whishes and
have lower life expectancies, the chance that the elements on these levels can
be reused is allot smaller. Leading to the decision that these elements are not
taken into account in the reuse strategy developed in this thesis.
The structural elements account for 90% of the structural mass, creating a big
impact on the environmental footprint of the building [Naber, 2012]. Therefore
developing a reuse method for these type of elements can have a signi�cant en-
vironmental impact. Besides the environmental impact, the economical value
during reuse will also be in these structural elements, due to the small changes
in requirements on this element level and their long life expectancy. Combining
this with the positive economical feasibility study from Glias, makes forming a
reuse strategy around the structural elements an interesting business case.

DfD Element Requirements

Setting the reuse scope to structural elements, creates boundaries for the reuse
model input. To further analyse the possible input boundaries, this subsection
goes into the boundaries set by the in�uence of material and connection types,
analyzing the possible types of reusable structural elements.

Material versus Connections

Looking at material types the most e�ective way for steel to support DfD is to
increase the reuse potential of other materials by applying steel as intermediary
component in connections [Edmons & Gorgolewski, 2000]. This statement sug-
gests the reusability is not so much determined by the type of material but by
the connection types available for this material type.
This statement is supported by Webster & Costello in their research to reusing
concrete. Stating concrete is perhaps the most challenging material to disassem-
ble for future reuse, because concrete elements are heavy and di�cult to move.
Also cast-in-place elements are not connected with joints, which can easily be
disconnected and dismantled. Therefor precast concrete has greater potential
for reuse because these elements are often connected by mechanical fasteners, in-
creasing the dismantling options. However precast elements are often combined
with cast-in-place toppings, making it harder to disassemble elements without
damaging them [Webster & Costello, 2005].
For that reason using cast-in-place concrete should be avoided when applying
DfD.
This statement is countered by Naber, stating that cast-in-place toppings crack
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o� when moving the elements during deconstruction, meaning an increase of
feasibility for reusing these types of �oors [Naber, 2012].
Glias calculated �nancial feasibility, the research studied reuse of a concrete
structural frame without DfD principles. The calculations showed reuse in this
case was still feasible, but that the monolithic character did cause a loss in
reusable structural mass due to the need of destroying the area surounding the
connections (20cm per connection) [Glias 2013].
The reusability of structural elements is therefor assumed to mainly depend on
the connection type and less on the material type. Secondly 'dry' connections
are favored. However if the lifespan of a material type is rather low, the reusabil-
ity of this material reduces.
For the traditional building materials of steel and concrete the lifespan is as-
sumed longer than the lifespan of the total building [de Ridder, 2011].

Element Type

Next the in�uence of the type of structural element is investigated. 'Slim
Bouwen' states that the construction world has been building the same way
for years. There is lots of innovation on a component level, but not in struc-
tural con�guration [Lichtenberg, 2005].
This statement combined with the element levels, where the division is made
between structural frame and �nishing, suggests that structural elements placed
for facades or roof support are to be excluded from the reuse model. Since these
elements have a lower lifespan and are more subjected to change.

Reusable Elements

The consequence of this is that the elements that remain suitable for reuse are
the columns, beams and �oorplates. Which are used in roughly the same way for
years and years as suggested by 'Slim Bouwen' and for the traditional building
materials steel and concrete have a longer expected lifespan than the building
as a whole. 3

Overview of Reusable Element Types

Based on the division between the structural framework and the lower element
levels, due to the amount of expected change and di�erences in life expectancies,
the decision is made to create a reuse strategy aimed on reusing the structural
elements.
Due to their generic character, the structural elements suitable for reuse are the
columns, beams and �oorplates.
These structural elements on average account for 90% of the structural mass, cre-
ating a big impact on the environmental footprint of the building [Naber, 2012].
Combined with the positive economical feasibility study from Glias, this indi-
cates the relevance of forming a reuse strategy for structural elements.

3For other materials the lifespan has to be investigated, when the technical lifespan of these
materials is higher than the lower level elements, this material is also suitable for reuse.
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2.3 Design Phase Implementation

The previous section elaborated on 'What to Reuse?', resulting in the reuse
of the structural element set. The next question is 'How to Reuse?'. This
question is studied in three sections, with this �rst section looking into the
design process.
The main research topic for this part is: 'How to implement the �xed set of
reusable elements in the design process, while respecting the application goals.'
To address this topic, the design process and its design freedom are analysed
and the changes that occur in this process when a reusable set of elements is
introduced.

Design Process

To investigate the implications of designing with reused elements �rst the project
life-cycle for designing without reuse is dicussed, this cycle is presented in Figure
2.7 [Hertogh & Soons, 2012]. After the initiative for the project (based on a
need or a wish), the project requirements are assembled in a list of requirements
(LoR). This list forms the basis towards which each design proposal is evaluated.

Figure 2.7: Total project life cycle, without reuse [Hertogh & Soons, 2012].

Design Process without Reuse

The design is based on the LoR and evolves in multiple steps, each step being
more detailed than the previous with as �nal product the 'Construction Design'
containing all the information needed to construct the building. The process
of detailing the design from the 'Preliminary Design' all the way to the detail
level of a 'Construction Design' happens through an iterative cycle presented by
Figure 2.8 [Hertogh & Soons, 2012]. Each design stage can take multiple runs
through the loop, until the result for the current design stage is satisfactory to
the designer.

Ideally these iteration cycles are done in cooperation between architect and
engineer. The architect responsible for the representation of the esthetic aspects
and the constructor responsible for the technical aspects [Terwel et al. 2009].
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Figure 2.8: Design with new Elements iteration steps, the process to come to higher detail
level in the design [Hertogh & Soons, 2012].

This cooperation and interaction takes places in multiple disciplines.4

For the structural elements, which will be reused, the interaction takes place
between the 'Spaces' and the 'Frame'. 'Spaces' meaning the geometry of the
total structure plus the rooms inside the building and 'Frame' being the struc-
tural elements forming the boundaries of the 'Spaces' (the boundaries in this
scope only consisting of the structural element types: beams, columns and �oor
plates). Both disciplines in�uence each other as indicated by the circular ar-
rows in Figure 2.8. The amount of in�uence and which of the two disciplines is
governing to the other, di�ers per project [Kleinsman, 2006].
After synthesis the next step in the design iteration is simulation (Figure 2.8).
In this step the dimensions for the elements in the structural frame are calcu-
lated based on the building codes. Due to the amount of element options, the
dimensioning results in an element which is loaded near its structural capacity,
leading to an economical element choice.

4Disciplines like building services and facades are not taken into account, since these should
be implemented separately from the structural elements according to 'Slimbouwen' and 'Open
Bouwen' [Lichtenberg, 2005][Zeiler, 2009].
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Figure 2.9: Design with Reusable Elements iteration steps, the process to come to higher
detail level in the design.

Design Process with Reuse

When designing with reusable elements, changes occur in the iteration cycle.
When applying the direct reuse method (section 1.3), the element dimensioning
moves from providing �exibility in the simulation phase to becoming an extra
constraint in the analysis (Figure 2.9). Leading to a reduction in design �exibil-
ity which occurs early in the project cycle, namely during assmbly of the LoR
(Figure 2.7).
Besides this input and �exibility change, the process in the simulation phase
changes. During the �rst design cycle, the 'Frame' knowledge is already in a
very detailed stage, because the structural elements are already de�ned on the
'Construction Design' level. However the information on the 'Spaces' is still on
a very conceptual level ('Preliminary Design' stage, Figure 2.7). This di�erence
in detailing level forces the in�uence of the 'Frame' on the 'Spaces' to be rela-
tively large compared to the in�uence in the other direction as indicated by the
arrow size in Figure 2.9.
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Information versus Flexibility

The di�erence in detailing level is sketched based on the MacLeamy curve (Fig-
ure 2.10) [Coenders, 2011]. Each design cycle (Figure 2.8) is a step to the right
in Figure 2.10, gaining more information on the design and making choices based
on this information, bringing the design closer to the �nal form and reducing
the design �exibility.

Figure 2.10: Development of the design �exibility and information during the design process.
(Image Courtesy by Coenders)

In a design process with new elements, each design aspect is on roughly the
same detailing level. During the design process when one aspect gets changed
it in�uences the other aspects, causing them to change/require more detailing
as well.
However as mentioned before, when designing with reusable elements the struc-
tural frame is in a more detailed stage ('Constructive Design' stage, Figure 2.7)
than the other design aspects ('Preliminary Design' stage, Figure 2.7). This
leads to a di�erence in design freedom and information between these aspects
as shown in Figure 2.11.

Design Di�culty

This di�erence in detailing level between the di�erent design aspects, forces the
other design aspects to be shaped towards the structural elements, due to the re-
duced �exibility on this aspect. This causes a strain on the design process, since
the other design aspects now balance between matching the available structural
elements and �nding the optimal building shape. This increased design di�-
culty is one of the bottlenecks identi�ed when implementing IFD buildings in
practice [Roders, 2003].
Glias identi�ed this while researching the reuse of concrete elements from an of-
�ce building into a housing project. Stating an intensive collaboration between
architect and engineer is required for this kind of design process. The di�culty
of reusing the structural element set, while respecting the other building as-
pects, resulted in reducing the lengths of multiple elements and not reusing a
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Figure 2.11: Di�erence in design stages between the structural frame and other design
aspects.(Image Courtesy by Coenders)

number of elements at all [Glias 2013].
Both the last two measures are consolidations in terms of the reuse aspect, be-
cause ideally these elements are implemented without requiring extra actions
like cutting the elements to the right dimensions. Also the elements in the
second design being over dimensioned is economically and environmentally not
ideal, again consolidations made due to the reduced �exibility of the structural
element aspect.

The reduction in �exibility caused by the detailed structural elements, seems
to in�uence the amount of e�ort required to come to a design suiting all design
aspects. Coenders describes how computation in the building industry can
in�uence the amount of �exibility and information during the design process
[Coenders, 2011]. Since the design process is strained in this situation through
a design �exibility issue, the possible contributions of computation in this �eld
are researched next.

Software in the Design Process

One of the purposes of digital tools developed for the conceptual design stage
is to aid the engineer in exploring the design space [van den Weerd et al. 2012].
This statement is further explained by Coenders, elaborating on the possible
changes in design �exibility and information caused by digital tools as shown in
Figure 2.12 [Coenders, 2011].

The top right �gure in Figure 2.12 shows the possibilities provided by ap-
plying computational tools, the amount of design information is shifted towards
the front of the design process, enabling the designer to make better informed
decisions. And the applications also provide more �exibility in the later stages,
again leading to better informed decisions (Figure 2.12 bottom left). The ap-
plications also provide design information during the building lifecycle (Figure
2.12 bottom right), informing the user about the current state of the building,
so changes (for example in case of renovation or reuse projects) can be made
based on accurate data.
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Figure 2.12: Possibilities in design �exibility and information due to use of computational
applications in the design process.(Image Courtesy by Coenders)

Reuse Design Process

The complexity of designing with reusable elements is caused by the di�erent
detailing level of the design aspects during the design process. To this end, the
shift in �exibility and information provided by computational design tools (Fig-
ure 2.12), could aid in reducing the identi�ed complexity of di�erent detailing
levels.
The second part of the increased complexity is the wish to exactly reuse the
available set of elements in a con�guration matching the desired building shape.
Both of the previously mentioned aspects increase the complexity of the design
due to their required level of �exibility. Therefore, when looking at the design
chain, the earlier the application is implemented in the design process, the bet-
ter. Thus the application is implemented in the phase where the requirements
from the LoR are translated into a preliminary design with a structural shape
(Figure 2.13).

In Figure 2.13 the black arrows show the project phases where the applica-
tion will be implemented. Meaning the available information at this stage is a
list of requirements for the reuse project and a �xed set of elements from the
existing building.
So far no architectural input is implemented, while the reuse project requires
shape guidance to �t its new function. When looking at the �rst step in the
design process of a building, the architect starts o� with a building mass study.
The application will be implementated after this mass study comes available,
this study provides the guidance towards the demanded the building shape,
while assuming enough freedom to create the structural frame.

The possible contribution of the computational application in reuse design
is now identi�ed, however the methods in the computational application are not
yet de�ned. The available methods are researched in the next section.
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Figure 2.13: Ideal interaction moment between design 1 and design 2, based on required
�exibility.
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2.4 Computational Strategy

The previous section introduced computational design tools as an option for
coping with the complications from designing with reusable elements. The �rst
complicating issue being the di�erence in detail levels and the second compo-
nent being the con�guration problem, due to the wish to reuse all the elements
available from the existing building.
A method to solve these kind of issues are algorithms. This paragraph elabo-
rates on what this method type is, what its main components are and why this
method is suited for the direct reuse strategy.

Algorithm Introduction

Algorithms can be seen as methods for solving well-speci�ed computational
problems. The problem statement speci�es the desired input to output relation
and the algorithm describes a speci�c computational procedure for achieving
this relation. The problem statement can contain a wide variety of problems,
with each problem requiring its own customised algorithm. The customised al-
gorithm works when, for every input form the problem can have, it stops at the
correct output [Cormen et al., 1990].
Due to the wide variety of problems, algorithms come in multiple forms. One of
these forms is the 'Genetic Algorithm' (GA). GA's resemble the biological pro-
cess of evolution. Evolution is a parallel search method, used to search among
an enormous number of possibilities for the desired solutions. The enormous set
of possibilities is the set of possible genetic sequences and the desired solutions
are highly �t organisms well able to survive and reproduce in their environments
[Mitchell, 1999].
With the parallelism of the search method is meant that, rather than testing
one species at a time, evolution tests and changes millions of species in parallel,
following the rules: evolution by means of random variation, followed by natural
selection in which the �ttest tend to survive and reproduce, thus propagating
their genetic material to future generations. The �tness of an organism is typi-
cally de�ned as the probability that the organism will live to reproduce or as a
function of the number of o�spring the organism had.
This search method shows similarities with the design of structures, because a
designer also strives to �nd the best �t solution among an enormous number
of possibilities. Doing so by evolving the most feasible concepts into new ones
and combining their strong points. The di�erence between the two is that the
designer makes these decisions based on deduction and experience, while the
algorithm does this based on random variation.
Due to the similarities between the GA method and designing, GA's are thought
to be a suitable algorithm type for designing with reusable elements.

Genetic Algorithm Process

The species or organisms in the genetic algorithm can be thought of as chromo-
somes, in which each chromosome refers to a candidate solution of the problem.
These chromosomes are divided into genes, a gene encodes for a particular el-
ement of the candidate solution called a trait, such as eye color. The di�erent
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possible settings for a trait (e.g. blue, brown, etc.) are called alleles. Each gene
is located at a particular locus (position) on the chromosome. (Figure 2.14)

Figure 2.14: Build up of a genetic algorithm chromosome.

Algorithm Search Space

All the possible combinations of the alleles from the genes together, form the
search space of the algorithm. The algorithm itself is the method to move
through this search space, looking for the solution with the highest �tness.
The next candidate solutions to be tested will depend on the results of test-
ing previous sequences, because most usefull algorithms assume that there will
be some correlation between the quality of neighboring candidate solutions
[Mitchell, 1999].

Algorithm Iteration Cycle

First a random population (group) of chromosomes is created. These chromo-
somes are tested by the �tness function, resulting in the �tness score of each
chromosome in the population. (Figure 2.15)
In step 2 chromosomes from this population are selected, with high �tness chro-
mosomes having a bigger chance to get picked compared to low �tness chro-
mosomes. During this process the same chromosome can be chosen more than
once. The choosing process continues untill a su�ciently large new population
is created. The number of chromosomes to be su�cient has to be chosen by the
algorithm programmer and is in practice often set to 4.
When the new population is created, this population will be modi�ed in two
steps. First the chromosomes will crossover and after that they will mutate. The
crossover operator randomly chooses a locus and exchanges the sub-sequence
before and after that locus, between two chromosomes, creating two new so-
lutions, called o�spring. For example the string 10000100 and 11111111 could
be crossed over after the fourth locus, to produce the o�spring 10011111 and
11100100. The crossover roughly mimics biological recombination between two
single chromosome organisms.
After the crossover operator is done, the mutation operator randomly �ips some
of the bits in a chromosome. For example, the string 10001111 might be mu-
tated in its second position to become 11001111. Mutation can occur at each
bit position in a string with some probability.
When the crossover and mutation have occurred the new generation is ready to
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be scored, after which an iteration cycle is completed.
These steps are repeated a set number of time or when a su�cient �tness degree
is reached, this required �tness is set by the programmer[Mitchell, 1999].

Figure 2.15: The cyclic process of a genetic algorithm

Elitsm

During the GA selection step, �t solutions have a high chance to reproduce to
the next generation. However this reproduction is not guaranteed. To ensure
that the �ttest solution does not get lost, 'Elitism' was introduced. This method
adds the �ttest solution to the next generation in case the �ttest solution was
not picked. This procedure mainly increases the converging speed towards local
optima, but also has a positive e�ect on the global converging speed of the GA
[de Jong, 1975].
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Algorithm Conclusion

Due to the similarities with the design process, a genetic algorithm will be imple-
mented to search for the �ttest solution. Di�erent solutions for the problem will
be combined by means of selection, crossover and mutation, while implementing
elitism. These techniques are used to explore the solution space in order to �nd
the optimal structural con�guration for the reusable elements, while respecting
the required amount of �oorspace, available elements and given building mass.

After the frame con�guration is found, the next step is to translate it into a
'Construction Design' (Figure 2.7). To this end, pratical knowlegde on how to
create reusable connections is required, which is researched in the next section.
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2.5 Practical Reuse Aspects

So far the literature study covered theoretical aspects, however one of the bot-
tlenecks in IFD construction is the link towards practice [Roders, 2003]. This
section covers this link to practice. Doing so by looking into the requirements
for deconstruct-able elements, so that during the case study these aspects can
be taken into account when making the design choices. The researched aspects
in this section are: element sizes, connection requirements and transport. The
material type will no longer be discussed, as it was concluded in section 2.3
that not the material, but the connection type is governing when looking at
reusability.

DfD Element Sizes

Section 2.3 states that prefabricated structural elements from any material type
can be reused, but what are the ideal sizes from the disassemblers point of view?
Since disassembly is the opposite process of building, the construction should
favorably be disassembled on the same level as which it was assembled. A higher
level is harder to realize, because of transportation and a lower level is not fa-
vorable since this often means downgrading the elements [Naber, 2012].
For the dismantling party it is also easier to disassemble a building with several
large elements rather than lots of smaller members, even though this requires
heavier equipment. Large elements can easily resist small damages and with
fewer elements the deconstruction time decreases.
Also, by reducing the amount of di�erent components, the sorting process will
be much easier. Besides, when large quantities of the same component be-
come available after disassembling, they are more attractive for reuse com-
pared to small quantities. And during mass production of these large quanti-
ties, the quality of the components can also be controlled better [Adams, 1989]
[Hon et al., 1988].

Concluding for the element sizes, is that a set of large structural elements
with high repetition is preferred. The upper limit of these sizes is caused by the
transport aspect, discussed in section 2.5.3.

DfD Connection Requirements

When designing the connections, the demountability depends on the following
guidelines:

• Apply reusable �xings [Crowther, 1999]
When designing for deconstruction, reusable �xings are preferred. Bolted
connections are easier to disassemble than welded connections, further-
more the bolts can be reused, while the weld material has less value after
deconstruction. Also the risk on damaging the members is lower when
using reusable connections (because the yield stress of the connection is
often higher than the yield stress of the member). Therefore in DfD cast
joints, glued �xation and elastic sealant should be used as least a possible.
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• Easy and permanent access [Crowther, 1999]
The connections should be easily accessible to ensure a fast deconstruction
process. Also the elements should be able to act as independently as
possible, because the more composite action there is, the more di�cult it
is to separate (reuse of the composite element as a whole can be the more
economical choice).

• Standardized assembly techniques [CIRIA, 1983]
Using well known assembly technologies ensures that no specialist labor
and equipment is needed during the disassembly. This means that the
process of dismounting the connections is faster/cheaper and has a lower
chance of mistakes.

• Maximize repetition in the �xings [Crowther, 1999]
Less connection types, meaning less actions/discussions are required dur-
ing deconstruction. Thereby maximizing the repetition leads to a quicker
and more economical deconstruction process. In the design phase this
can be achieved by using the same type of connection, for example end-
plates for all beam to column connections or using one type of bolt in the
connections.

• Design redundant connections [CIRIA, 1983]
Applying redundant connections reduces component and material dam-
age/deformation during (repeated) assembly and disassembly. Leading to
a higher reuse percentage of the material and elements. Also tolerances
should be provided ensuring the required movement during disassembly.
These tolerances can be larger than those required for the initial manu-
facture or assembly process.

• Connections per material [Crowther, 1999]
Steel construction with bolted connections provide the largest variety and
�exibility of dismountable connections systems, which means it's most ap-
propriate for disassembly. This also re�ects in concrete structures where
steel end �xings and bolted connections are preferred to grouted connec-
tions.

A side note to these guidelines is that they should not only be applied in
the design, but also controlled during construction. One of the problems with
DfD connections in practice is that buildings designed with a demountable sys-
tem were not always assembled as such. Poor collaboration between precast
manufacturer, engineer and building contractor was usually the cause. Leading
to improvisation, where in some cases the connections were �xed with cement,
straining the deconstruction process [te Dorsthorst et al., 2000].

Transport

The section on the waste hierarchy showed that decomposing a building on a
higher building level, means less embodied energy gets lost, implying a higher
level of sustainability. Naber argues in her thesis that the 'Component' level
(Figure 2.3) is the highest possible level of reuse when the building parts are to
be transported after disassembly [Naber, 2012].
However a construction project in the Netherlands has proven otherwise. For
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the project 'De Bolder', the entire building was assembled in a factory, while
the foundation was made on site. When the building was assembled, it was
transported in one piece to the �nal location (Figure 2.16).

Figure 2.16: 'De Bolder' transported as a whole over to its �nal location.

This case proves that the maximum component size in which the building
needs to be deconstructed, depends on the available transportation. However
since this thesis aims to create and show the feasibility of a new reuse concept,
the means of transportation chosen need to be widely available and generally
accepted.
These widely available means of transport are investigated by Klomp, looking
for the most economical way to transport the stadium elements from location
A to location B. The conclusion of this study wrote: 'Although permit based
transportation via trucks leads to larger possible elements, which lowers assem-
bly costs, the employability of the stadium is limited when only special road
transport is possible. Furthermore, transport by road is more expensive com-
pared to transport via containers over water. [Hollandia, 2013]
Thus, road transport for special elements should be minimized and the sta-
dium should be transported with sea containers. Hence, the stadium struc-
tural elements ought to be optimized regarding the sea container dimensions.'
[Klomp, 2013]
For the disassembly this means that the transportable components are max-
imised to the dimensions of a 40ft sea container (Figure 2.17).

Klomp also stated that the maximum container weight was governing over
the container dimensions. This has e�ect on the component shapes, since now
concessions can be made on the ideal stacking shape of the elements, because
the container will not be �lled to the top [Klomp, 2013].
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Figure 2.17: Container dimensions and maximum weight

Practical Implementation Conclusions

Based on the research topics in this section, the practical implementation for
reuse depends on the components being deconstructed in the same order as they
were assembled, preferring large components with a lot of repetition.
The connections depend on certain guidelines to be demountable . Besides
following these guidelines, also communication between precast manufacturer,
engineer and building contractor needs to be monitored, ensuring no permanent
solution is applied due to on site improvisation.
Finally to ensure �exibility of the reusable elements, the elements should �t into
40ft containers. Since the element weight will most likely be governing over the
volume of the elements, concessions can be made on the ideal element stacking
shape.
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3 | Application Design

"Design works if it's authentic, inspired, and has a clear

point of view. It can't be a collection of input."

- Ron Johnson -
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The literary review created a setup for the application, with each section
narrowing down the research �eld. This chapter positions the reuse application,
used to reach the thesis goal, inside these literary bounds.
Section 1 goes into where and how the application is implemented in the design
process. With this decision set, Section 2 covers the application input based
on the information available in the chosen design phase. Section 3 discusses
the output, ensuring the products of the application are useful in the design
process, before working out the process inside the application. This inside pro-
cess is described in Section 4 and 5, with Section 4 de�ning the building blocks
of the structural frame, called subsets and Section 5 describing the reuse algo-
rithm, con�guring these building blocks to user wishes. The �nal section is a
presentation of the UML model of the application, combining the computational
decisions de�ned in the previous paragraphs into one �gure.
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3.1 Design Chain Implementation

The literature review Section 2.3 suggests implementing the application in an
early design phase to ensure enough �exibility. This section elaborates on how
the application is implemented through discussing the options given by the
design iteration cycle.

Preliminary Design Implementation

The implementation in the preliminary design phase can be done in multiple
stages. Based on the design iteration cycle, the three stages before 'Decision'
are discussed as possibilities for implementing the strategy (Figure 3.1).

Figure 3.1: Possible applcation implementation moments in the design iteration cycle.

Implementation Options

The �rst strategy is implementing the elements in the 'Synthesis' step (purple
line in Figure 3.1). Using this strategy the constructed frames consist of the
available reusable elements and their dimensions, so the frames can only dif-
fer in con�guration. Leading to a relatively high loss in �exibility compared
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to the other strategies, reducing the in�uence of the 'Spaces' on the 'Frame'.
Meanwhile this strategy assures that the designed frame respects the type of
elements available, making it more likely that the resulting frame satis�es the
reuse constraint created by the �xed set of elements (Section 2.3).
The red strategy imports the available element set in the 'Simulation' step.
The designed frame is constructed entirely out of element types available in the
reusable element set, but the lengths of the elements are de�ned in the synthe-
sis phase, to better �t the demands for the 'Spaces'. This means the method
gives more design �exibility, but potentially reduces the structural mass reuse
percentage and also reducing the structural capacity utilisation because the el-
ements are reduced in length, reducing the internal forces when loads stay the
same. Thus in the red strategy the reuse constraint is less leading compared to
the purple strategy, but the design �exibility is increased.
The blue strategy implements the reusable set one step later than the red strat-
egy, following the traditional design iteration steps until evaluation. During
evaluation the dimensioned element set is compared to the reusable element set.
Di�erences can now not only occur in the amount and length of the elements
used, but also on their type. So the blue strategy gives even more design freedom
than the red strategy, but again reduces the in�uence of the reuse constraint in
the design cycle.

Frame Con�guration versus building shape

Looking at the research goal, creating a frame consisting of elements from the
reusable set is one of the key �tness parameters. This parameter possibly con-
�icts with the next part of the research goal stating that the structural frame
should meet the functional requirements for the spaces. Since the spaces are
represented by the building mass study and the elements are �xed in size, an
exact match on lengths is not likely to occur if both are de�ned independent
from each other.
For this reason a design decision needs to be made whether following the build-
ing mass shape or reusing the element set is governing. Cutting the reusable
elements into the right dimensions requires energy/increases costs, while aiming
to save energy is one of the incentives for reuse. Also making costs during decon-
struction is one of the bottlenecks for applying reuse in practice (Section 2.1).
For these reasons the design choice is made that reusing the elements without
re-dimensioning the elements is leading over following the building mass shape.

Iteration Cycle Step Decision

Due to the design decision that element reuse is governing over shape, the purple
strategy in Figure 3.1 is preferred. The other two options discussed are less
direct in converging to the available element set. They have a larger search
space, without containing higher �tness solutions, therefor needlessly taking
more calculation time.
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Flexibility versus Information

The reuse application will be build for reusing structural elements, due to this
choice and the proposed construction phase separation from the IFD building
methods 'Slim Bouwen' and 'Open Bouwen', the choice is made to set the in-
creased design di�culty caused by design aspects being on di�erent detailing
levels out of scope [Lichtenberg, 2005] [Zeiler, 2009].
When looking at the detailing level of these structural elements (Figure 2.11),
the geometric and material properties of the elements are set, as are the quanti-
ties of all the elements available. This means that the remaining design �exibility
consists of the frame con�guration.
Consequently the remaining design problem is creating the structural con�gura-
tion that follows the architectural shape, while meeting the �oorspace require-
ments and reusing the highest possible percentage of structural elements.
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3.2 Application Input

The aim of this thesis is to follow the quote by Ron Johnson, de�ning the clear
point of view for the project. Now it is known where in the design chain the
application is implemented, the next step is de�ning the input available at this
design stage, input forming the boundary conditions and starting information
for the application.

Available Input

The design stage where the application is implemented is the 'Conceptual De-
sign' stage (Figure 3.2). During this phase the available data consists of the list
of requirements (LoR), the available set of reuseable elements and a building
mass study.

Figure 3.2: Ideal interaction moment between design 1 and design 2, based on required
design �exibility.

List of Requirements

The LoR from a building consist of demands and wishes from the project princi-
ple and its stakeholders. It contains information on the function of the building
and the relation between, and sizes of the spaces inside it. The designing party
itself is responsible for proving the structural safety in accordance with the
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building codes.
Regarding the relation and sizes between the spaces inside the building, the
application will only take into account the required total square meter demand.
Ordening the di�erent spaces inside the structure is assumed to be done on the
lower element level of 'Non Structural Building Elements' (Section 2.2). This
decision sets an upper boundary on the room height and the size of column free
spaces. This means the application end product is limited in its solution type,
which can reduce the solution feasibility for buildings requiring high rooms or
large column free spaces.
Other aspects in the LoR refer to aspects on comfort, logistics and building
esthetics. In the reuse application, the comfort and logistic demands, are to
be solved on a lower element level, being 'Installations' and 'Non Structural
Building Elements' (Section 2.2). The aesthetic demands are accounted for in
the application by following the shape of the building mass, other building in-
�uences on the aesthetics, like the facade are again covered on the lower element
level 'Non Structural Building Elements'.

Reusable Element List

The reusable element list is an inventory containing all the reusable �oor plates,
columns and beams in the existing building that will be deconstructed. From
these elements all the geometric and structural properties are known. This
list can be derived by hand or following from a 3D building model containing
this element information. For each element type it is important to know the
geometric properties, structural properties and quantities [Glias 2013].

Building Mass Study

Due to the in�uence of the structural frame on the spaces and form of the total
building (Figure 3.3), the spaces should not be identi�ed into detail too far,
because than the elements are unlikely to �t into the new structure, however
some spacial guidance is required to come to a frame suited for the building
project.

Figure 3.3: Interaction between the spaces and the frame during design with reusable
elements.

The aesthetic input ideally would be on the most basic level, giving guid-
ance without limiting the �exibility to �t the available elements, to this end the
aesthetic input for the application will consist of a building mass study. Which
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is a study resulting in the global forms of the building based on the aesthetic
demands de�ned in the list of requirements. The building mass is a raw geo-
metric shape, connecting to the surrounding urban environment. The architect
performs a building mass study as a �rst step in the design process, so this
information will be available during the 'Conceptual Design Phase' where the
application is implemented.

Building Scaling

In case the square meter requirement for the reusable building and the total
amount of available �oor plate square meters in the reusable element set di�er,
the application requires a strategy to handle this. Looking at the research goal,
�nding a structural con�guration reusing as many element from the available
set as possible is preferred. For this reason the decision is made to rather add
some new elements to �nish a building, than to neglect a part of the reusable
set because of a mis�t in �oor space requirements.1

To determine the feasible amount of reuse buildings, the application performs
a �oorspace calculation on the building mass model and divide the available
amount of �oor plate square meters through the square meter building demand.
Rounding of this number upwards, because adding elements is preferred, results
in the amount of buildings that will be constructed from the available element
set. (Figure 3.4)

Figure 3.4: De�ning the feasible maximum amount of reuse buildings.

During the �oorspace calculation based on the building mass, an amount of
�oors in the building needs to be assumed. This is done by dividing the total
height of the building mass through the largest available column, giving an lower
boundary estimation of the amount of �oors. Ensuring that the output of the
application will more likely use more �oor plates than that there are available,
again requiring extra production rather than leaving elements that are not going
to be reused.

1The decision to rather add elements than to neglect is in�uenced by company strategy
from the Royal BAM Group.
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3.3 Application Output

The signi�cance of output, making it mean something so someone, is key to the
success of the reuse application. Therefore this section goes into the output of
the application, output providing insight on the way the elements are reused
and output required to continue the reuse building design until it is ready for
the construction phase.

Structural Frame Con�guration

The research goal asks for a computational reuse strategy, linking the reusable
elements directly to their new function. Doing so based on the functional re-
quirements of the structure, while utilising the structural capacity of the ele-
ments.
The functional requirements follow from the LoR and the building mass study,
setting a shape for the building, a shape requiring a structural frame. Creat-
ing a frame that matches the shape and reuses the available element set while
utilising the structural element capacity, is the application goal.

Frame Visualisation

To make the output tangible, a visual output component is required, showing
the frame con�guration in three dimensions, allowing a check on whether the
frame meets the shape requirements set by the building mass study (Figure 3.5)

Figure 3.5: Translation of the building mass into the structural frame.

Reuse Percentages

Besides the graphical output, numerical data on reuse is required to inform the
user how the frame utilises the available element set. Showing which elements
are reused, which are not and how many elements need to be produced to
complete the design. This data provides the user with the data required to
calculate the feasibility of the reuse project and provides insight in how well the
available set is reused, which is part of the application goal.
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Next Design Steps

With the output being a structural frame, accompanied by the reuse percent-
ages, �oor space per building and reuse coordinates of each element, the design
is not yet completed. The next step in design, according to the literature re-
view (Section 2.2), would be to de�ne the (global) stability mechanisms and
non structural elements, like interior walls and the facade. While placing the
interior walls, the architect and structural engineers need to work in cooperation
to ensure the functions are located in such a way that the structural element
capacity is utilised as much as possible.
For the structural safety (global) stability and strength calculations will be per-
formed.
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3.4 Building Subsets

With the in and output of the application known, the inner workings will be
determined next. How to order and arrange the available building elements to
come to the structural frame best �tting the research goal.
This section will focus on two aspects, de�ning the building subsets, which are
groups of structural elements and the rules for arranging these subsets inside
the building, which together form the structural frame.

Subset Choice

Looking to the element levels (Section 2.2), 'Slim Bouwen' stated that the con-
struction world has been building the same way for years and years. There is a
lot of innovation on a component and detail level, however the structural con�g-
uration has been roughly the same for thousands of years [Lichtenberg, 2005].
This con�guration consists of columns connected to beams and then connected
to either a roof or �oor plates forming the next building level (Figure 3.6). This
basic setup for a structural frame will be used as building block to �ll the build-
ing mass. These blocks will from now on be referred to as subsets.

Figure 3.6: Each subset contains �oor plates, beams and columns in the con�guration shown
above.

Using merely this kind of building block in�uences the possible building
shape, every outcome will consist of rectangular shapes. Any other shape would
require non rectangular �oor plats and/or an irregular supporting structure.
These solution types are common practice, however since this thesis is a feasi-
bility study into reuse, these more complex building shapes are set out of scope.
The application will merely use the subsets de�ned in Figure 3.6 and the element
types required to create this shape, being �oor plates, beams and columns.

Subset to Building Mass Interaction

The application will place these subsets into the shape de�ned during the build-
ing mass study, ordening the subsets in such a way that they best match the
building shape. The �exibility the application has to approach this shape is
by stacking or placing multiple subsets next to each other, change the type of
reusable element used inside the subset or rotate the subsets by 90 degrees.
(Figure 3.7)
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Figure 3.7: Placing the subsets into the building mass to create a form, best following the
building mass shape.

Building Layers

The ordening process of the building subsets proposed in the previous subsection
comes with some practical implications, all these implication follow from the
wish to reduce the amount of actions needed to construct the reuse building.
A wish de�ned in the light of reducing costs and energy use. These practical
implications are sketched in this subsection.

Subset Element Types

A subset contains columns, beams and �oor plates, to improve the construct-
ability of subset, the structural elements inside a subset will need to consist of
the same element type (Figure 3.8). This way no elements need to be adjusted
in size in order to �t, reducing the amount of actions required to construct the
building. This leads to the application design choice:
Every subset consist of 1 �oor plate, column and beam type.

Figure 3.8: Use elements with same type and geometry in one subset.

Floor Plate Implication

In the x-direction sketched in Figure 3.9, every subset needs to consist of the
same type of �oor plate. Ensuring that no extra columns need to be applied
which will make the �oor plan less �exible, this repetition will also speed up
the building process due to the generic character of the connections that will be
applied (Section 2.5).
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Figure 3.9: Use the same type of �oorplates in subsets connected at the length side of the
�oorplates.

Beam Implication

In the y-direction sketched in Figure 3.10, the same type of implication identi�ed
at the �oor plates is occurs for the beams.

Figure 3.10: Use same type of beams in subsets connected at the width side of the �oorplates.

Column Implication

In the z-direction sketched in Figure 3.11, the design assumption is made that
every column on a �oor is from the same type. Causing no changes to be made
to the columns during reuse, ensuring a faster and cheaper building process.

Layer De�nition

The above design assumptions cause the building to consists of certain layers.
Each layer in a certain direction has subsets with respectively the same type
of �oor plate, beam or column (Figure 3.12). Changing around the types of
elements in each layer and choosing the amounts on subsets per layer inside
the building will lead to the structural frame �tting the building shape and
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Figure 3.11: Use same type of columns per building level.

using the available element set. Finding the solution best �tting the boundary
conditions is done by the genetic reuse algorithm, which is the topic for the next
subsection.

Figure 3.12: Equal element properties in subsets per layer for respectively the �oor plates
(green), beams (red) or columns (blue).
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3.5 Genetic Reuse Algorithm

The process of information storage and transmission in a Genetic Algorithm
has been discussed in Section 2.5. This section elaborates on which information
will be embedded inside a chromosome for the reuse algorithm, showing how
the design �exibility is implemented in the optimisation process.

Layer Genes

The layer system, introduced in the previous section, will be part of the chromo-
some, with each layer in the three directions representing a gene and the alleles
of the gene consisting of the available element types in this direction. (Figure
3.13)

Figure 3.13: The element type inside a layer is represented in the algorithm chromosome
by a gene.

Grid Size Genes

The previous section de�ned that the amount of layers in each direction is also
an algorithm variable. Therefor the amount of layers in each direction needs to
be part of the chromosome.

Building Layer Amount

The amount of layers in each direction together form a grid of subsets (Figure
3.14). The maximum amount of layers in each direction is based on the minimum
length of each element type per direction, this way the upper boundary for the
amount of layers is de�ned, making sure that its possible to reach the required
building size with the smallest elements in each subset.

Layers inside Building Shape

The algorithm chromosome contains genes from which the alleles specify how
many subsets in each layer are present inside the building, changing around the
minimum and maximum grid number of the layers that fall inside the building

61



3.5 Genetic Reuse Algorithm Application Design

Figure 3.14: Grid representing the maximum amount of subsets in each direction.

shape (Figure 3.15). Because some element types are larger than the ones used
to de�ne the amount of layers per direction, the �ttest solution might not require
the use of every layer.

Figure 3.15: Layers that are inside the building shape are shown in green and represented
in the chromosome as shown by the numbers inside the genes.

Building Rotation

The next element in the algorithm chromosome is the rotation of the building.
Due to the di�erent lengths of the beams and �oor plates, rotating them leads
to new, and possibly better, solutions. In the chromosome this is represented by
a gene, able to change between two options, representing rotation or no rotation
(Figure 3.16).

Building Chromosome

Placing the genes representing the building layers, layers inside the shape and
the rotation gene together, form the chromosome of one building. This build
up is shown in Figure 3.17.

Multiple Buildings

The last aspect incorporated into the algorithm chromosome is the amount
of buildings. Due to the �xed set of reusable elements with possible di�erent
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Figure 3.16: Gene inside the chromosome representing in which way the subsets are placed
inside the building mass.

Figure 3.17: The three aspects discussed so far in this section, together form the chromosome
of one building.

element types, it is possible that for each building a di�erent con�guration of
elements is optimal. To accommodate this �exibility, every building will have
its own set of genes (Figure 3.18).

Figure 3.18: Each building has its own set of genes inside the chromosome.

Building Features

The aspects presented in the previous sections are all implemented in the chro-
mosome, however some building features are implemented in the �nal design
but do not require chromosome genes.
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Bottom Floor

Each subset consists of columns, with on top of that �oor beams and plates.
However the �rst �oor is also constructed out of these �oor plates and beams.
Therefor at ground level, the exact same beam and plate elements will be im-
plemented as on the building levels above. (Figure 3.19)
The elements on the ground level do contribute to the functional �oorspace of

Figure 3.19: On ground level also beams and �oor plates are positioned.

the building, the elements used as building roof are left out of the area summa-
tion.

Vertical Transport solution

Figure 3.19 also shows that the building solutions do not implement locations
for vertical transport. This application design decision is based on the fact that
during the creation of the building mass, no data on this aspect is known. It
is a decision made later in the design process, vertical transport falls under the
building phase of 'Installaties' and 'Inbouw', which are building phases done
after the structural frame is determined [Lichtenberg, 2005].
However decisions on vertical transport locations also in�uence the structural
frame, for this reason it is an aspect not clearly assigned to one of the building
phases identi�ed by the theory of 'Slimbouwen' whih is used as design method
in this thesis. The implementation of this aspect is therefor one left to the appli-
cation creator. Whom chose not to implement it and left the vertical transport
locations and implications for the structural frame to be identi�ed in a later
design stage.

The application implementation of every design aspect discussed in this
chapter is shown in the next.
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"Higher-level tools that actually let you see the structure

of the software more clearly will be of tremendous value."

- Guido van Rossum -
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Now the application design is set, this chapter translates the design into a
model implementing the design. For this reason an UML-model is created based
on the application design from chapter 3. Followed by the implementation of
this UML-model into a grasshopper application.
The �rst chapter section goes into the chosen modeling type and presents the
UML-model. The other sections in this chapter will start by showing the UML-
model part that is being viewed, followed by the Grasshopper components rep-
resenting these UML classes. After each part of the model is discussed the
working of the application will be validated in the chapter 5.
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4.1 Application Modeling

This section elaborates on the software structure of the reuse application. Doing
so for explaining the application design itself, the application creator point of
view, and also how this principle is implemented from the users point of view.

Parametric Associative Design

The implementation of the UML model proposed in the previous chapter (Fig-
ure 4.2), is done through the use of 'Parametric Associative Modeling' (PAM).
These models generates output, often geometry, based on user de�ned param-
eters and relations (associations) between those parameters. The parameters
allow adjustment during the design process, o�ering the ability to quickly com-
pose, adjust and assess di�erent design alternatives [Coenders, 2007]. These
adjustment options and visible relations/associations between the components
increase the feeling of in�uence and control the user has on the application.
These aspects increase the likelihood that the user will implement the software
application in practice. For this reason PAM is used for the implementation of
the reuse application.

Figure 4.1: Used software environments for 'Parametric Associative Systems'.

The chosen software environment implementing 'Parametric Associative Mod-
eling' is Grasshopper, which is an algorithm editor integrated with Rhino's 3-D
modeling tools. The Grasshopper environment is chosen because it enables de-
signers to implement parametric or associative design without extensive knowl-
edge in scripting/programming, causing the designed reuse application to be
better accessible and useable after it is completed. (Figure 4.1)

UML-Model

This paragraph presents the structure of the reuse application. The structure is
presented as an UML model. The UML content is based the aspects discussed
in the chapter four.

UML Elaboration

This section describes where each aspect de�ned in chapter 3 is represented in
the UML-model, giving a brief elaboration on the application �ow.
The input de�ned in Section 3.2 contained a list of structural elements from an
existing building. These elements are represented by the four classes in the left
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Figure 4.2: UML model for the computational reuse application.
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of the UML model, being 'RU_Element', 'Column', 'Beam' and 'Floorplate'.
These structural elements and their properties are used in the next class called
'RU_ElementSet' to de�ne the possible contents of the subsets from Section 3.4.
Next up are the functional requirements in the class RU_FunctionalRequirements,
holding the other input aspects from Section 3.2, being the building mass and
the functional �oorspace requirement. By using the �oor plate data from the
'RU_ElementSet' class, the amount of feasible reuse buildings can be deter-
mined.
With all the input from Section 3.2 implemented in the application, one more
thing needs to be done before the algorithm can run: De�ning the subset grid
as mentioned in Section 3.4. This is done in the 'RU_Geometry' class, using
the element size data from the 'RU_Element' set class and the scaled building
mass from the 'RU_FunctionalRequirement' class.
With the subset grid determined, all the information is present to build the
chromosome inside the 'RU_AlgorithmParts' class, de�ning the possible allele
values from the element set and building geometry genes. The last action be-
fore the algorithm can run is de�ning the �tness rules, calculating how well each
solution meets the application goals. These rules will be based on the research
goal and are de�ned in Section 4.4.
After the rules are de�ned, the algorithm can run and the �ttest solution is used
by the 'RU_Element' class to locate all the elements in the structural frame of
the �ttest solution.

Because Grasshopper does not contain the de�nitions required to form the
reuse application proposed in the UML model (Figure 4.2). These de�nitions
were programmed by the author, the translation of the UML-model into these
grasshopper de�nitions is discussed in the remainder of this chapter.

69



4.2 Input Implementation Strategy Implementation

4.2 Input Implementation

This section elaborates on how the user input is imported into the system.
Explaining the actions a user needs to undertake, and how the imported data
is handled by the application. Setting up the data in such a way that it can be
used for creating the subset grid and the algorithm, which will be discussed in
the Sections 4.3 and 4.4.

UML Input Classes

Figure 4.3 highlights the classes that handle the reuse input. The 'RU_Element'
class handles the reuse element data, consisting of 'Column', 'Beam' and 'Floor-
plate' types, which are modeled as derived classes in the UML model. Each of
these classes inherits the members and methods from the 'RU_Element' class
and adds its own geometry type. Each element instance in this class has its
own geometric members, the class adds location ('buildingNumber') and visu-
alising ('line' or 'rectangle') members which will be assigned later in the process.

Figure 4.3: Classes involved in handling the input data.

After the element data is set, the elements are divided into element sets
with the same geometric speci�cations in the 'RU_ElementSet' class. This set
division is done to identify the geometric options for the subsets when running
the algorithm. Also the amount of each element type is calculated to assist in
determining the used element set of each solution, which is a solution �tness
parameter.
The last class which is part of the input is the 'RU_FunctionalRequirement'
class, which handles the last two user de�ned input data streams: the required
functional �oorspace and building mass shape. This class scales the introduced
building mass shape so that the shape is more likely to hold the required amount
of �oorspace.
Both this scaled shape and the �oorspace requirement are used by the algorithm
in determining the solution �tness, how this is done will be explained in Section
4.3.
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Grasshopper Input Components

Each of the UML classes from the previous subsection is represented in the
Grasshopper application, starting of with the 'RU_Element' class. The input
of this class is provided by an excel �le containing the geometric data of the
reusable elements (Figure 4.4).

Figure 4.4: Grasshopper element input implementation

The data is than transferred into the 'Reuse Element Generator' component,
which divides the imported elements into sets with the same property, meaning
that this component holds the logic representing the 'RU_ElementSet' class
(Figure 4.5).

The second input type is the functional �oor area, following from the list
of requirements. This input together with the 'Building Mass Model', form the
input for the 'Functional Requirement Handler' component (Figure 4.6), which
is represented in the UML model by the 'RU_FunctionalRequirement' class.
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Figure 4.5: Grasshopper element set division, the example shows 4 �oor plate sets.

Figure 4.6: Grasshopper geometry input implementation
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This component takes the square meter requirement and building shape,
represented as one or two connected box shaped elements and than scales the
given building mass to be able to accommodate the required �oorspace. (Figure
4.7)

Figure 4.7: The speci�ed building mass (right) is scaled to �t the required amount of
�oorspace (left).

After scaling the building mass, the component cross-references the required
amount of �oorspace with the available amount of �oor plate square meters in
the reusable set. Based on this check, the 'Functional Requirement Handler'
determines the feasible amount of reuse buildings. (Figure 4.8)

Figure 4.8: Based on the reusable element set, the application determines the feasible
amount of reuse buildings (in this case 2).

Now the input is imported into the reuse application, the next step is creating
a component which sets up the subset data structure as discussed in Section 3.4.
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4.3 Subset Modeling

The main preparation for the reuse algorithm is creating the subset grid. This
grid determines the search space of the algorithm, making sure the optimal
solution is inside it, while not needlessly enlarging the search space. The method
for determining the subsets is explained in Section 3.4, this section goes into the
application implementation of this method.

UML Subset Classes

Modeling the subsets is done within the 'RU_Geometry' class (Figure 4.9). The
'RU_Geometry' class uses the building size data from the the scaled building
in the 'RU_FunctionalRequirement' class to set an outer shape. The feasible
amount of subsets in each direction within this outer shape is determined by
deriving the smallest element from each element type in the 'RU_ElementSets'
class. The building length is then divided by the smallest element length and
rounded upward, resulting in the amount of subsets per direction.

Figure 4.9: Classes involved in setting the Subsets.

Grasshopper Subset Components

On the grasshopper canvas the 'Reuse Geometry Identi�er' holds the logic to
create the subset grid (Figure 4.10). The input of this component consist of the
(scaled) building boxes, which provide data on the sizes of the building mass.
The other input for this component consists of the three element sets, used to
identify the smallest element in each direction and de�ne the amount of subsets
required based on the building mass and this smallest element.

Multiple Building Boxes

As output this component consists of a grid of subsets, set as output in 'Sub-
sets per Direction' (Figure 4.10. The other component output streams are the
'Connection Type' and 'Subsets per Buildingbox'. These are implemented to
handle the cases where the architect used more than one building box as building
mass shape. A feature implemented in the application to show the potential for
handling more complex shapes. This implementation decision is made because
the study is a strategy feasibility study and handling more complex shapes will
make the application usable for a broader project market, increasing the strat-
egy feasibility. The increased complexity is to this moment limited to accepting
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Figure 4.10: Component setting up the subset grid.

two building boxes.
The 'Connection Type' output tells whether there is 'One Box', two boxes con-
nected in the x-plane ('X-connection') or in the y-plane ('Y-connection').
The 'Subsets per Buildingbox' outputs the value ranges of the alleles of the
'subsets in shape' genes in case of multiple building boxes. These ranges are
required to ensure that the building boxes wont overlap or not connect inside
the subset grid. (Figure 4.11)

Figure 4.11: Subset ranges ensure that the building boxes wont overlap or leave a gap but
connect.
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4.4 Reuse Algorithm Implementation

One of the bene�ts with computational design is, that when performed well,
the application performs the hard work, enabling the designer to focus more
on implementing design intelligence. The hard work in the reuse application
is done by the genetic algorithm, for which the implementation is presented in
this section.

UML Algorithm Classes

The genetic reuse algorithm is represented by the UML classes 'RU_Algorithm',
'RU_AlgorithmParts', 'RU_Rule' and 'RU_RuleSet' (Figure 4.12. First up is
in the application process is the 'RU_AlgorithmParts' class, which imports the
subset grid and possible element types in this subset grid from the 'RU_Geometry'
and 'RU_ElementSet' respectively. With this data the reuse chromosome is con-
structed and the 'RU_Algorithm' class can start up.

Figure 4.12: Classes involved in running the reuse algorithm.

The 'RU_Algorithm' inherits the chromosome and keeps activating methods
in the 'RU_AlgorithmParts' class to execute the algorithm loops. One of these
methods is the 'GenerationScorer' method, which activates the 'RU_RuleSet'
class, holding a set of 'RU_Rules' which score the �tness of each chromosome
in the generation.
During each run these scores are checked to see if a new �ttest solution is found,
if this is the case its saved by the 'FittestSolutionSaver'. After the score check
the algorithm evolves to the next generation by use of selection, crossover and
mutation, until a speci�c amount of runs is achieved or no new �ttest solution
was found for a set amount of runs. When this happens the '�ttestsolution' is
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set as output of the 'RU_Algorithm' class so that it can be used to visualise
the resulting structural frame.

Grasshopper Algorithm Components

The process sketched in the previous subsection is executed in the grasshopper
model by the components shown in Figure 4.13.

Inside Chromosome Builder

The 'InsideChromosomeBuilder' component creates the chromosome, with the
chromosome length based on the subset grid de�ned by the 'Reuse Geometry
De�ner' component output subsets per direction and subsets per buidlingbox.
The value ranges for each gene in the chromosome is de�ned by passing the max
value of each gene in the chromosome. The max value of the genes specifying
which element type the subset uses are de�ned by the amount of element sets and
the max values of the subset box grid de�ned by the subset per direction input.
The chromosome is completed by adding the gene for the building orientation
and �nally this number of genes is copied based on the identi�ed number of
feasible reuse buildings.

Figure 4.13: Components implementing the algorithm, setting it up, starting it and running
through the loops.
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Scoring Weight Factors

The scoring weight factors are a set of user de�ned numbers determining the
importance of each algorithm rule. Every rule has one weight factor, with which
his score is multiplied. (Figure 4.13)
The reason that these factors are left for the user to de�ne is that the research
question does not specify the level of relevance between each of the building
aspects. This speci�cation is set as a design choice, allowing the user to spec-
ify its own ideal con�guration, again increasing the users in�uence on in the
application.

Inside Algorithm Executer

The next component, 'Inside Algorithm Executer', runs the algorithm loops
when the 'Start Algorithm' condition is set to true (Figure 4.13). When the
looping process is completed the 'Inside Algorithm Executer' returns the chro-
mosome with the highest �tness based on the �tness formula:

F =

B∑
n=1

|Asn −Ar| ∗Wa +

ES∑
i=1

|Eui − Eai| ∗We +

S∑
j=1

|Vcj − Vbj | ∗Ws

F = Fitness Score

B = Number of Buildings

Asn = Area supplied in Building n

Ar = Area required

Wa = Weight Factor Area

ES = Element Set

Eui = Elements used from Set i

Eai = Elements available in Set i

We = Weight Factor Elements

S = Number of building boxes

Vcj = Volume created at building box j

Vbj = Volume supplied building mass for building box j

Ws = Weight Factor Shape

The solution scoring the lowest value in the �tness formula is used to visualise
the building geometry. The application also returns the �tness score develop-
ment during the looping process, indicating whether the algorithm shows the
genetic behaviour (discussed in Chapter 5, Algorithm Validation). Finally the
application presents the loop numbers in which a new �ttest solution was found.
This last piece of information is used to gain insight in how fast the algorithm
found the �nal outcome.

78



Strategy Implementation 4.4 Reuse Algorithm Implementation

Algorithm Stopping Criteria

One of the downsides of a genetic algorithm is that there is no absolute certainty
the �ttest solution has been found. This can only be done after every solution
has been investigated. This aspect in�uences the de�nition of the algorithm
stopping criteria. Because these will be based on a certain likeliness no better
solution will be found, instead of a certain statement the �ttest solution is found.
Based on this information the stopping criteria are set to trigger based on two
di�erent events. The �rst event is when the �tness score reaches the value of
zero. Meaning there is a perfect match and there is absolute certainty no �tter
solution can be found by the algorithm. The second event is an empiric value
obtained during testing of the algorithm. This second event is that the algorithm
stops in case that for 100.000 runs no new �ttest value has been found. This
value is chosen because during algorithm testing the maximum gap between a
new �ttest solutions was never greater than 82.381.

Optimisation Rules Implementation

When the algorithm is determining the �tness of the solutions in each loop, it
does so based on three �tness rules which are based on the research goal. These
three rules follow from: reusing as many elements as possible (1), while meeting
the functional �oorarea (2) and shape (3) of the building.

Reused Element Set

The �rst rule checks how many elements of the reusable set have been imple-
mented in the solution by crosschecking the found frame with the element sets.
Elements which are not reused and element types used more than available,
score �tness points. (Figure 4.14)

Figure 4.14: How many of the available elements (A values in the sets on the left) are reused
in the frame (right).

Functional Floorspace

During the input phase of the algorithm, the user identi�ed the ideal amount
of functional �oorspace inside the building. This reason �oorarea is compared
with the �oorarea used inside each building the solution de�ned. Each square
meter of �oor plates too much or too little scores a �tness point. (Figure 4.15)

Architectural Shape

The third rule scoring the solution is the shape of the building compared to the
scaled building mass. For each meter the structural frame di�ers from the user
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Figure 4.15: Di�erence between the �oor plate area used and the user speci�ed number give
the �tness points.

de�ned building mass the algorithm scores a �tness point. (Figure 4.16)

Figure 4.16: Di�erence between the buidling mass (green) and the structural frame (red),
give the �tness points.

Fittest Score

The sum of the �tness score from each rule, multiplied by its weight factor, gives
the solution �tness.
Since in each of these rules, the solution scores points on aspects where it does
not meet the asked requirements, the �ttest solution will be the solution with
the lowest score. For this reason the lower scores solutions will have a higher
chance of being selected for the next generation during the selection process.

After the algorithm has �nished looping, the �ttest solution and the scoring
milestones will be outputted towards the �nal component of the algorithm,
discussed in the �nal section of this chapter.
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4.5 Application Output

With the algorithm up and running, the next step of the application will be
presenting the results. It is important the user feels comfortable and familiar
with the system in order to ensure the application will be used. Providing
the user with insight and a sense of control are therefor important application
success factors. Success factors in�uencing which output the application shows
during and after executing the algorithm, to provide this insight and sense of
control. For this reason the implementation of the output is discussed in the
following section.

UML Output Classes

The model will provide two types of output, output during the run time of
the algorithm and output when the �nal solution has been found. Looking at
the UML-model (Figure 4.17), the classes involved in creating this output are
'RU_Algorithm' and 'RU_Element'.

Figure 4.17: Classes involved in the output of the model.

Score Converging Output

When the algorithm is running the output providing insight in the iteration
process is a graph showing the development of the �tness score. This data is
calculated and outputted in the 'RU_Algorithm' class.
The second output component is the building con�guration, which is shown
every time a new �ttest solution has been found. The frame is created by the
'RU_Element' class, which imports the �ttest solution from the 'RU_Algorithm'
class and assigns the location of the elements by using the 'FloorplateMatcher',
'BeamMatcher' and 'ColumnMatcher' methods. These structural elements are
then visualised to give a 3D impression of the structural frame, showing how
the building develops towards a more optimal shape.
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Final Building Output

After the stopping criteria of the algorithm have been met, the �nal element
locations are set in the 'RU_Element' class, this data is again used to visualise
the structural frame and output the Element ID's, locations and coordinates
of the 'Reusable Elements' and 'Elements to be Bought New' for �nishing the
frame. From the 'Non Reusable Elements' only the ID's will be printed out,
since they wont have a new location and coordinates.
The application also shows the reuse percentage of the available element set,
giving the user insight to which extend the available set is used.

Grasshopper Output Components

In the grasshopper application the �ttest solution chromosome is imported from
the 'Inside Algorithm Executer' component, together with the element sets and
subset grid inputs, the 'RU Element Locator' component decodes the chromo-
some into the frame. (Figure 4.18)

Figure 4.18: Output components, visualising the frame and informing on reuse locations
and percentages.

Element ID's and Locations

The elements inside this frame are then matched with the available elements
inside the 'Structural Element List'. The elements in this list are assigned a
location and coordinate set. If more elements are required to �nish the frame,
these elements are created and put into the 'To be Bought new ID's' list. And
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if elements are not reused they are set in the 'Non Reusable ID's' list.
The elements set in the 'Reusable Element ID's' list and 'To be Bought new
ID's' list also get their geometry visualised by the 'Floor plate Geometry' and
'Beam and Column Geometry' outputs.
The output component is completed by showing the 'Reuse Percentage' as men-
tioned earlier in the 'Final Building Component' section.

Optimisation Behaviour Graph

Besides the frame visualisation, there is also a graph showing the score develop-
ment during the iteration process (Figure 4.19). The green line in Figure 4.19
shows the average �tness score in the generation and the blue line shows the
�ttest score inside each generation, the behaviour of these lines will be discussed
in the next chapter.

Figure 4.19: Optimisation process graph, showing the �tness scores during looping on a
logarithmic scale.

Besides the average and �ttest score, also the loop numbers in which a new
score was found is printed out to give insight on how fast the algorithm found
the �nal solution. Looking at Figure 4.19 the �ttest solution was found in loop
number 268, while the �nal growth step of the blue line is almost halfway the
graph and the algorithm ran until 100.268 loops were done. This is due to
the logaritmic scaling of the graph. A logarithmic scale is chosen because the
algorithm mostly jumps between �ttest solutions during the early loops and less
often during the later stages of the iteration process. 1 To give more insight in
this early stage of the iteration process, a logaritmic scale was chosen.

1Why this happens is explained in Chapter 5: 'Application Validation'.
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Output Validation

With the entire model translated from UML model into a grasshopper appli-
cation, the next chapter will focus on the validation of the created application.
Does it �nd the solutions required for the problem stated by the application
user.
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"However beautiful the strategy, you should occasionally

look at the results."

- Winston Churchill -
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The application implementation is followed by its validation. For algo-
rithms the validation de�nition given by Cormen is: "An algorithm is said
to be correct if, for every input instance, it halts with the correct output."
[Cormen et al., 1990]
The validation will therefore start with a section on the characteristics of genetic
algorithm behaviour.
The second section discusses how key components of the genetic algorithm are
calibrated to increase application performance.
The �nal paragraph of this chapter discusses the scoring rule implementation,
these are the rules determining the �tness of each solution and their con�gura-
tion therefor in�uences how well each solution �ts the set design problem. The
section �rst provides insight in the in�uence on the solution types through test
cases and than elaborates on why the freedom of setting the score con�guration
is left to the user.
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5.1 Genetic Behaviour

This section elaborates on the inner workings of the reuse algorithm, sketching
the genetic behaviour, followed by validating whether the reuse algorithm shows
these behaviour characteristics.
This information is than used in the following sections by looking into how this
behaviour can be manipulated to increase algorithm performance in the Section
5.2 and 5.3.

Fitness Landscape

The genetic behaviour will be explained based on a �ctional representation of
the �tness landscape (Figure 5.1). This landscape represents the entire solution
space for a problem the algorithm needs to solve. Because similar solutions are
assumed to have roughly the same �tness score, the �tness landscapes forms
creates a rather mountainous landscape [Mitchell, 1999].

Figure 5.1: Fitnesslandscape, plotting the �tness of every possible solution in the search
space.

The �tness landscape of Figure 5.1 is an qualitative approximation. The
landscape di�ers for each problem the reuse algorithm encounters. However
mapping this landscape is not the goal of the algorithm and this section, the fo-
cus is on how the algorithm moves along this landscape in search of the highest
�tness peak.

Figure 5.2: Each green spot represents a solution in the landscape.

Each iteration the algorithm works with a generation of solutions, the amount
of solutions in a generation will be determined during calibration in Section 5.2.
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Due to their random starting values the �rst generation solutions are scattered
along the �tness landscape (Figure 5.2).

Figure 5.3: The green parent solutions, form the boundaries for the red solutions forming
from the crossover method.

Selection

From each of these solutions the �tness value is determined and based on these
values a weighted selection procedure is used to select the chromosomes for the
next generation. The weight factor for each solution is its �tness score.

Crossover

The selected solutions will form pairs for the crossover method. During crossover
the solutions (called parent solutions) exchange genetic material at a random
gene number. The new solutions will therefor lie at a random location between
the two parents (Figure 5.3). This process allows solutions to be found in the
landscape between the outer solutions and because the �tter solutions have a
higher chance to be selected, the solutions of the next generation are likely to
have shifted towards the peaks of the solution landscape.

Figure 5.4: Both graphs above can lead to exclusion of the highest �tness solution.

Mutation

Due to the randomly chosen landscape location for the �rst generation and
random location of the children solutions between their parent boundaries, it
can occur that the �ttest solution falls outside the generation scope and can
not be found by means of crossover and selection (Figure 5.4). To ensure the
�ttest solution is in reach of the generation, the Mutation method is introduced.

88



Algorithm Validation 5.1 Genetic Behaviour

Mutation will randomly change genetic material (gene(s)) in the solution chro-
mosome to introduce new genetic material. This process can be visualised in
the �tness landscape by setting a location randomly in the landscape, possibly
including the �ttest solution within the generation boundaries. (Figure 5.5)

Figure 5.5: The circled solution is mutated, creating a random new solution somewhere on
the landscape.

Elitsm

The last method involved in the search process is Elitsm, also described in the
literature study Section 2.4. Elitsm can be visualised in the �tness landscape
by always making sure the best scoring solution is selected (Figure 5.6).

Figure 5.6: The solution inside the circle is the �ttest solution and has a guaranteed selection.

By means of Selection, Crossover, Mutation and Elitsm, the generation
moves through the landscape in search of the highest peak. The e�ciency of
the algorithm in �nding the �ttest solution will be discussed in Section 5.2. The
next subsection will �rst discuss whether the reuse algorithm output shows the
characteristics belonging to the search process described above.

Output Graph

The output graph shown in Figure 5.7 contains 2 datastreams, the green line
represents the average �tness value of the generation and the blue line shows the
�ttest (lowest) value. The plotted iteration numbers are based on a logarithmic
sequence, meaning the values from the �rst 10 iterations are plotted, than every
10th value until iteration number 100, every 100th value until iteration number
1000, etc. This is done because during the �rst iterations there will be a lot of
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shifting between �ttest solutions due to the amount of local peaks in generation
range. Later on in the iteration process, �tter solutions become scarcer and
the jump to a �tter solution can occur after an amount numerous amount of
iterations, causing the visual quality of the early behaviour to diminish in case
every value is plotted.
Besides this sequence also the values are plotted each iteration a new �ttest
solution is found, this is done to not lose any convergence information.

Figure 5.7: Blue line represents the �ttest score and the green line the average generation
score.

Fittest Solution Behaviour

The �ttest solution development (blue line Figure 5.7) represents the �ttest
value in the generation, due to the setup of the scoring system this means the
�ttest solution is always the lowest scoring solution. Due to Elitsm this value
will either decrease if a new �ttest solution is found or remain equal to the
previous generation value in case no new �ttest solution has been found. The
value will never increase because the �ttest solution was not chosen during the
selection process, Elitsm makes sure it always gets picked at least once for the
next generation.
The decreases in value are caused by either Crossover or Mutation �nding a
new �ttest solution. Big isolated scoring jumps are often caused by Mutation
planting a solution at a new higher peak in the �tness landscape and small
jumps in clusters are often a signal of the solution 'Crossovering' towards the
(local) peak in between the parent boundaries. However because it is a chance
based process this is not necessarily the case, its also possible that multiple
small jumps are caused by Mutation, however it is more likely this indicates
Crossover behaviour.
For practice cases the �tness landscape is not known (if it was, there is no need
to run the algorithm), therefore it cannot be said with 100% certainty that the
�ttest solution has been reached (unless the �tness score of 0 is reached) or that
the found �ttest score only occurs for that particular solution. These claims can
only be made after the entire search space is investigated. However this search
method is implemented to prevent the need of searching the entire search space.
For this reason the stopping criteria mentioned in Section 4.3 are introduced.
Important to realise is that when the algorithm stops this does not directly
mean that the �ttest solution inside the search space is found. It is up to the
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user to decide whether the found solution su�ciently meets the requirements.

Average Score Behaviour

The average score represented in by the green line in Figure 5.7 shows a less
stable behaviour compared to the blue line. This is caused by Crossover and
Mutation not necessarily resulting in �tter solutions (Figure 5.8), allowing the
average generation score to increase, while this is not the case for the �ttest so-
lution. This freedom results in a greater score variation compared to the �ttest
solution.

Figure 5.8: Mutation and Crossover are random operations so there is not control on �nding
only higher �tnesses.

During selection �tter solutions have a larger chance to get picked, causing
the generation to converge towards (local) �tness peaks. When Mutation is
excluded from the process this would mean the parent boundaries move closer
together each generation, making the genetic material to become more and more
alike and causing the algorithm to get stuck at a (local) peak. For this reason
Mutation is used to introduce new genetic material, which is possibly better but
can consist of worse scoring solutions, causing the average value to move away
from the blue line.
The ideal combination between using Crossover to reach the (local) peak and
introducing new material to keep diversity high enough to scout for other peaks,
di�ers per con�guration of the search space. If there is a relatively low amount
of peaks a low Mutation rate is preferred to allow Crossover moving towards
the peak. However when the landscape consists of a high amount of peaks the
algorithm can get stuck at a local peak and requires Mutation to �nd new ones,
so in this case a higher Mutation rate is advised.
Balancing out these parameters is done during calibration in Section 5.2, making
sure there is enough Crossover behaviour while keeping enough genetic diversity.
In the graph, keeping this genetic diversity is indicated by the distance between
the two lines. (Figure 5.9)
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Figure 5.9: The distance between the �ttest and the average score indicates genetic diversity,
required to �nd new (�tter) solutions.
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5.2 Mutation and Crossover Rates

This section elaborates on the application testing, checking if the algorithm �nds
the optimal solution for a given testcase. The algorithm performance in this
testcase is used to calibrate the Mutation rate, Crossover rate and generation
size. The section concludes by checking the performance on another testcase to
see whether the calibration holds for multiple solution landscapes. 1

Each combination of parameters was tested for 50 times and the average value
results will be used to �nd the optimal combination.

Rate Testing

The parameter calibration will be done for the testcase shown in Figure 5.10.
For this testcase the Excel document of available elements is setup in such a
way that there is one known �ttest solution. Meaning that during testing it was
known when the algorithm converged to the optimal solution.

Figure 5.10: Casestudy to calibrate the algorithm, the available set has one perfect �t for
the given shape.

Mutation Rate Exclusion

The �rst test runs were done with a generation size of 100, reducing the change
that a lack of genetic diversity occurs. While the generation size was set, the
Crossover and Mutation rates were tested for the values presented in Figure 5.1.

The average value is the average amount of solutions tested before the opti-
mal solution was found (example: 231 runs with an generation of 100 = 23.100
solutions were tested). Figure 5.1 shows that when the Mutation rate drops the

1Besides the testcases described in this section, exploratory research is done to di�erent
kinds of Mutation, these results did however not improve performance. Their speci�cations
and results are posted in Appendix C.
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Table 5.1: The Mutation rates of 1%, 2% and 5% (inside red box) show higher average
values and failed convergence attempts compared to the Mutation rates of 10% and 20 %.

average amount of solutions tested increases. Also the numbers in red indicate
the number of times the algorithm fails to reach the optimal solution, which
increased for low Mutation rates as well.
This can be explained by the low Mutation rate causing the algorithm to get
stuck at an local optimum. Therefore the Mutation rates of 1%, 2% and 5%
were excluded from further investigation.

Crossover Rate Determination

The Crossover rate is determined by checking the average amount of solutions
required to �nd the optimal solution with the Mutation rate of 10% or 20% and
a generation size of 24, 50 and 100. This gives six combinations and for each
combination the Crossover rates 1%, 2%, 5%, 10% and 20% are tested. The
average amount of tested solutions is shown in Figure 5.11.

Figure 5.11: Crossover values most stable at a Crossover rate of 10%.

This graph shows that for a Crossover rate of 10%, the average value shows
the most stable and fast behaviour of �nding the �ttest solution. With the
exception of a generation of 50 solutions and a Mutation rate of 10%, which is
caused by one really high value in this data set, excluding this value test will
bring the average of the 50 runs also around 5000 solutions.
For this reason the Crossover rate is set at 10%.
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Generation Size In�uence

The size of the generation also in�uences the amount of test values the al-
gorithm uses before �nding the optimal solution. A small generation has a
higher chance to consist of the same genetic data, which reduces algorithm per-
formance. However when the generation becomes relatively large, a needless
amount of chromosomes is tested, slowing down the algorithm.
Testing for di�erent generation sizes is done for 10, 24, 50 and 100 solutions per
iteration, while the Crossover rate is set at 10% and the Mutation can take on
10% and 20%.

Figure 5.12: Performance increases until a generation size of 24 chromosomes.

The testing outcomes are presented in Figure 5.12, showing that the amount
of solutions tested before the optimum is found decreases until a generation size
of 24, when the generation becomes smaller, the amount of genetic diversity
decreases too much and it takes longer to �nd the optimal solution.
Based on the graph from Figure 5.12 the choice is made to set the generation
size to 24 and the Mutation rate to 10%.

Calibrated Rates

Concluding from the previous subsections, the algorithm is calibrated as fol-
lowed:

• Mutation: 10%

• Crossover: 10%

• Generation Size: 24 solutions per iteration

To check whether this calibration works for di�erent solution landscapes, the
values are also tested on another testcase.
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Validation changing Landscape

The new testcase is shown in Figure 5.13, for this testcase also the optimal so-
lution is known and 50 testruns are performed to determine the average number
of solutions tested before the optimal solution was found. This average value is
9219 tested solutions. The searchspace for this testcase is 2, 66 ∗ 1013, meaning
on average 0, 3∗10−7 % of the seachspace is tested before the optimum is found.

Figure 5.13: The user de�ned building mass is shown on the right and the calculated frame
on the left.

For the calibration testcase shown in Figure 5.10, the average value was 3574
and the searchspace size 5, 90 ∗ 109, leading to a percentage of 0, 6 ∗ 10−4 %.
Meaning that for the testcase with the larger searchspace, the algorithm per-
formed better when measured to the amount of possible solutions over solutions
tested.
Indicating that when the searchspace increases, the algorithm increases in e�-
ciency.
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5.3 Scoring Rules

Every user can have a di�erent opinion and for this reason the weight factors for
each rule are user determined. How these weight factors a�ect the �nal solution
is discussed in this section. To this end a testcase is created providing di�erent
results for di�erent weight factor con�gurations, showing the in�uence each rule
has on the structural frame.

Rule In�uence Testcase

The scoring rule testcase is run for three di�erent weight factor con�gurations.
In this testcase half of the element set required to �ll the top �oor of the building
mass is removed from the element set, so there is no solution where all three
algorithm parameters can reach 0 points, causing the �ttest solution to be based
on the weight factor con�guration.

Reuse Governing

Figure 5.14 shows the solution found when running the algorithm when the rule
for reusing the available element set is governing. In this case the algorithm �nds
the �ttest solution when all the elements are used (Non-Reusable Elements ID
is empty), but the shape does not necessarily meet the building mass (Figure
5.14 building �gures) and the functional square meters does not always meet
the given square meter per building (1782 m2 asked and 1538m2 supplied in this
case).

Figure 5.14: Output when reusing the avialable set is governing.

Floorspace Governing

Figure 5.15 shows the solution found when running the algorithm when the rule
for meeting the functional area is governing. In this case the algorithm �nds
the �ttest solution as close as possible to the demanded square meter amount
(1782m2 asked and 1728m2 supplied), but the shape does not necessarily meet
the building mass (Figure 5.15 building �gures) and not all the elements are
reused (Non-Reuseable element list is �lled).
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Figure 5.15: Output when meeting the asked �oorspace requirements are governing.

Shape Governing

Figure 5.16 shows the solution when the rule for meeting the building mass
shape is governing. In this case the algorithm �nds the �ttest solution as close
as possible to the provided shape, paying less attention to reusing the available
elements and approaching the required amount of square meters.
Making the shape rule weight factor governing does provide solutions often close
to the optimal solution. Caused by the building mass being scaled to �t the
other two rules. Therefore it is preferable to give the shape score an higher
weight factor compared to the other two rules.

Figure 5.16: Output when meeting the asked �oorspace requirements are governing.

Stadium Testcase

This chapter con�rmed that the scoring process shows the characteristics of a
genetic algorithm with elitism. Furthermore the algorithm parameters, being
Mutation, Crossover and the generation size, have been calibrated to improve
algorithm performance. And �nally the in�uence of the scoring rules is checked
to see how the weight factors in�uence the results.
With the algorithm up and running the �nal chapter will present the stadium
reuse project, for which the application was designed.
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"A good idea is 10 percent; implementation, hard work

and luck are 90 percent."

- Guy Kawasaki -
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Al Wakrah Stadium Reuse

The last chapter showcases the implementation of the reuse algorithm on
the Al Wakrah (Qatar) stadium project. The �rst section will provide a case
description and includes a look into the stadium (de)construction process. The
second section elaborates on the implementation of the showcase data into the
application and the results following from the algorithm. The �nal section
discusses further steps required before the reuse project can be implemented in
practice.
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6.1 Project Speci�cations

The calibrated reuse application is now ready to be applied on a project from
practice. This �rst section will cover the case facts, setting up the application
input.

Case Facts

The showcase project is the Al Wakrah soccer stadium in Qatar, which will be
constructed for the 2022 World Cup in Qatar (Figure 6.1).

Figure 6.1: Overview of the Al Wakrah stadium (Zaha Hadid Website).

After the world cup the stadium will be used by Al-Wakrah Sport Club. Due
to the fanbase size of this club, the second ring of this stadium is to be removed
after the 2022 FIFA World Cup to make sure the Montreal scenario from the
introduction does not occur. (Figure 6.2)

Figure 6.2: Total stadium duringWorld Cup (left), removal of 2nd ring (middle) and stadium
in �nal con�guration (right).
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The plans for the soccer stadium are still in a preliminary phase, meaning the
(de)construction strategy is yet to be determined and no construction drawings
for the stadium are available. For this reason the a construction design is made
by the author.
The construction design is based on the second ring of the Amsterdam Arena
which, based on the Al Wakrah renders, both have the same amount of rows
in the second ring (about 24 rows). Leading to the 2nd ring design shown in
Figure 6.3.

Figure 6.3: Applied structural con�guration for Al Wakrah (left) based on 2nd ring Ams-
terdam Arena (right, red square).

(De)Construction Process

To implement the reuse strategy, the building requires a deconstruction strategy.
The Al Wakrah strategy will be one suited for concrete elements, because an
important aspect argued by Klomp is that the mass from concrete elements is re-
quired in stadium stand elements due to their the damping e�ect [Klomp, 2013].
This introduces a con�ict of requirements. For transportation, the weight is gov-
erning and should be minimalised, however for vibrations the use of concrete
elements is required to damp the vibrations. Futhermore use of composite sys-
tems is discouraged because these elements can often not be retracted from the
building without some form of demolition.
This leads to the choice to use prefrabicated concrete elements, suited for con-
tainer transport.

DEMU Connections

Section 2.5 concluded that the deconstruct-ability of a structure is mainly in-
�uenced by its connections.
For this reason the Al Wakrah stadium will make use of the DEMU system (Fig-
ure 6.4). This system ensures that during deconstruction, the elements can be
retracted from the stadium without the use of demolition equipment. Ensuring
a faster, lower cost/energy using deconstruction process compared to retrieving
in-situ elements from a building.
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Figure 6.4: Bolted reusable connections in concrete elements by use of the DEMU system
[Halfen, 2013].

(De)Construction Procedure

Using the DEMU system the (de)construction steps will be shown for three
connection systems. Beam to Column, Column to Column and Stand Element
to Raking Beam.

• Beam - Column

Figure 6.5 (top left) shows bolts, placed inside a PVC tube, which are
screwed into the cast in DEMU holes of the columns. The bolts are used
to guide the beam to its place (Figure 6.5, top right). When the beam is
located accordingly, the remaining cavity between PVC tube and concrete
element is �lled with grout (Figure 6.5, bottom left), after hardening of
the grout the beam is connected to the column.
During deconstruction the bolts are removed from within the PVC tube
and the element can be moved from the building (Figure 6.5, bottom
right). Before the element is reused, the PVC tube needs to be drilled out
of the concrete to ensure enough space to cope with measurement errors
in the reuse structure.
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Figure 6.5: Four steps for connecting and disconnected a beam to a column using the DEMU
system.

• Column - Column

Figure 6.6: Four steps for connecting and disconnecting a column to a column using the
DEMU system.

The DEMU connection slots are cast into the concrete columns. During
connection, steel connection plates are bolted to the column (Figure 6.6,
top middle), next step is hoisting in the column (Figure 6.6, bottom left).
To deal with measurement di�erences cause by manufacturing, a rubber
�lling plate is placed on top of each column.
This step is followed by the placement of the connection plate on the
other side and the remaining bolts (Figure 6.6, bottom middle). The
measurement di�erences in this step are taken into account by using longer
grooves to place the bolts.
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During deconstruction the bolts and connection plates are removed and
the columns can be removed. (Figure 6.6, bottom right)
For connecting the raking beam to the column the same procedure is used.

• Stand Element - Raking Beam

Figure 6.7: Assembling the stand element, placing it and fastening it, deconstruction hap-
pens in the reverse order.

Figure 6.7 (left) shows that �rst the stand element is assembled on the
ground, after assembly it is hosted in and grouted following a similar
procedure as connecting the beam to the column, except now also a bolt
in the vertical direction needs to be applied. (Figure 6.7, middle and right)
During deconstruction the reverse order is applied to regain the vertical
and horizontal part of the stand elements to be reused as �oorplates in a
new building.

Repetition Measures

Besides increasing the deconstruction speed through the connections, also repe-
tition in�uences the speed and reusability of the elements according to Section
2.5.
A building feature increasing repetition are the indentations in the raking beams.
These indentations are required due to the changing row height due to sight line
requirements. To make sure the stadium has C-values meeting FIFA standards,
while also ensuring repetition, the raking beam has indentations which lower
the vertical stand elements when vertical step size reduces when getting closer
to the pitch. (Figure 6.8)

Another measure to increase repetition is that the stand elements, when
deconstructed into �oor plate elements, have the same width as the other �oor-
plates used inside the stadium (Figure 6.9). This ensures larger element sets,
increasing the usability of these sets.

The �nal repetition feature is located in the corner sections of the stadium.
Due to the cornering the elements have angled sides at one element side. For
this reason the elements need to be sewn straight. Multiple rows are sewn to
the same length to increase the element set size and thus increase reusability.
(Figure 6.10)
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Figure 6.8: Due to the required curvature of the raking beams, indentations are made to
ensure the vertical stand element can stay equal in height.

Figure 6.9: The sum of the horizontal and vertical section of the �oorplates equal the width
of a �oorplate.

Figure 6.10: Multiple rows are sewn to the same length to increase repetition.

Reusable Elements

Based on the cross section presented in Figure 6.3 the total second ring consists
of the elements shown in Figure 6.11. From this set the raking beams, U-shaped
bottom elements, ramps to enter the stands and stabilising walls are marked as
non reusable elements, because of their custom shape.

106



Al Wakrah Stadium Reuse 6.1 Project Speci�cations

Figure 6.11: Element types used in the second ring of the stadium.

This means that the reusable element database consists of the element types
shown in Figure 6.12. Included in this set are the stand elements, which typ-
ically will be stair-shaped elements comprising about 70-80% of the stadium
elements. To be able to include these elements in the reusable set, a decon-
structable concept is created as shown on the right in Figure 6.12.

Figure 6.12: Reusable element types (left), where the stand elements are deconstructed into
�oorplates as shown on the right.

Reusing the elements from Figure 6.12, the element database from Figure
6.13 is compiled. This database will serve as input for the application.
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6.1 Project Speci�cations Al Wakrah Stadium Reuse

Figure 6.13: Green elements can be directly reused, orange elements can be reused after
decomposition as shown in Figure 6.12 and red elements will not be reused.
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Al Wakrah Stadium Reuse 6.2 Reuse Results

6.2 Reuse Results

With the input data set, the algorithm is put to work in this section. The
section starts by presenting the model input, followed by an oversight of the
output data, showing the reuse structures build up from the stadium elements.

Application Input

The element input consists of the list of elements shown in Figure 6.13, when
imported into the model these elements are divided into sets as shown in Figure
6.14.

Figure 6.14: The element sets used for the township project, there are 7 types of �oorplates
and 1 type of column and beam available.

The reuse project is a housing project in the townships of South Africa. The
building mass study performed by the architect resulted in the form presented
in Figure 6.15. The project LoR resulted in a �oorspace demand of 4352 m2.

Calculated from the reusable �oor plate square meters and the required �oor
space per building, a total of four buildings will be produced from the stadium
elements. (Figure 6.16)

Finally the weight factors are set as presented in Figure 6.17.

Reuse Output

Running the algorithm on the current application setup, 4 structural frames are
created (Figure 6.18). With an overall reuse percentage of 100% and with each
building approaching the required building �oor area as shown in Figure 6.19.
Besides all of the structural elements being reused, also 1556 new elements need
to be acquired to create the structural frames, which is equal to 30% of the
reusable element amount.
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6.2 Reuse Results Al Wakrah Stadium Reuse

Figure 6.15: The form for the township structures, consists of two rectangular boxes with
equal �oorplans and di�erent heigths.

Figure 6.16: The available plates and required �oorspace per building indicated that 4 reuse
buildings is feasible.

Figure 6.17: The weight factors used for the township project.

Reducing Amount of Reuse Buildings

The amount of elements required to �nish the design, raised suspicion that it
might be bene�cial to create only three buildings. Since this removes around
25% of the elements required while 30% of used elements were to be bought new.

110



Al Wakrah Stadium Reuse 6.2 Reuse Results

Figure 6.18: The constructed frames, shown inside the asked shape (top) and without the
shape (bottom).

Figure 6.19: The ouput data showing the location of every element, the square meter per
building and the reuse percentage.

The outcome of this case is shown in Figure 6.20. The results indicate the
reuse percentage has dropped with 10% compared to the four buildings case.
Looking into the Non-Reuseable element list, it shows that 332 elements are not
reused. With all the Non-Reusable elements being �oor plates.
The 'To be bought new ID' list contains 541 elements, consisting of columns and
�oor beams. The decision to choose for the four building option or the three
building option depends on user preferences. If the user wishes a high as pos-
sible reuse percentage, rounding the number of buildings upward is prefered (3
building option in this case). Else if the user wants to minimise the investment
required to �nish the design, the user want to reduce the amount of elements
to be bought new and goes for the 3 building option.
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Figure 6.20: Output data when allowing only three reuse buildings, showing only plates in
the 'Non Reusable ID's' list, while the 'To be Bought new ID's' list contains only beams and
columns.
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Al Wakrah Stadium Reuse 6.3 Reuse Project Construction

6.3 Reuse Project Construction

The �nal section discusses the follow up steps, required evolve this model from
a wire frame into an build-able structure.

Structural Frame Development

The structural frame will be build according to the locations assigned to the
elements in the reuse application (Figure 6.21).

Figure 6.21: Transformation of the grasshopper wire frame to a frame showing the structural
elements.

During this design phase the functions will be located into the building,
accompanied by the required spacings for vertical transport and installations
(Figure 6.22).

Figure 6.22: Creating spaces for vertical transport and stabilising (green) elements.

The placement of these locations in�uence the elements at these locations,
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6.3 Reuse Project Construction Al Wakrah Stadium Reuse

for instance elements located at a vertical transport zone will be reduced in
length or removed in total. Leading to a reduction of the reuse percentage
given in the application. The size of this reduction is dependent on the choices
made by the architect and building codes.

Frame with stability Elements

After the functions (interior walls) and installations are located the building the
loads on the structure are known, indicating smart locations for the stability
elements(Figure 6.22). After placement of the stability elements the building
will be checked according to the building codes from the reuse location. (Hand
Calculations are placed in Appendix D).

Frame with Finishing Elements

Finally the facades are placed, �nishing up the building so it can be delivered
to the client. (Figure 6.23)

Figure 6.23: Placing the facade so that the building can be delivered to the client.
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7 | Discussion

Through the use of parametric and associative design the research focused on
the development of a generic reuse application, designed to �nd the ideal con-
�guration of the structural frame constructed of reused elements. The ideal
con�guration depended on three parameters:

1. Reusing the available element set

2. Meeting the �oorspace requirements

3. Following the architectural building shape

This chapter re�ects on the these research objectives and discusses the ap-
plication advantages and limitations.

7.1 Objective Re�ection

To �nd the ideal frame con�guration, a subset con�guration method is designed.
These subsets serve as building blocks consisting of element types available in
the reusable set. The ideal con�guration of the subset grid is based on the pro-
vided building mass and required �oorspace. This con�guration is pursued by
the implementation of a genetic algorithm.
Using the subset method, the designed frame in the stadium case showed a 100%
reuse of the available element set, while approaching the �oorspace requirement
with a 1% deviation and approaching the set building shape with a maximum
deviation of 4%.
However the application output does not hold all the information required for
a de�nitive design of a structural frame. For instance the structural capacity of
the structure is not calculated. When more design knowledge and parameters
can be translated into algorithm rules, the model results will increase in useful-
ness.
The end product can therefor not be one to one translated into practice. Re-
quiring more work to be done before the structure can be realised.

7.2 Application Advantages

• Con�guration Speed
In the introduction (Chapter 1) a problem identi�ed in design for reuse
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is the time consuming process of �nding the structural con�guration for
the reuse frame due to the strained design process. Therefore requiring
intensive collaboration between the architect and engineer.
By use of the reuse application this process is automated, �nding the de-
sired frame by use of a genetic algorithm, which scouts the the solution
space in a more e�cient way that mere trial and error and it does so with-
out requiring the manhours. Giving the design team the chance to focus
on implementing more design intelligence.

• Flexibility
Due to the generic setup of the application and use of Parametric and
Associative design, the application is useable for multiple reuse projects.
And the user is able to steer the solution by changing the user input, while
getting nearly immediate feedback on the outcomes.

• Process Transparency
Because the application gives immediate feedback on the results, the user
gains understanding of the impact of design choices earlier in the process.
Allowing the implementation of more design knowledge which can lead to
a higher quality design.

• Result Usability
The results include the coordinates of each element, allowing the imme-
diate allocation of the elements into the new project based on the frame
output. Due to the high detail of element allocation, more accurate es-
timations for costs and environmental impact can be made earlier in the
design process.

7.3 Application Limitations

• Strategy based on 'Slimbouwen' and 'Openbouwen'
These strategies divide the design process in clear phases, which is used to
de�ne structural elements as reusable parts of a building. However some
interaction exists between the proposed levels, for instance the in�uence
of the building interior (vertical transportation) on the structural frame.
This interaction is not taken into account in the application, potentially
reducing the usability of the application results.

• Finishing Steps
The frame output from the application is not a complete de�nitive design,
information on the vertical transport areas and global stability elements
is required. The application also does not include connection designs or
checks the structural capacity of the elements.
These aspects need to be determined before the construction of the reuse
project can start.
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• Non-Structural Element Reuse
The strategy focuses on the reuse of structural elements, the non-structural
elements are not assessed. Lost investments and environmental impact of
these elements are set out of scope.
However when a structure is deconstructed based on di�erent incentives,
for instance in the stadium case, also the non-structural elements might
not have served their total economical and or technical lifetime. Finding
a reuse function for these elements is not included in the strategy.

• Loss percentages
In all estimations and reuse calculations, losing elements due to damag-
ing the elements during (de)construction and transport is not taking into
account.
When these loss percentages increase the feasibility of the reuse strategy
reduces, which could in�uence the decision to whether or not reuse should
be implemented.

• Logistic process
E�ciency in the (de)construction process improves when elements, which
are retracted from one structure, can immediately be applied in the reuse
project.
This feature is not explicitly applied in the application. The order in
which elements are selected for the reuse project is currently dependent
on the order in which these elements are placed in the structural element
list.

• Complex Shapes
The subset con�guration allows the user to specify rectangular buildings,
however in practice there is also demand for angled and curved facades.
The current state of the application does not allow the implementation of
these more complex shapes.

• Structural Calculations
The designed frame does not calculate the structural safety of the frame
during the iteration process. Therefor it is possible that the frame output
can be structurally unfeasible or has a large amount of overcapacity.
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8 | Conclusions

The thesis focused on creating a generic reuse application, which creates a struc-
tural frame for a reuse project. The aim for this structural frame is to utilise
the available element set, while meeting the functional �oorspace requirements
of the new building and respecting the de�ned building mass shape.
This chapter presents the conclusions which can be drawn based on the research
performed to reach this goal.

• Reuse Incentives
The literature study concluded that environmental incentives for pursu-
ing reuse are caused by a higher grade of element lifetime utilisation and
that the level of embodied energy retained inside the elements is higher
compared to the current recycling processes applied in practice.
On economical incentives the literature study concluded that theoretical
studies claim it to be bene�cial however in practice this has not been
proven yet. The main uncertainties for investors are relatively high risks
on return on investments. And the negative in�uence caused by the time
value of money.

• Connection Costs
One of the main in�uences on extra costs for implementing DfD are the
connections. For this reason it can be concluded that creating decon-
structable connections at the same costs as non-deconstructable connec-
tions, can signi�cantly lower the bar to apply DfD.

• Structural Element Reuse
Based on lifetime di�erences between element groups and the wish to fully
utilise these lifetimes, as well as the low amount of expected change in user
wishes for structural elements, the literature study concluded that this is
the element group suited for reuse.
Furthermore the types of structural elements that will be reused are �oor
plates, beams and columns due to their generic character.

• Design Cycle Changes
The literary study indicated that the design process is strained when de-
signing with reusable elements. Strained due to the reduced design free-
dom and increased amount of design constraints, which increases the time
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intensity of the design process. By implementing the genetic algorithm
this strain is overcome as can be concluded from the 1 hour calculation
time required for �nding the reuse options in the 'Al Wakrah' stadium
project.

• Subset Con�guration Method
From the 'Al Wakrah' results it can be concluded that, due to the dis-
crete steps provided by the subset con�guration method, no perfect �t is
likely to be found. The method approaches the given conditions by an
error margin on the building mass shape of 3% and deviating 1% from the
required �oorspace, while using all the available elements.

• Fittest Solution
Because the genetic algorithm is a holistic algorithm, it cannot be con-
cluded with 100% certainty that the �ttest solution in the search space has
been found. The validation results do show algorithm converges to (local)
�tness peaks in the solution space. The decision whether these solutions
are of su�cient quality is up to the designer.

• Practical Implementation Results
Based on the information supplied by the application output, it can be
concluded that the reuse algorithm does not provide a solution which is
directly implementable in practice. Calculation on structural safety and
design decisions on stability system, installations, facade and non struc-
tural elements still need to be done.
The application setup does allow the addition of more design intelligence
rules, possibly allowing these steps to be implemented in the algorithm in
the future.

• Stadium to Township Translation
From the three building test in Chapter 6 it can be concluded that, due
to the non reusability of the raking beams and the stadium frame con-
�guration, the reuse designs requires relatively more new �oorbeams and
columns compared to the amount of new �oorplates.

• Variable Mutation Rate
Exploratory tests to a variable mutation rate did not increase the algo-
rithm performance. A possible explanation is that applying elitsm allows
a mutation rate of 10%, ensuring enough genetic variation inside the gen-
eration, without the chance of losing the optimal solution because of too
much mutation.

• Total Chromosome Mutation
Exploring total chromosome mutation did not improve algorithm perfor-
mance. Reasons for why this did not work cannot surpass mere speculation
without further testing.
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9 | Recommendations

Based on the discussion and conclusion, two future directions of the reuse ap-
plication will be recommended, being development of the application as a solo
application or integrating it into already existing applications.
The chapter concludes by presenting general recommendations independent
from the future development direction of the application.

9.1 Stand alone Development

So far the application has been setup as a stand alone project, it does not im-
port data or use methods from other applications.
The �rst step to increase the application usability as a stand alone application
could be introducing an algorithm rule calculating the structural capacity. Do-
ing so ensures that the designed frame is in line with the building codes and that
the given solution is feasible, avoiding the chance that the found frame cannot
be constructed. The other advantage of this rule is that the variable load that
the frame can handle, can be matched to a user speci�ed required variable load.
In doing so the algorithm can converge to a frame which is feasible for the given
load, while seeking to reduce the amount of overcapacity of the frame.
The second step in increasing the usability is introducing a second layer al-
gorithm. The goal of this second layer algorithm would be to cope with the
interaction of the structural frame with the lower building levels. After the �rst
structural frame is de�ned, implications on the designed frame due to room divi-
sions, vertical transport and stability elements are introduced. When these im-
plications are implemented, the second layer algorithm is run, checking whether
a �tter solution can be found that respects the lower building level implications.
The �nal recommendation for the stand alone application is to enable the intro-
duction of more complex building geometry. Looking at the build environment,
there is a demand for angled and curved facades, facades with cannot be handled
in the current state of the application. Enabling for instance the outer building
boxes to accept these more complex forms can increase the project market for
the application and thus the usability of the tool in practice.

9.2 Application Integration

The recommendations made in the previous section can be developed to a �nal
state where the entire design process is run by the application, while at set
moments in the design chain there is a possibility for user interaction to steer
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the design direction.
However in doing so a lot of work would be doubled, because design processes
are already available in other applications. This section will therefore scout the
integration options of this applications with others.
The reuse algorithm develops a building with the structural frame as starting
point, introduction required stability systems later on in the process. This can
be a viable approach for relatively simple structures, however when more com-
plex shapes are demanded, the given solutions can have low signi�cance due to
the high impact of the required stability systems.
For these kinds of projects the start point should be the development of the
stability system and than place the reusable elements inside this frame after.
This most likely will lead to a reduction in the amount of elements reused, how-
ever the feasibility of the solution is guaranteed. An available integration option
with a tool that starts from the stability system would be merging the reuse
application with 'Structural Components' [van den Weerd et al. 2012].
A second integration option would be on the sustainability aspect of the design.
Based on the toolbox created by Heidegger [Heidegger, 2013], it is possible to
integrate sustainability aspects of a building in an early design phase, the design
phase where this application starts as well. This could lead to a building frame
con�gured to a building mass respecting sustainable aspects, which is followed
up by a facade design with respect to sustainability. Due to the environmental
incentives for the reuse strategy, integrating the reuse algorithm with the sus-
tainability toolbox, could strengthen the design results.
Finally an integration with the sustainability assessment tool from Kokkos
[Kokkos, 2014], can increase the transparency of the reuse project. Producing
more precise numbers on the sustainability front to communicate the e�ciency
and strength of the reuse strategy and if positive results are produced, increasing
the incentives for applying reuse.

9.3 Other Recommendations

• Costs and Environmental impact
A cost calculator could be introduced, which can, based on the section
type, lengths and reused amounts, calculate the di�erence in costs between
reusing and designing with new elements.

• Loss percentages
Researching the loss percentages per material and connection type, can
lead to taking into account a margin in the amount of elements placed in
the reuse frame, to make sure the frame can be �nished in spite of element
failure during (de)construction or transport.

• Logistic process
When assigning the element locations in the reuse projects, the application
considers the order in which it encounters the elements in the structural
element list. This does not necessarily mean these elements are clustered
in a manner that increases the availability of the element set required to
construct the reuse project. However implementation of a logistics rule
could speed up the construction speed of the reuse project and trough this
aspect also increase the feasibility of the reuse strategy.
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A | List of abbreviations

• IFD: Industrial Flexible Design

• LBC: Living Building Concept

• WFD: Waste Framework Directive

• C&D waste: Construction and Demolition waste

• DfD: Design for Deconstruction

• LoR: List of Requirements

• GA: Genetic Algorithm

• UML: Uni�ed Modeling Language

• PAM: Parametric Associative Modeling

• PVC: Polyvinyl Chloride
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B | Glossary

• Dry connection
A connection between building components which is constructed without
applying liquid materials as adhesive agent. A good example of a dry
connection is the bolted connection.

• Wet connections
A connection between building components which is constructed by adding
a liquid material as adhesive agent. A good example of a wet connection
is a grouted connection

• Monolithic Structures
A structure consisting of mainly wet connections.

• C-values Value de�ning the quality of the sight lines from the stadium
stands to the �eld.
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C | Mutation Experimentation

The previous paragraph introduced a variable mutation rate, a mutation rate
dependent on the ratio between the �ttest score and the average generation
score. This section will elaborate on the testing of two aspects of the mutation
process, one being on how the mutation occurs in a chromosome and the other
on the in�uence of the variable mutation rate. The tests check how these aspects
in�uence the amount of loops required to �nd the �nal solution.

Chromosome Mutation

The �rst mutation aspect that is tested is how the mutation occurs in the chro-
mosome. Two options are researched, the �rst option is checking for each gene
individually if mutation occurs and if it does assign a random value to that
gene. The second option applies mutation per chromosome, if mutation occurs
the entire chromosome is mutated, assigning random values to each gene in the
chromosome (Figure C.1). The di�erence between both mutation methods can
be visualised by the �tness landscape, when only 1 or a few genes in the chro-
mosome change as in option 1, the newly found location is close to the old one
in the search space, while mutating the entire chromosome as in option two, the
newly found solution can be anywhere in the solution space, more likely leading
to the inclusion of new genetic material.

Figure C.1: Single gene mutation often leads to solutions close by, while total chromosome
mutation leads to placing anywhere in the search space.

The advantage of mutation per gene is that is more likely to deliver a rel-
atively �t solution because �t solutions are thought to be clustered together,
making it more likely that the solution is selected for the next generation and
be used. However this type of mutation delivers only a small bit of new genetic
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material, making the chance that the algorithm stays stuck on the same local
peak larger.
Mutation per chromosome means a higher chance on new genetic material, how-
ever because of the random location in the search space, the chance on a very
poor �tness score increases meaning that the chromosome will not be selected
and the new material wont be used by the algorithm.
To this end a 100 tests have been run with the gene mutation set at a 5% rate
and 100 tests with entire chromosome mutation set at a 1% rate as shown in
Table insert table here.

Variable Mutation Rate

The second test done on the mutation implementation is the variable mutation
rate. The variable mutation is implemented as a inversely proportional correla-
tion between the ration of average/�ttest score and the mutation rate (Figure
C.3). Meaning that when the di�erence between the average and �ttest score is
great, the mutation rate will be low and vica versa.

Figure C.2: Blue line represents the �ttest score and the green line the average generation
score.

This means crossover is dominant when diverse genetic material is in the
generation and mutation is dominant when this diversity is low, presumably
allowing the algorithm to crossover towards (local) peaks while reducing the
chance of the algorithm getting stuck. To this end 100 tests have been run with
the variable mutation rate and 100 tests with a �xed mutation rate set at 1%.
With mutation implemented as total chromosome mutation, because this won
in the previous mutation test.
The test results are presented in Table insert table, showing that the hypothesis
of the variable mutation rate is correct. Allowing the crossover process to work
when enough genetic diversity is available and introducing more new material
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Figure C.3: The correlation between the ratio of the average and �ttest score to the mutation
rate.

when genetic diversity is low works for this kind of solution landscape. However
testing on di�erent types of solution landscapes is required before more general
conclusions can be drawn.
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Column load Comparison 

The difference in structural configuration between the stadium and the residential reuse function lead to a 

different maximum column loading. Because these elements are in a preliminary design phase the 

required reinforcement has not yet been determined, however based on the geometry in concrete the 

loads on these columns can be compared to check the feasibility of the column reuse. 

 

 The red column on the left is the maximum loaded column in the stadium and the red column on the right 

is the maximum loaded column in the residential building. 

Loads 

Variable load stadium:     
  

  
              Column loaded by stadium bowl and 1,5 floors 

Variable load residential:     
  

  
            Column loaded by roof and 4 floors 

Stadium Load 

Permanent load (U.L.S.) 
                                                                              

   ((                    )  
      

     
                                    

                  (                  )    )    
  

  
        

Variable Load (U.L.S.) 

                                              (          
  

  
               

  

  
 

    )          

Total Column Load (U.L.S.) 
                                                             



Residential Load 

Permanent load (U.L.S.) 
                         (                              )      (               

                 (                  )    )    
  

  
         

Variable Load (U.L.S.) 

                                               (          
  

  
             

  

  
 

           
  

  
)         

Total Column Load (U.L.S.) 
                                                              

Load Comparison 
      

      
       For this reason the columns in the stadium need to be over-dimensioned to be able to 

handle the loads from the reuse function. Or if this is unwanted the residential building height should be 

restricted to three levels as shown in the calculation below. 

Permanent load (U.L.S.) 
                         (                              )      (               

                 (                  )    )    
  

  
        

Variable Load (U.L.S.) 

                                               (          
  

  
             

  

  
 

           
  

  
)         

Total Column Load (U.L.S.) 
                                                             

Leading to a nearly equal load between stadium function and residential function. 
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E | Application Manual

This appendix forms the user guide to work with the reuse application. The
user is guided trough the steps by means of short descriptions and screen shots.

Reusable Element Input

The reusable elements are setup as an excel �le, the setup of the elements in
this excel �le is shown in Figure E.1 (left). In the model the code path has to
be provided, this code path speci�es the location of the excel �le (saved as CSV
�le) on the computer. (Figure E.1, right)

Figure E.1: The excel speci�es 1 element per row, for each element the ID, Section and
Length are notated (for plates also the width).

Building mass & Floorspace

Next up is de�ning the building mass, which can be located anywhere in the
rhino viewport. The buiding mass may consist of 1 or 2 connected rectangular
boxes. Do not worry about the scaling of the mass, the application will do this
after the amount of �oorspace is speci�ed in the input (Figure E.1, right �gure
'Floorspace Square meters per Building').
After the building mass is de�ned in the rhino viewport, the two boxes need
to be assigned to the 'Building Mass Model' input (Figure E.1, right). When
this is done correctly, the rhino viewport will now show the amount of scaled
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buildings that can be created. (Figure E.2)

Figure E.2: The green building is the mass speci�ed by the user and assigned to 'Building
Mass model', the red �gures are the scaled building masses.

Weight factors and Start

The �nal input that has to be provided are the Scoring Rule Weight factors
(Figure E.3). Setting these weight factors in�uences the outcome of the algo-
rithm, based on user priorities. After these weight factors are set, the user can
start the algorithm by setting the 'Start Algorithm' boolean to 'True' (Figure
E.3).

Figure E.3: By changing these integers the algorithm outcome can be in�uenced based on
user priorities.

Now the algorithm will start running and after it is done iterating the �nal
outcomes are presented in the Rhino viewport by means of a frame visualisation
and the grasshopper application will show the reuse percentage, the �oorarea
used in each building and the location of every element in the structural frames.
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