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Preface 

This dissertation is, in the first place, a report on research carried out during the period 
2010-2014. Nonetheless, it represents as well a milestone in a quest for insight on 
building spatial and structural design interaction, which exists at Eindhoven University 
of Technology, in the Structural Design Group, since 1992. 

At that time, Professor H.S. Rutten and Associate Professor H.J. Fijneman were 
convinced that, regarding the use of computers in the field of structural engineering, if 
one would understand mathematics and computing science (i.e. logic), computers could 
be used not only for stress-engineering (via the finite element method), but for 
improving �or even generating- the building structural design as well. Therefore, from 
December 7, 1992 on, 2 M.Sc.-research projects and 1 M.Sc.-thesis project were carried 
out. A Prolog computer program resulted that first applied space allocation to generate a 
2D ground plan, then cyclically applied (a) structural grammars to provide the level with 
a structural design, (b) space allocation to generate the spatial design for the next level, 
based on the structural design below. As such, an automated and level based alternating 
spatial-structural development of the building was carried out (Hofmeyer, Rutten, 
Fijneman, 2006). 

To follow up the research above, a Ph.D.-project was initiated on November 1, 
1994. After a literature study on computer supported design, three topics were proposed. 
(I) The implementation of a co-evolutionary design process by automatic (a) 3D pattern 
recognition of shapes that relate to a structural design, (b) application of a structural 
design, (c) optimisation by repositioning structural elements, (d) replacing the spaces in 
the structural design, and (e) manual reconfiguration of the spaces. (II) Optimisation of 
structural element positions via heuristic rules taking into account the function and 
behaviour of elements, or alternatively using the element positions as design variables in 
gradient-based optimisation of the structural design. (III) Generating 3D structural 
designs via 2D topology optimisation, e.g. via a box template analogy. Hereafter, the 
research focussed on (II) to study numerical optimisation (e.g. shape and topology 
optimisation), to develop configuration optimisation (step (c) above), and to formulate a 
model to relate the two techniques, the model to be implemented in existing numerical 
optimisation software. During a short-term research fellowship, at the Institut für 
Baustatik, led by Professor E. Ramm, at Universität Stuttgart, research was carried out 
on optimisation benchmark tests and the alternative in (II). The Ph.D.-project was 
discontinued on April 30, 1995. 

It was Professor J.G.M. Kerstens, with his background in Applied Mechanics, Civil, 
and Aerospace Engineering and Design (e.g. Storm Surge Barrier Rotterdam, Olympus 
telecommunication satellite), who in 2004 enthusiastically promoted the continuation of 
the research in his Applied Mechanics group. In what followed, the insight arose that 
besides supporting the design process - by providing (possibly improved) structural 
designs - there is a need for understanding the fundamental relationship between space 
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and structure, and the assumption was made that this understanding, and understanding 
of the design process itself, could be provided by automated cycles in which spatial 
designs are transformed into structural designs and vice versa. This reasoning was the 
basis for a research proposal, approved by the �dr.ir. Cornelis Lely Stichting�, financed 
by �Rijkswaterstaat� (being a part of the Dutch Ministry of Infrastructure and the 
Environment), and which completely financed this dissertation. 

During the period 2010-2014, the research was subject to many interesting, but 
often conflicting ideas and suggestions. With hindsight, the project did start with 
implementing the automated cycles (now more specifically: strategy B), with the 
intentions above, but naturally, from that moment on it was influenced by many events 
along the route. First of all, Professor A.S.J. Suiker advised to make the research more 
formal, which led to a description of certain behaviour of the automated cycles as 
�Asymmetrical Subspace Optimisation (ASO)� as such now part of future research. 
Furthermore, he stressed the need to include topology optimisation. Additionally, 
Professor I. HorvÆth explained the difficulties related to the intention to extrapolate the 
research beyond the initial domain (architecture), e.g. to mechanical or industrial 
design. This led to a renewed focus on building spatial and structural design, and even 
more specifically on structural design and optimisation. He and Professor B. de Vries 
required a detailed description of the framework of the research as well. This led to the 
definition of the research structure best presented in the summary of the dissertation. 

The work here contains several novelties, to mention the most important: 3D 
pattern recognition applied to spatial building designs and used for structural zoning; 
Automated splitting for conformal geometries; Automated stabilisation; Automated 
loading; Topology optimisation for finding 3D building structural topologies; Spatial 
design modification based on structural design feed-back, and together enabling 
automated cycles of spatial-structural design transformations, which also have been 
compared against evolutionary techniques. Looking back at the original intentions from 
1992, it should be said that these intentions have been more than achieved, which makes 
this dissertation a milestone indeed. 

September 19, 2014, the STW Open Technology research proposal �Excellent 
Buildings via Forefront MDO, Lowest Energy Use, Optimal Spatial and Structural 
Performance� was approved, being the best proposal in the group. The proposed 
research will continue the research line initiated by this dissertation. For this, a Ph.D.-
candidate at Eindhoven University of Technology will extend the dissertation work with 
building physics aspects via the ASO description, whereas a Ph.D.-candidate at Leiden 
University will focus on the formal optimisation aspects by developing a combined 
gradient-based and evolutionary strategy for multi-objective optimisation (MEMO). 
Combining the two methods, ASO and MEMO, buildings will become more energy 
efficient, with optimal building spatial and structural design correlation. 

  



ix 
 

Summary 

Currently, if a building structural design is optimised in a design process, optimisation 
takes place after development of this design, and is applied to the structural elements. In 
this dissertation, 4 new strategies have been developed to automatically (i) optimise the 
entire structural design instead of its elements, (ii) use optimisation to automatically 
suggest a structural design, (iii) modify the spatial design of the building -to increase the 
design possibilities for the structural design- by spatial feedback or (iv) find optimal 
structural designs by random variation of the spatial design and structural design. The 
strategies define the methods to be used, set directives for data management, and define 
evaluation criteria and means of representation (i.e. how the results are presented). 
These strategies support the design process by providing evaluated design variants via 
rational procedures for the first 3 strategies, and random procedures for the last strategy. 
The 4 strategies have been implemented via a single so-called Building Structural 
Optimisation Toolbox (BSO Toolbox), ensuring a consistent formulation, automated 
application, and validation of the strategies. 

The first strategy A, named Structural Grammars and Topology Optimisation, is 
conceived to resemble a design process: Based on a spatial building design, the 
developed procedures structural grammars, geometrical redefinition, automated 
stabilisation, and automatic loading are applied to generate a structural design, 
composed of structural elements. Additionally, an existing method, topology 
optimisation, is used to enable the redistribution of structural mass, within the 
boundaries of the given structural elements, to obtain optimal structural performance, in 
this particular case reflected by minimal total strain energy. 

Strategy A2, named 3D Topology Optimisation, improves strategy A from the 
limitation that structural mass can only be distributed within the boundaries of the given 
structural elements. Instead, it generates a structural design directly as follows: First a 
structural grammar transforms the building spatial design into a homogeneous solid 
mass. Subsequently, topology optimisation is applied, now redistributing the structural 
mass over the complete volume of the spatial design, which results in both optimal 
performance (here minimal total strain energy) and a suggested layout of the structural 
design. 

Strategy B, named Structural Grammars, Topology Optimisation, and Spatial 
Feedback, entails a design process in which spatial design modifications are carried out 
based on the development of the structural design. It starts as strategy A, but the optimal 
finite element model is followed by deletion of elements with low total strain energy. 
Then, space deletion removes spaces with a high number of associated deleted finite 
elements. Hereafter, spatial requirements (here: spatial volume and number of spaces) 
are restored by scaling and subdivision of spaces, and this modified spatial design is fed 
back as input of the strategy. Compared to strategy A, this strategy increases the design 
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possibilities for the structural design, since variation of its basis -the spatial design- is 
allowed. 

The last strategy C, named Genetic Algorithms, randomly generates variants of the 
initial spatial design of the building and, based on these, random variants of the 
structural design. The variants of the structural design are evaluated via the finite 
element model. Some of the best performing variants are used for the next cycle of 
generation of variants, using an existing genetic algorithm. The strategy results in 
combinations of a spatial and accompanying structural design, with improved behaviour 
of the structural design (using minimal total strain energy as the optimisation goal) 
compared to structural designs based on the initial building spatial design. 

Strategies A, A2, and B all use coupled procedures, in the case of strategy B to 
enable an automated cycle in which 3D spatial and structural designs co-evolve, which is 
a novel achievement. Many coupled procedures, some also used for strategy C, are new 
or improved developments as well: 3D structural grammars, 3D zoning (3D pattern 
recognition, applied before the grammars), geometrical redefinition both for the 
building spatial and structural design, automatic stabilisation, automatic loading, space 
deletion, and scaling and subdivision.  

Strategies A and A2 both provide optimised structures (strategy A within the 
boundaries of the given structural elements, strategy A2 by using the complete spatial 
volume). As such they have been applied for comparison to 3, 5, and 18-level spatial 
designs of buildings, using vertical, horizontal, and combined loads. The performance 
indicator and spatial requirements used are total strain energy, and spatial volume and 
number of spaces. For both strategies, for all buildings, the vertical load cases show a 
similar efficacy, whereas for the horizontal load cases (including the combined load 
cases), topology optimisation is more efficient for taller buildings. This is due to the 
vertical load resulting in a linear varying strain distribution over the height, whereas the 
horizontal load shows a quadratic distribution. Thus, for the latter case height increase 
of the building leads to larger total strains differences (than for vertical load), for which 
naturally topology optimisation becomes more efficient. Strategy A, applying only 
structural elements at space boundaries, does not show any infringement of structural 
mass in the spaces. However, for strategy A2, using the complete spatial volume for its 
distribution of mass, 20 to 80 % of the spaces will be infringed with structural mass. This 
does not imply that the number of useable spaces decreases with the same amount, as for 
both strategies additional voids occur as well, due to removed structural mass, leading to 
up to 50 % of new open spaces. 

The strategies B and C both allow for modification of the spatial design, strategy B 
via spatial feedback and strategy C by random generation of the building spatial and 
structural design. As such, they have been compared by application to 2 building spatial 
designs, having 3 and 8 levels respectively. For the performance indicator and spatial 
requirements above, but the first now including structural volume as well, both methods 
provide improved building designs. Strategy B yields increasingly improved designs for 
each cycle, whereas for strategy C the average performance improves over many 
generations. For strategy B, it has been shown that for a vertical live load case, the 
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number of levels is correlated with the total strain energy, even when the spatial and 
structural volume, and the total load applied remain constant. For a combined load case, 
including vertical live load and horizontal wind, the total strain energy relates to the 
number of loaded vertical areas. Due to this difference, spatial modification is effective 
for internal vertical load, but not for external horizontal wind load, i.e. it is load type 
dependent. 

A real design process of a constructed building has been studied and described 
using the format of the data and process models of strategy B, i.e. as a sequence of 
alternating spatial and structural designs. The design process shows that the (initial) 
spatial design of the building is modified due to the accompanying structural design 
having a high spatial inconformity factor, and that structural designs are based on the 
spatial designs with regards to column grid size for enabling specific corridor openings 
and dedicated structural elements for the cantilevered spaces (3D space truss or shear 
wall supported slabs). A simulation using strategy B, using a simplified model of the 
initial building spatial design, shows a reducing building height and defragmentation 
due to spatial modification, as explained above. As such, the objective of minimum total 
strain energy is achieved, due to both topology optimisation and spatial modification, 
additionally providing useful design variants following the spatial requirements. 
However, modification of the spatial design and structural designs based on the spatial 
designs on the level of detail of the real design process cannot be found, for the spatial 
inconformity factor is not part of the optimisation. 

All four developed strategies demonstrate that entire structural designs (instead of 
individual elements) can be optimised, design variants can be provided via real design 
process and evolutionary based rational strategies, and spatial design modification �by 
space deletion, scaling, and subdivision, or by random variation- increases the design 
possibilities for the structural design. Spatial design modification, a tactic that could 
show up in design practice as well, is proven to not follow intuition that repositioning 
space and associated structural elements to highly strained locations leads to better 
performance, due to load type dependency. This additionally shows the need for 
applying the developed strategies in design practice. 

Future research should focus on taking into account additional disciplines, e.g. 
building physics, as follows. Strategy B now finds a locally optimal building structural 
design for a building spatial design in so-called free design space. For this, building 
physics aspects can be included naturally if the strategy is formulated as Asymmetric 
Subspace Optimisation (ASO). Introducing a second strategy, using a prescribed design 
space, it is possible to find proven Pareto frontiers of optimal building designs. This can 
be achieved by developing a combined gradient-based and evolutionary strategy for 
multi-objective optimisation (MEMO). Then the two strategies can be combined: If 
MEMO receives a local optimal solution from ASO, this solution will be used to extend 
the prescribed design space of MEMO. On the other hand, if MEMO finds 
improvements of building designs found by ASO, these will be migrated to the building 
designs used for ASO.  



xii 
 

Strategy A and A2 now either use complete fixed or complete free space for 
structural mass, but this should be subject to research. For this, first an universal (e.g. for 
architecture, mechanical engineering, and industrial design) formulation of spatial 
requirements (e.g. a number of spaces with certain volume, volumes that should be 
connected via certain surfaces, etc.), should be made, based on mereotopology. Then a 
new strategy A3 is developed, which applies structural optimization including a number 
of movable spaces, and if needed applies a non-gradient based solution method. After 
strategies A, A2, and A3 have been made compatible with the spatial requirements 
above, a comparison can lead to knowledge on (i) how the different strategies perform 
given specific spatial requirements, (ii) which spatial requirements exist implicitly in 
heuristic procedures, (iii) whether better designs results if �traditional- heuristic 
procedures are left, (iv) which strategies to select for future research and design. 

More generally, in future research strategy B could be used to study (i) the influence 
of a selected procedure on the measured design evolution, (ii) the influence of a selected 
procedure on the behaviour of other procedures (measured by their effect on input and 
outcomes), (iii) the fundamental relationship between spatial and structural design, by 
finding relationships between their performance indicators along the cycles. 

 

 

 

 

 

 

  



xiii 
 

Contents 

Acknowledgements v 

Preface vii 

Summary ix 

1 Introduction 1 

1.1 Context, challenges, and relevance 1 
1.2 General intention and research hypothesis 3 
1.3 Research objective and research questions 4 
1.4 Research approach 5 
1.5 Outline of the dissertation 5 
1.6 Scientific contribution 6 
1.7 Terminology 8 

2 State-of-the-art 11 

2.1 Introduction 11 
2.2 Design process models 11 
2.3 Design support methods 13 

2.3.1 Descriptive methods 13 
2.3.2 Interoperability and technology interaction methods 15 
2.3.3 Cooperative methods 16 

2.3.3.1 Analysis and optimisation methods 16 
2.3.3.2 Generative methods 18 

2.4 Contribution and discussion 20 

3 Development of strategies 23 

3.1 Introduction 23 
3.2 Definition of strategies and development process 23 

3.2.1 Early stages of the building design process 23 
3.2.2 Structural optimisation 25 
3.2.3 Differences between the early stages of the building design process 
         and structural optimisation 26 
3.2.4 Requirements and restrictions of the strategies 27 

3.3 Developed strategies 29 
3.4 Building Structural Optimisation Toolbox 30 
3.5 Concluding remarks 31 
 



xiv 
 

4  Strategy A: Structural Grammars and  Topology Optimisation 33 

4.1 Introduction 33 

4.1.1 Workflow entailed by strategy A 33 

4.2 Generate Spaces 35 
4.3 Structural Grammars 36 
4.4 Structural Topology Post-processing 38 

4.4.1 Materials Definition 39 
4.4.2 Geometrical Redefinition 39 
4.4.3 Kinematic Stabilisation 40 

4.5 FE Model Pre-processing 42 

4.5.1 Loading 42 
4.5.1.1 Vertical live load case 42 
4.5.1.2 Horizontal wind load case 42 

4.5.2 FE Structural Analysis 44 
4.5.2.1 Idealisation 45 
4.5.2.2 Discretisation 46 
4.5.2.3 Assembly and Solution 47 

4.6 Topology Optimisation 48 

4.6.1 Clustering 50 

4.7 Concluding remarks 51 

5 Strategy A2: 3D Topology Optimisation 53 

5.1 Introduction 53 

5.1.1 Workflow entailed by strategy A2 53 

5.2 Structural Grammars 54 
5.3 Structural Topology Post-processing 55 
5.4 FE Model Pre-processing 56 

5.4.1 Loading 56 
5.4.2 FE Structural Analysis 56 

5.5.2.1 Idealisation 56 
5.5.2.2 Discretisation 57 

5.5 Concluding remarks 58 

6 Strategy B: Structural Grammars,  Topology Optimisation, 
    and Spatial Feedback 59 

6.1 Introduction 59 

6.1.1 Workflow entailed by strategy B 59 



xv 
 

6.2 FE Deletion 61 
6.3 Space Deletion 62 
6.4 Scale and Subdivide 63 
6.5 Concluding remarks 66 

7 Strategy C: Genetic Algorithms 67 

7.1 Introduction 67 

7.1.1 Workflow entailed by strategy C 67 

7.2 Development of Random Population 69 
7.3 Generate Spaces 70 
7.4 Structural Grammars 70 
7.5 FE Model Pre-processing and Evaluation 72 
7.6 Ranking, Elimination, and Reproduction 72 
7.7 Concluding remarks 72 

8 Validation 73 

8.1 Introduction 73 
8.2 External validation method 73 
8.3 Setup of the simulations 74 

8.3.1 Building Spatial Designs 74 
8.3.2 Restrictions of the simulations 75 
8.3.3 Measuring criteria 75 

8.4 Case study 1: comparison 1 (A versus A2) 77 

8.4.1 Settings and application cases 77 
8.4.2 Simulations A and A2, application case I, horizontal wind loads 80 
8.4.3 Simulations A and A2, application case II, vertical live loads 80 
8.4.4 Simulations A and A2, application case III, horizontal wind loads 81 
8.4.5 Simulations A and A2, application case II, combined loads 82 
8.4.6 Overall findings of comparison 1 94 

8.5 Case study 2: comparison 2 (B versus C) 96 

8.5.1 Settings and application cases 96 
8.5.2 Simulations B and C, application case IV, vertical live loads 98 
8.5.3 Simulations B and C, application case V, combined loads 101 
8.5.4 Overall findings of comparison 2 104 

8.6 Case study 3: Real-life building 106 

8.6.1 Actual building design process 107 
8.6.2 Strategy B, Building Spatial Design, simulation settings, and results 110 
8.6.3 Comparison 113 
8.6.4 Concluding remarks 116 



xvi 
 

8.7 Internal validation 116 

8.7.1 Mesh sensitivity analyses 116 
8.7.2 Number of divisions D and number of deleted Spaces 117 
8.7.3 Deleted clusters of Finite Elements and number of deleted Spaces 118 
8.7.4 Deleted Spaces and the evolution of Modified Building Spatial Designs 119 
8.7.5 High relative density localisations 121 

8.8 Concluding remarks 124 

9 Conclusions 127 

9.1 Introduction 127 
9.2 Answers to research questions 128 
9.3 Merits and limitations of the strategies 131 

9.3.1 Strategy A: Structural Grammars and Topology Optimisation 131 
9.3.2 Strategy A2: 3D Topology Optimisation 132 
9.3.3 Strategy B: Structural Grammars, Topology Optimisation,  
         and Spatial Feedback 133 
9.3.4 Strategy C: Genetic Algorithms 133 
9.3.5 Computational merits and limitations 134 

9.4 Guidelines for practical and academic applications 135 

10 Further Research 137 

References 139 

Appendix A Glossary 163 

Appendix B List of symbols 165 

Appendix C Simulations 169 

C.1 Simulations A and A2, application case I, vertical live loads 169 
C.2 Simulations A and A2, application case I, combined loads 172 
C.3 Simulations A and A2, application case II, horizontal wind loads 175 
C.4 Simulations A and A2, application case III, vertical live loads 178 
C.5 Simulations A and A2, application case III, combined loads 181 

Appendix D BSO Toolbox and Dexen 183 

D.1 Code organisation 183 
D.2 Code execution 188 

Curriculum Vitae 191 
 

 



1 
 

1 

Introduction 

The research presented in this dissertation is introduced here. Firstly, the context, 
challenges, and relevance are presented in section 1.1 (for a detailed overview of the 
state-of-the-art, please refer to chapter 2). The general intention and the research 
hypothesis are presented in the subsequent section 1.2. In section 1.3, the research 
objective and the research questions addressed in this dissertation are given. The 
research framing methodology and an explanation of the research approach is described 
in section 1.4. An overview of the contents of the dissertation and the scientific 
contribution are presented in sections 1.5 and 1.6 respectively. Lastly, in section 1.7 the 
terminology convention and a glossary of the most used terms are presented. 

1.1 Context, challenges, and relevance 

Within the area of Architecture, Engineering, and Construction (AEC), the building 
design process is generally understood as the creation of a plan (commonly referred to as 
design) to realise a building. It is a complex and multidisciplinary task in which several 
disciplines are involved. The  final outcome of the building design process is the result of 
an iterative process in which the plan (design) undergoes several adaptations to meet 
pre-defined and arising requirements of all the involved disciplines (Haymaker et al, 
2004; Maher, 2000). 

It is often acknowledged that by improving the building design process (or any 
other design process) its outcomes will improve as well (Kalay, 2004; Cross, 2008; 
Brooks, 2010). Consequently, significant efforts have been made to study, to understand, 
and to improve the (building) design process. Additionally, it is believed that 
systematizing (Brooks, 2010) and documenting the (building) design process will 
improve the quality of (building) design practice and education. 

Research on the (building) design process can be described using two categories: (i) 
research on design process models, which is the study, formulation, and development of 
guidelines to model and organise the (building) design process; and (ii) research on 
design support methods, which is the development of techniques to support the 
(building) design process. Note that driven by the recent advent of computers, most 
research efforts have been placed on researching design support methods rather than on 
design process models.  

Different disciplines, within and outside the AEC area, develop process models and 
support methods that do not account for the multidisciplinary characteristics of the 
(building) design process (as noted by Haymaker et al, 2004) or for the interdependency 
between disciplines (as explained by Mora, BØdard and Rivard, 2008). Structural 
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engineering is one of the disciplines involved in the building design process. It deals with 
the development and analysis of structural designs of buildings. They can be defined as 
assemblies of structural elements, which are used to construct a building (figure 1.1). 
One of the main objectives of the structural design is to transfer and resist acting loads 
on the building (Gordon, 1978) to ensure usability and to avoid collapse. 

Design support methods for building structural engineering have been widely 
researched and developed. They are mainly focused on: (i) analysis, for which support 
methods have been developed to simulate physical phenomena and predict results. For 
example to simulate the behaviour of a reinforced-concrete beam subjected to 
incremental loads to predict when cracks will occur, or to simulate the thermal 
expansion of a steel structure to predict occurring stresses. And (ii) optimisation 
(Christensen and Klarbring, 2009), which determines design variable values for optimal 
performance of the structural elements. For example, to find the optimal cross-sectional 
areas of truss members, or to find the optimal thickness distribution of a metal sheet, so 
to minimise total strain energy. Lastly, support methods, for optimisation, that develop 
design alternatives instead of finding optimal design variables have been developed as 
well (Maher, Poon and Boulanger, 1996; Rafiq and Mathews, 1998; Park and Grierson, 
1999; Shea and Cagan, 1999a; Geyer, 2009). Note that building designs can be also 
optimised regarding their other (non-structural) aspects, e.g. functionality, costs, 
environmental and social impact. However, in this dissertation only structural 
optimisation is considered. 

 
Figure 1.1 
Structural design of the �Metaforum� building (under construction), Eindhoven University of 
Technology, The Netherlands. 

   Even though structural analysis and optimisation methods have been researched, 
in building design practice, structural optimisation is not used frequently, and if it is 
used, it has often a marginal influence on the development of the overall building 
structural design. This is different from other disciplines, e.g. mechanical engineering, 
where structural optimisation is central to the design process. One reason is that the 
involvement of structural engineering usually does not start at the beginning of the 
building design process but at a later stage, when changes to the plan (design) are more 
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