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Abstract
The shortage in housing and office spaces, combined with the desire of people to live in
densely populated cities results in a lack of space. A proposed solution can be found in the
usage of high-rise buildings. Nowadays there is more awareness for the environment, thus
this research tries to reduce the environmental impact of a high-rise building by optimiz-
ing the material used in load-bearing structures. This research aims to give designers and
engineers more insight into the added value of structural optimization; in particular for the
material usage in the load-bearing structure of high-rise buildings. The research objective is
formulated as follows:

”What is the optimal topology for a reinforced concrete load-bearing structure, situated at the
perimeter of a high-rise building when optimizing the material use?”

A building is classified as high-rise building when its roof is 70 m or more above ground
level and accommodates work and/or living space. In literature the distinction is made be-
tween three sorts of optimization: size, shape and topology optimization. Topology opti-
mization has the most freedom, therefore it is more likely to find a novel structure which
minimizes the material use as much as possible. In specific the Ground Structure Method
(GSM) is used. The initial ground structure is constructed by creating members between all
nodes (full connectivity) which are located in the design space. The cross-sectional areas of
the bars are the design variables in the optimization. An option is that the variables turn to
zero, thus elements are deleted resulting in less material. The conventional GSM starts with
the full connectivity as initial ground structure, deletes elements and calculates the new load
distribution until a threshold is reached. In the end the load-bearing structure will consist
of columns, braces and beams, which are located at the perimeter of the floor plan. Litera-
ture indicates that (high-rise) buildings which are mainly loaded by horizontal loads would
be optimal if they contain arches in the load-bearing structure, or resemble the so-called
Michell truss [5, 6, 49, 62]. However, the influence of the vertical load is often not taken into
account, therefore this is investigated with the help of a parametric study. To compare the
results with reality, a case study (Boston & Seattle, Rotterdam) is investigated.

The core of the research is the further development of the optimization code, based on the
GSM, written by He et al. [31], where multiple load cases and demands for the material
strengths are implemented. In contrast to deleting elements, the code uses an adaptive
’member adding’ scheme, which is firstly proposed by Gilbert and Tyas [26]. This scheme
solves problems faster than the conventional GSM, up to 8 times, and is able to solve large
problems [31]. This code is extended during this research with new functions which imple-
ment demands for fire, second-order, buildability, flexural buckling and stiffness. Also it
is possible to add self-weight to the optimization. The stiffness is implemented by adding
a constraint to the displacement of the top of the building, wherefore a recursive resizing
algorithm is written based on the article of Chan [17]. Thus the extended code exists of two
optimizations, first a strength optimization and afterwards a stiffness optimization. The code
is written in Python and for the purpose of post-processing exporting the data to Excel and
Abaqus is possible.

With the help of the extended code, two design spaces are investigated. One design space
is smaller, such that the computational time is low and many variations can be examined
during the parametric study on the total vertical to total horizontal load ratio (v/h-ratio).
The other is based on a case study for comparison with a realistic situation. The verification
of the code shows that the extra functions work properly for the investigated problems. If
the functions concerning the stiffness optimization, inclusion of self-weight, fire, buildability
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vi 0. Abstract

and second-order are used, the extended code becomes unstable and the computation time
increases enormously when optimizing the case study. Therefore it is chosen not to include
during obtaining the results.

The results of the parametric study shows an expected pattern for the load-bearing structure,
for a v/h-ratio below 4. The pattern consist of arches, originating from the Michell truss. The
optimization of the case study, subjected to one realistic load combination, showed no clear
pattern for the load-bearing structure. Post-processing steps, based on engineering judge-
ment, are taken to clarify the solutions, which showed that the columns above the supports
should be large in comparison to the other elements and that the arches are the most optimal
structure. Therefore an ”optimized” load-bearing structure consisting of arches is proposed.
The analysis of the ”optimized” load-bearing structure shows us that most of the elements
meet the strength requirements. To find the optimal solution an iterative process would be
needed, because increasing the cross-section of an element will decrease the stress but in-
crease the stiffness, thus attracting more load.

The difference between the optimized load-bearing structure and the original load-bearing
structure of the case study is that the optimized uses arches instead of (punched) structural
walls and uses less material (±3%). From the post-processing of the results it is concluded
that increasing the strength ratio (compression to tensile) to 1.0, decreasing the total v/h-ratio
or ignoring the rigid-diaphragmworking of the floor help clarify the results of the optimization.

This research extends the current literature with extra insights in the use of the Ground
Structure Method in an optimization code. Also, it confirms that the arches (originating from
Michel Truss) is an efficient manner to transfer the loads to the supports. However, more
research in the influence of the supports, the design space and the material type on the
clearness of the optimal solution is needed.

The advice for designers and engineers is to see what the possibilities are for arches to use in
their load-bearing structure, because these are efficient in transferring the loads so material
can be saved. The current version of the code needs to be made more user friendly, stabler
and faster before it is recommended to be used by designers and engineers. The extended
code is a first attempt to implement multiple rules from the Eurocode in a optimization code.



List of symbols
All values are in SI-units (unless specified otherwise): distances in meters, time in seconds,
force in Newtons and mass in kilograms.

B [-] Equilibrium matrix
𝐴 [-] Constant for calculating the slenderness limit
𝐴፜ [mኼ] Total area of the concrete in the cross-section
𝐴፬ [mኼ] Total longitudinal reinforcement area in the cross-section
𝐵 [-] Constant for calculating the slenderness limit
𝐶 [-] Constant for calculating the slenderness limit
𝐸 [N/mኼ] Young’s modulus of concrete
𝐼 [mኾ] Moment of inertia
𝑀ኺኻ, 𝑀ኺኼ [Nm] First-order end moments, |𝑀ኺኼ| ≥ |𝑀ኺኻ|
𝑊 [m] Geometry parameter in 3D cantilver optimization problem
𝑎 [mኼ] Vector containing all 𝑎።
𝑎፜ [mኼ] Cross-sectional area
𝑎። [mኼ] Cross-sectional area of member i
𝑎።,ኻ [mኼ] Cross-sectional area of member i as result of optimization part one
𝑎ኻ [mኼ] Vector containing all 𝑎።,ኻ
𝑏፜ [m] Width of the cross-section
𝑒። [m] Surcharge eccentricity
𝑒፭፨፭ [m] Total eccentricity
𝑒ኺ [m] First-order-eccentricity
𝑓 [N] Vector containing all 𝑓፣
𝑓(𝑥) [-] Objective function depending on variable x
𝑓፜፝ [N/mኼ] Design compression strength
𝑓፜፤ [N/mኼ] Characteristic concrete compression strength
𝑓፜፭፝ [N/mኼ] Design tensile strength
𝑓፬፰። [N] The load due to self-weight of the member i
𝑓፣ [N] External force on node j
𝑓፲፝ [N/mኼ] Design yield strength of the reinforcement
𝑓፲፤ [N/mኼ] Characteristic strength of the reinforcement
𝑓፤ [N] Vector containing all 𝑓፣ for load case 𝑘
𝑓፬፰ [N] Vector containing information about the load due to self-weight of

the members on the nodes
𝑔 [m/sኼ] Gravity acceleration
𝑔፤(𝑥) [-] Inequality constrain function depending on variable x
𝑔፮ [m] Right-hand side of the inequality constraint (displacement of the top floor)
𝑔፭ [m] Left-hand side of the inequality constraint (displacement of the top floor)
ℎ [m] Height of the building
ℎ፜ [m] Height of the cross-section
ℎ፣(𝑥) [-] Equality constrain function depending on variable x
ℎ፬ [m] Floor height
𝑖 [m] Radius of gyration
𝑘 [-] Load case number
𝑙 [m] Vector containing all 𝑙።
𝑙። [m] Length of member i
𝑙፦ [m] length of a member
𝑙ኺ [m] Buckling length
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𝑚 [-] Amount of members
𝑛 [-] Amount of nodes
𝑛፝ [-] Number of design variables
𝑛፠ [-] Number of inequality constrains
𝑛፡ [-] Number of equality constrains
𝑛፫፞፥ [-] Relative normal force, 𝑁ፄ፝/(𝐴፜𝑓፜፝)
𝑝 [-] Amount of load cases
𝑞 [N] Vector containing all 𝑞።
𝑞። [N] Force in member i
𝑞፮,። [N] Force in member i, caused by a unit load at the point of interest
𝑞፤ [N] Vector containing all 𝑞። for load case 𝑘
𝑟፦ [-] Moment ratio, 𝑀ኺኻ/𝑀ኺኼ
𝑡 [-] Iteration step
𝑉 [mኽ] Volume
𝑥። [-] 𝑖፭፡ Design variable
𝑥፥። [-] Lower bound of the design variable 𝑥።
𝑥፮። [-] Upper bound of the design variable 𝑥።
𝑧ኻ [-] Lagrange multiplier
Φ [-] Reduction factor due to flexural buckling
𝛼፜፜ [-] Reduction factor which considers long-term effects and unfavourable

acting of a force on compression strength
𝛼፜፭ [-] Reduction factor which considers long-term effects and unfavourable

acting of a force on tension strength
𝛾፜ [-] Material factor for concrete
𝛾፬ [-] Material factor for steel
𝜂 [-] Relaxation parameter
𝜆 [-] Slenderness
𝜆፥።፦ [-] Slenderness limit
𝜌 [kg/mኽ] Density of reinforced concrete
𝜙፞፟ [-] Effective creep coefficient
𝜔 [-] Mechanical reinforcement ratio, 𝐴፬𝑓፲፝/(𝐴፜𝑓፜፝)
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1
Introduction

1.1. Motive
The Netherlands has a housing shortage, approximately a shortage of 263.000 houses at the
start of 2019 [66]. Also, the number of vacant office buildings is decreasing. More major
cities in the Netherlands need to deal with a shortage in office-buildings [14, 23]. An option
to resolve these deficits is to build new houses and office buildings [58]. These new buildings
will occupy land, but the land is not only used for living and working but also for leisure,
agriculture and nature (think of the ”Groene Hart”). The Netherlands is a densely populated
country (510 people per kmኼ in 2018 [15]), whichmeans that the landmust be used efficiently.
Also, people want to live and work in densely populated cities, where the land is even more
scarce. Concluding, there is a lack of space in the Netherlands, especially in the urban
environment. A solution is to increase the height of the buildings; high-rise buildings. These
enable space for living or offices without taking a lot of square footage of the valuable land,
using the land as efficiently as possible.

1.1.1. Background
Currently the tallest building in the world is located in Dubai, the Burj khalifa, with a height
of 828m shown in figure 1.1 [35].

Figure 1.1: Burj Khalifa [35]
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2 1. Introduction

There are more super-tall buildings in the world, especially in the Middle East, Asia and
North America. These continents have multiple buildings above 400m. These buildings have
among others residential, office, hotel or retail areas [16]. Next to these functions they also
have an aesthetic value; the buildings are landmarks. These high-rise buildings can be seen
from far and wide and quite some cities are known for their high-rise buildings (such as The
Empire State Building in New York and the hotel Marina Bay Sands in Singapore).

In Table 1.1 the top 10 of cities with the highest number of buildings above 90m is shown,
which are all densely populated cities. In the Netherlands Rotterdam is the only city where
people live in high-rise buildings on large scale. The city has 29 buildings above 90m [69].

Table 1.1: Top 10 of cities with buildings above ዃኺ m in the world [69]

City Number of buildings (>90 m)

Hongkong 2939
New York 849
Tokyo 572
Shanghai 549
Bangkok 382
Chicago 321
Signapore 296
Sao Paulo 281
Seoul 273
Dubai 268

Figure 1.2a and 1.2b respectively show the top 10 highest buildings in the world and the
Netherlands. In these figures, the height of the buildings is scaled, such that they are com-
parable. As mentioned before the tallest building in the world is the Burj Khalifa, the tallest
building in the Netherlands will be the Zalmhaven Toren (215 m) when it’s finished in mid-
2020 [21].

(a) High-rise buildings in the world [47]
(b) High-rise buildings in the Netherlands [46]

Figure 1.2: Top 10 high-rise in the world (1.2a) and in the Netherlands (1.2b), scale is in meters

Currently, the municipalities in the Netherlands are adapting their definitions of high-rise
(these can be found in Appendix A) and their policy on high-rise buildings to a more modern
point of view [69]. For example, the municipality of The Hague has the demand that each
building has its own ”Haagse” signature meaning each building has to have a recognisable
top [54]. With this vision, the municipality of The Hague creates landmarks in their city.

Limitations for high-rise buildings in the Netherlands are among others, the soil condition,
minimal natural light in buildings, logistics, financial and the historic inner cities. Due to
the soil conditions in the Netherlands, it is preferable to build on pile foundations such that
the structure will not subside which could make the design more challenging. The minimal
incidence of natural light makes the Dutch towers very slender for low heights. Next to
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the design problems the logistics could also be problematic. As mentioned before, in the
densely populated areas the ground is scarce. Thus when building in there areas, there
is minimal space for equipment and storage. The Netherlands has cities with old historical
centre, similar to other European cities but different than North-American cities. Since these
centres aren’t tall, it is not desirable to build tall buildings here because they won’t fit in. At
last, it is a difficult business case. The rent price per square meter is low in the Netherlands
(compared to other major cities in the world) and the building costs are normally higher
compared to those of low-rise buildings [17].

The market is asking for cheaper buildings, cheaper building methods, shorter building
time and nowadays also for more sustainable buildings. A way to achieve this is modu-
lar building. Research concludes that the building time and waste on-site is reduced when
building with modules [40]. Another possibility is to optimize high-rise buildings, leading to
lowering the material use, which could result in lower costs and is better for the environ-
ment. Other research describes that the impact of buildings in use or under construction
are the greatest indirect source of carbon emissions [3]. Proposed solutions are, adapting the
architecture of the building such that less heating/cooling is needed and using double-layer
glass facade [57]. Thus less material needs to be used or the material needs to be used more
efficiently, such that the harm to the environment is mitigated and the costs are kept low.

1.1.2. Problem description
The shortage in housing and office space, combined with the desire of people to live in the
densely populated cities results in a lack of space in urban areas. A proposed solution for this
is high-rise buildings instead of low-rise buildings, such that the areas are efficiently used.
Next to the demands from the buildings codes, market forces have begun to push the gov-
ernments and the private sector towards renewable energy in most industrialized countries
to create more awareness for the environment. Therefore, tall buildings should become more
sustainable considering the environment, long-term economic growth, and human needs.
This problem can be solved by reducing the environmental impact of a high-rise building
with the help of high-performance design [3]. One of the components of high-performance
design is the use of material. Optimizing high-rise buildings is a method to find possible ma-
terial saving ideas, through using the material more efficient in the load-bearing structure.
This will be the focus of this research, from which in Section 1.2 the research aim, objectives,
methodology and scope are defined.

1.2. Research objective, methodology and scope
The research aims to give designers and engineers more insight into the added value of struc-
tural optimization. In particular for the case of material usage in the load-bearing structure
of high-rise buildings. From this aim, the research objective(s) are formulated.

1.2.1. Research objective
The research objective is formulated as follows:

”What is the optimal topology for a reinforced concrete load-bearing structure, situated at
the perimeter of a high-rise building when optimizing the material use?”

This objective will be investigated with a parametric study and a case study. Afterwards
the results will be placed in perspective to draw conclusions for a more general case. The
research objective is divided into eight sub-research questions, these are stated and explained
in Paragraph 1.2.2. These sub-research questions are answered in the different chapters of
this report.
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1.2.2. Methodology
In this paragraph the methodology is explained. As mentioned before the main research
question is divided into sub-research questions. Underneath each sub-research question
there is a short explanation.

1. What is the definition of a high-rise building and what kind of load-bearing structures
exists?
The first question results in a definition of high-rise buildings and gives background
information about the different load-bearing structures.

2. What are the requirements to a high-rise structure, according to the Dutch code?
The Ultimate Limit State (ULS), Serviceability Limit State (SLS) requirements, fire and
practical requirements are discussed.

3. What kind of structural optimization methods exists and which suits the research objec-
tive the best?
A brief overview of the structural optimization methods, the conclusion is an optimiza-
tion method which suits the research objective the best. Also, previous studies in struc-
tural optimization methods are presented.

4. What are the characteristics of the case study regarding the structure?
A case study is chosen based on information from question one. The characteristics of
the case study are noted: the floor surface, the height of the building, amount of floors,
etc. Some of these characteristics are marked as demands to which the design space
in the optimization must satisfy so that the case study and the optimized structure can
be compared.

5. Which boundary conditions, for the optimization problem, follow from the case study?
The characteristics are translated to boundary conditions which are used in the opti-
mization and act as boundary conditions for the design space.

6. How can the optimization problem, for different design spaces, be defined?
With the help of sub-question two and five the boundary conditions, supports, load
combinations, material properties, constraints and design space are identified. These
are written such that they can be implemented in the optimization code (written in
Python 2.7).

7. Does the optimization code work and what is the input for the optimizations?
The optimization code is used to optimize different design spaces. Firstly, the optimiza-
tion is done with a floor plan where the results are known/can be predicted (with the
use of literature from sub-question three). This shows that the optimization method
works. Next, the input for the optimizations is stated.

8. What is the difference between the optimized case study and the original case study and
what is learned from this to benefit the design of future buildings?
Design spaces are optimized and results are presented, post-processing of the results is
conducted if needed. Comparing the load-bearing structures, before and after optimiza-
tion, will give insight into the usefulness of topological optimization for this particular
case study. Furthermore, the comparison and the parametric study is used to translate
the results to a more general case.
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1.2.3. Scope
In this section the limitations of the research are discussed, below these are itemized and
explained:

• The core
The core will only have the necessary for practical reasons (such as space for elevators)
and takes an appropriate part of the vertical load, but does not contribute to the stability
of the building. The diaphragm function of the rigid floor is taken into account during
the optimization, but instead of transferring it to the core it will transfer the wind load
to the perimeter of the structure.

• Linear and non-linear behaviour
During the optimization linear behaviour of the structure is assumed, the found struc-
ture from the optimization is analysed linear. The non-linear behaviour is not imple-
mented in the optimization problem, because the optimization problem will become
too complex. During the optimization concerning the displacement of the structure,
cracked concrete, in elements under tension, is taken into account by reducing the
Young’s modulus with 50%.

• The foundation
The transfer of forces from the building to the ground through a foundation will not be
addressed in this research. The focus is on the building and not the interaction with
the ground.

• The influence of and on other buildings
The influence of and on other buildings are not taken into account. Thus the shielding of
buildings surrounding the high-rise buildings is not taken into account (should never be
taken into account according to NTA 4614-3:2012). The local and/or global increase of
loads due to surrounding buildings on the high-rise is not taken into account, because
this will complicate the translation of the insights from the case study to the general
case.

• The Netherlands
The chosen case study is a high-rise building in Rotterdam, the Netherlands. So the
design rules for high-rise buildings of the Netherlands are used in this research, which
complies with the Eurocode. For the wind load, the wind environment of the location of
the case study is used. Although the NEN (Dutch version of Eurocode) prescribes cal-
culations on earthquakes (human-induced or natural), these aren’t taken into account.
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1.3. Reading guide
In Chapter 2 high-rise buildings are discussed answering question one and two. In Chapter
3 the optimization methods are discussed and question three is answered. Question four and
five are answered in Chapter 4, through discussing the case study in detail. The information
from the previous chapters lead to a fully described optimization problem, stated in Chapter
5. The optimization problem is rewritten to an optimization code and is verified answering
question six and seven. At last, question eight is partly answered in Chapter 6 by showing the
results and a comparison between the optimized structure and the structure of the case study
is made. In chapter 7 the result of the research is discussed and in Chapter 8 conclusions
are drawn and some recommendations for further research are done. Also, Chapter 8 partly
answers the last sub-research question. Figure 1.3 shows in which chapters which sub-
research questions are discussed and how the chapters are related. Concluding, Chapter 2,
4 en 3 are part of the literature review and result in the input for the optimization. Chapter
5 covers the optimization code, Chapter 6 shows the results of the parametric study and the
optimization of the case study. The discussion, comparison and design recommendations
are done in 7 and 8.

Figure 1.3: Visualisation of the reading guide
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High-rise building

In this chapter the first two sub-research questions are answered, the first one: ”What is the
definition of a high-rise building and what kind of load-bearing structures exists?” is answered
in Section 2.1 and 2.2. In these two sections, the definition of a high-rise in the Netherlands
and the classification of the load-bearing structure is discussed. The second question: ”What
are the requirements to a high-rise structure, according to the Dutch code?” is answered in
Section 2.3. At last, in Section 2.4, a summary of the discussed points is given.

2.1. Definition of high-rise
As mentioned in the scope, the codes of the Netherlands are used in this research. The
definition of high-rise, according to the Dutch dictionary (Dikke van Dale) is ”high building,
the opposite of low-rise building”, which is an ambiguous definition. According to the general
part of NTA 4641-1 (Nederlandse Technische Afspraak) a high-rise building is a building,
which accommodates work and/or living space, and is 70m or more above ground level.

Each municipality in the Netherlands has its own policy concerning high-rise, all have
their definition of high-rise depending on among others the average height of the current city.
For different municipalities the height, from which a building becomes high-rise, is shown
in Appendix A together with some regulations at certain heights. The frontier in high-rise
buildings in the Netherlands, Rotterdam, uses 70 𝑚, which is the same as the definition of
the NTA 4641-1. The definitions which state that high-rise buildings are buildings which are
higher than the normal buildings are not convenient, because these depend on the location.
Thus the definition of the NTA is adopted in this research because it is a leading document
in the Dutch building climate concerning high-rise buildings and it’s similar to the definition
of the municipality of Rotterdam, which is a frontier on high-rise in the Netherlands. So, in
this research a high-rise building is a building where the roof is 70 𝑚 or more above ground
level and accommodates work and/or living space.

7
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2.2. Load-bearing structure
The load-bearing structure of a building must ensure that the building is strong enough
(doesn’t collapse), is stiff enough (no excessive deformation and movement for the comfort of
the users) and is stable enough (doesn’t fall over) [53]. The different types of load-bearing
structures will be discussed in Paragraph 2.2.1, in Paragraph 2.2.2 the core of a building is
discussed.

2.2.1. Classification
In general, the lateral forces are critical for high-rise buildings, thus most classifications are
based on the effectiveness in resisting lateral loads [53]. A rough distinction between different
types of load-bearing structures can be made, which is shown in Figure 2.1.

These five systems will be discussed shortly, the frame structure uses stiff connections to
construct moment resisting frames. At a certain height, it isn’t profitable to build with this
system, due to the high costs of producing stiff enough connections [53]. A core, shear walls
which are located at the centre of the building, is a commonly used option. The core is used
to (partly) ensure the stiffness and stability of the building, next to that the core is used to
accommodate, among others, lifts and stairs. This system is very common to use in high-rise
[25]. If a core isn’t sufficient, the core can be reinforced with an outrigger (concrete, steel or
a combination)[53]. The outriggers and the columns, located at the outside of the building,
work together as a buttress, which reinforces the core[24]. The tube system can be defined
as a three-dimensional system which uses the whole building, the columns at the perimeter
of the building are used to resist the lateral loads [4, 53]. The megastructure extends the
tube system with braced modules at every 10 − 25 stories [25].

Figure 2.1: Classification of high-rise structural system [53]
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In recent years the cost of manufacturing a diagrid system is decreased, through new tech-
nologies. Diagrid systems are increasingly used in high-rise buildings due to their structural
efficiency [50]. The difference between a diagrid system and a megastructure is that the ver-
tical supports are eliminated and the vertical force transport is done by the diagonals, shown
in Figure 2.2.

Figure 2.2: Diagrid vs. braced structure (adapted from [51])

Other classifications can be found in literature, such as classification based on the interior
or exterior location of the primary lateral load-bearing structure [4]. Or classification which
is based on steel and (reinforced) concrete [4, 71]. Each material has advantages and disad-
vantages. Steel systems are fast to construct and light (in comparison with concrete), thereby
decreasing demand on the foundation. On the other hand, reinforced concrete systems are
more resistant to fire, offer more damping and mass [71].

As mentioned before, in Section 1.1.1, high-rise buildings are, next to their normal func-
tion, landmarks. These buildings become more and more an art object, a good example of
this is the work of Zaha Hadid architects. Some classify the designs of these extraordinary
buildings as free- form design. These buildings are so complex that they often are designed
and calculated with the help of the computer, which is becoming more and more normal in
the civil engineering sector (think of BIM and FEM-calculations). Examples of landmarks
with an extraordinary design are given in literature [36, 44], other designs of (optimized)
high-rise buildings can be found in the article of Beghini et al. [6]. One of the conceptual
designs is shown in Figure 2.3.

Figure 2.3: Illustration of the concept design for the Wuhan competition: (a) architectural rendering of the final design, (b) finite
element mesh, (c and d) topology optimization results [6].
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2.2.2. Core
A building which is stabilised through a core consists of at least one core, which is elastically
clamped in the ground to ensure the stability and stiffness of the building. Next to that, there
are other columns situated in the floor plan to transfer the vertical load. A building which
has a rectangular shape could have more cores to withstand the turning of the building,
through lateral loading [25, 53].

As mentioned in Paragraph 2.2.1 the core has more functions than providing resistance
against loads. For the elevators and stairs are no regulations concerning the natural light,
thus these are often placed in the middle of the building. Sound isolation and fire safety
regulations result in a sturdy shaft around the stairs and elevators. Because these cores
are so well protected, often they are used as an evacuation route in the building. A difficult
design problem is the passages through the core, these are needed for people to use the core
but weaken the structure[53].

The combination with an outrigger system increases the stability of the core, through
which taller buildings can be designed. An example of this is the Shanghai Tower, which is
630 meters high and has approximately every 20 floors an outrigger system and a reinforced
concrete core. In Figure 2.4 the tower is shown under construction. Another example of a
tall building with a core combined with outrigger is ”The Shard” in London.

Figure 2.4: Shanghai tower under construction [56]

Stability cores are mainly distinguished through material, steel or (reinforced) concrete [25].
In this research, a (reinforced) concrete core is considered. As mentioned in Paragraph 1.2.3,
the core will take an appropriate part of the vertical load and hold only the necessary (lift,
stairs etc.). The size of the core and the magnitude of the load it will carry will be discussed
in Chapter 4 where the case study is investigated. The rest of the load-bearing structure will
consist of columns, braces and beams at the perimeter of the building.
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2.3. Requirements
A building in the Netherlands is designed based on the Eurocode (and all appendixes), which
is translated to dutch by the NEN. Therefore the Eurocode is used to find the requirements
to which a high-rise building has to comply. In the Netherlands there is an addition, NTA
(Nederlands Technische Afspraak), especially for high-rise buildings, the NTA 4641. The NTA
4641 gives extra information/demands for high-rise buildings. When it contradicts with the
Eurocode, the Eurocode is normative. Only the requirements which are taken into account
in this research are stated here, these are translated to constraints for the optimization
problem in Section 5.4. Other requirements, from the NTA 4641, are stated in Appendix B.4.
The requirements stated below are ultimate limit state (ULS), serviceability limit state (SLS),
fire and buildability requirements.

The most important demands follow from safety, which ensures that the building will not
collapse. A high-rise building has a high consequence class, due to the impact when the
building collapses. Therefore several safety factors are included in the ULS calculations and
there is a limit on the allowable stresses, under a predefined load. Another important aspect
is the behaviour of the building during a fire. After the safety, the buildability is classified as
most important, designing a building which can not be built is impractical. Other demands
are SLS, these requirements ensure that the building is liveable. People can not get sick
or scared when they are in the building, due to noticeable movement of the building. The
requirements are sorted in two groups, ULS and fire resistance and SLS and buildability,
which are explained in more detail in Paragraph 2.3.1 and 2.3.2.

Figure 2.5: Cross-section of a structural element

In this research a square cross-section for structural elements is assumed, as pictured in
Figure 2.5. This assumption is made to limit the size of the optimization problem, through
making no difference in height (ℎ፜) or width (𝑏፜) of the cross-section. Therefore, when the
surface is equal to 𝑎፜ the following holds: ℎ፜ = 𝑏፜ = √𝑎፜. A result of this assumption is that
the second moment of inertia (𝐼) is the same in both directions and equal to ኻ

ኻኼ𝑎ኼ፜ Also, it is
assumed that the length for buckling (𝑙ኺ) is the same as the length of the member (𝑙፦).

2.3.1. Ultimate Limit State and fire
As a result of the consequence class 3, for high-rise buildings, additional methods and tech-
niques are used to demonstrate the increased safety level. It is needed that a systematic risks
analysis is executed, where both (extraordinary) foreseen as unforeseen dangerous events are
considered. This will be further described in Appendix B.4 and will not be taken into account
in the optimization.

The stresses in the reinforced concrete are limited to a design compression and tension
stress, these are stated in the NEN-EN 1992-1-1 + C2. It is required that the structure can
withstand certain loading, for example, wind, thermal, snow, etc. These are all stated in NEN-
EN 1991 Actions on structures. In this research, the loads on the structure will be similar to
the loads in the case study. The case study is a realised building, thus the calculations and
the loads are assumed to be correct. This will be further discussed in Chapter 4. The following
requirements are discussed: design strengths, second-order-effects, Flexural buckling and
fire.
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Design strengths
The design compression strength of concrete is depending on the concrete class and safety
factors. The characteristic compression strength is divided by the material safety factor (𝛾፜)
and multiplied with a factor which considers long-term effects and unfavourable acting of a
force (𝛼፜፜). According to the Eurocode 𝛼፜፜ can be taken as 1.0 and the material factor is 1.5.
The same holds for the tensile strength of concrete, here (𝛼፜፜) is called (𝛼፜፭).

Design compression strength ∶𝑓፜፝ =
𝑓፜፤
𝛾፜

(2.1)

Design tensile strength ∶𝑓፜፭፝ =
𝑓፜፭፤;ኺ.ኺ኿
𝛾፜

(2.2)

Second-order-effects
Second-order-effects should be taken into account in the design of a building. Due to second-
order-effects extra forces and moments are added to elements of the structure. The impact
of second-order-effects can be neglected when, for independent elements, the slenderness of
a structural element (𝜆) is smaller than a certain limit (𝜆፥።፦). This is described in NEN-EN
1992-1-1 + C2:2011 (paragraph 5.8.3.1). The i stand for the radius of gyration.

𝜆 ≤ 𝜆፥።፦ (2.3)
𝑙ኺ
𝑖 ≤ 𝜆፥።፦

𝑙፦√12
√𝑎፜

≤ 𝜆፥።፦ (2.4)

The limit on the slenderness depends among others on the relative normal force, mechanical
reinforcement ratio and effective creep coefficient. All of these are unknown before the opti-
mization, therefore values can be adopted (described in the Eurocode). The conclusion is that
the slenderness limit is 26.18, further explanation over the obtaining this limit is described
in Appendix B.1 and visualised in Figure B.1.

𝑙፦√12
√𝑎፜

≤ 26.18

𝑎፜ ≥
𝑙ኼ፦
57.12 (2.5)

Flexural buckling
Structural elements which are loaded by an axial force, need to be checked for flexural
buckling. According to NEN-EN 1992-1-1+C2:2011 (paragraph 12.6.5.2), the compression
strength of the column needs to be reduced by Φ. Φ is the reduction factor and depends on
the height of the cross-section, eccentricity and the buckling length of the element.

Φ = 1.14 (1 − 2𝑒፭፨፭ℎ፜
) − 0.02 𝑙ኺℎ፜

≤ (1 − 2𝑒፭፨፭ℎ፜
) (2.6)

with:

𝑒፭፨፭ = total eccentricity

When all required information is implemented in Equation 2.6, a reduction factor of 0.81 is
found. The derivation of this value can be found in Appendix B.2.

𝑓፜፝ = Φ
𝑓፜፤
𝛾፜

𝑓፜፝ = 0.54𝑓፜፤ (2.7)
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Fire
Fire can influence the material properties, hence constraints for the size of load-bearing
columns need to be satisfied. According to NTA-6414-3, users of a high-rise building need to
have at least 60min to evacuate the building. Therefore the load-bearing system of the build-
ing needs to resist the fire for at least 120 min. It is assumed that the columns are exposed
to the fire on more than one side. The minimal column width depends on the load during
the fire and the resistance of the column during normal circumstances. In this case these
are unknown because the dimensions of the column are determined during the optimiza-
tion. The NEN-EN 1992-1-2 + C1:2011 (paragraph 5.3.2) prescribes that, for a resistance of
120 min, the minimum column width is 250 mm. Thus the following needs to hold during
optimization, visualised in Figure B.1 in Appendix B.3:

𝑎፜ ≥ 0.0625mኼ (2.8)

These values are based on the traditional methods for consequence class 1 and 2. For high-
rise buildings, consequence class 3, a more elaborate systematic analysis of the risks for the
structure is needed, described in Appendix B.4 and NEN-EN 1990.

2.3.2. Serviceability Limit State and buildability
Theminimal size for a column is 200 by 200mm, according to NEN-EN 1992-1-1+C2/NB:2016
(paragraph 9.5.1.). When a building is built with prefab elements and the column is poured
horizontally, the minimal size for a column is 150 by 150 mm according to NEN-EN 1992-1-
1+C2/NB:2016 (paragraph 10.9.8.).

𝑎፜ ≥ 0.0225mኼ (2.9)

This requirement is less stringent than the requirement of the fire resistance, thus satisfying
the requirement for the fire resistance is sufficient.

Also, according to the NEN-EN 1992-1-1+C2:2011 (paragraph 5.3.1) a structural element
is a column if the length is minimal three times the longest side of the cross-section. Next to
that, the longest side of the cross-section must not be longer than four times the shortest side
of the cross-section, which is satisfied through the use of a square cross-section. All derived
equations (2.5,2.8,2.9) are based on the fact that these structural elements are columns.
Also, in the perspective of a minimal daylight illuminance, there are only columns allowed
and no walls, such that there is room for openings in the facade. This will improve daylight
incidence. Although the requirements concerning a structural elements being a column is
needed, it is neglected partly. The part concerning the minimal length is neglected, the
columns at the lower floor will need to carry a big vertical load, so implementing a demand
which limits the cross-sectional area could result in no solutions.

The deflection at the top of the building is limited to ፡
዁኿ኺ , when the governing load com-

bination is active with ℎ being the height of the building in meters (according to NEN-EN
1990+A1+A1+C2/NB). The following three serviceability limit state requirements are not
taken into account in the optimization but should be checked afterwards. The inter-story
drift is limited to ፡ᑤ

ኽኺኺ , when the governing load combination is active and ℎ፬ is the smallest
floor height (according to NEN-EN 1990+A1+A1+C2/NB).

The horizontal acceleration, in the longitudinal direction of the wind, of the building
should be limited because these can lead to discomfort or an unsafe feeling. The acceleration
which is admitted varies between the 0.1 and 0.5 m/sኼ, depending on the natural frequency
of the building and its function (NTA 4614-3, section 8.5 and 8.6). The graph does determine
the value is shown in Figure 2.6.
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Figure 2.6: Limits of the maximal acceleration of a building, line 1 for work function and line 2 for buildings with an accommodation
function (retrieved from NTA 4614-3, section 8.6)

For all types of building functions there is a minimal light value below which illuminance
(on average) shall not fall. For example, an office area where people write, type, read and
process data the minimal light there must be on average is 500 𝑙𝑥. These requirements can
be found, for all types of functions, in NEN-EN 12464-1. The light in a room is produced by
artificial light and daylight. It is mostly not accepted that all light is produced by artificial light
and there are demands to the minimal amount of daylight which incidence, depending on
its function. Bouwbesluit 2012 (paragraph 3.11 daylight) states that the minimal equivalent
daylight surface is the maximum of 0.5 𝑚ኼ and 10% of the floor surface. In the Bouwbesluit
extra requirements to which buildings in the Netherlands has to comply are stated. These
values are used to check whether the daylight is sufficient.
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2.4. Summary
The goal of this chapter is to answer the following two sub-research questions:

• ”When is a building a high-rise building and what kind of load-bearing structures are
there?”

• ”What are the requirements to a high-rise building, according to the Dutch code?”

The definition of a high-rise building in this report is:

”A building is classified as high-rise building when it’s roof is 70 m or more above ground
level and accommodates work and/or living space.”

In Paragraph 2.2.1 an overview of the different load-bearing structures and their classi-
fication is given. In this research only the necessary will be placed in the core, the core will
take an appropriate part of the vertical load. The load-bearing structure at the perimeter of
the building will take care of the stability, stiffness and the rest of the load.

The second sub-question is answered in Section 2.3, a list of requirements according to
the Dutch code is given. These are based on two assumptions: cross-section is a square and
the buckling length is equal to the length of the element. The first four of them are taken
into account in the optimization phase, listed in order of importance:

1. In all calculations the building should be considered in consequence class 3;

2. The compression and tension design strengths are 𝑓፜፝ = 0.54𝑓፜፤ and 𝑓፜፭፝ = ፟ᑔᑥᑜ;Ꮂ.ᎲᎷ
ኻ.኿ .

3. The minimal cross-sectional area is the maximal value of 0.0625 mኼ, 0.0225 mኼ and
፥Ꮄᑞ
኿዁.ኻኼ m

ኼ , these are visualised in Figure B.1 and B.2 in Appendix B.3;

4. The deflection at the top of the building is limited to ኻ
዁኿ኺ of the height of the building;

5. The inter-story drift is limited to ኻ
ኽኺኺ of the floor height;

6. For all types of areas, in a building, there is a minimal light value below which illumi-
nance (on average) shall not fall. This light is composed of daylight and artificial light,
thereby there are minimum values for the amount of daylight, which affect the openings
in the facade. The minimal equivalent daylight surface is the maximum of 0.5mኼ and
10% of the floor surface;

7. The horizontal acceleration, in the longitudinal direction of the wind, of the building
which is admitted varies between the 0.1 and 0.5 m/sኼ, depending on the natural fre-
quency of the building.
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Optimization methods

In this chapter, the following sub-research question is answered: ”What kind of structural
optimization methods exists and which suits the research objective the best?” Firstly the term
optimization is explained in Section 3.1, afterwards the three different structural optimiza-
tion techniques are discussed in Section 3.2. In Section 3.3 some studies on structural
optimization are highlighted. At last, in Section 3.4 a summary of the above is given and the
most suitable method for this research is chosen.

3.1. Optimization
Optimization is improving the design to achieve the best way of satisfying the need, with all
the available means [55]. In other words, optimization is obtaining the best results, under
certain circumstances [34]. The goal is to find a minimum or maximum through tweaking
parameters. In mathematics the optimization problem is generally expressed as:

min
፱
𝑓(𝑥)

Subject to: ℎ፣(𝑥) = 0, 𝑗 = 1,… , 𝑛፡
𝑔፤(𝑥) ≤ 0, 𝑘 = 1,… , 𝑛፠
𝑥፥። ≤ 𝑥። ≤ 𝑥፮። , 𝑖 = 1,… , 𝑛፝

with:

𝑓(𝑥) = objective function
ℎ፣(𝑥) = equality constrain function
𝑔፤(𝑥) = inequality constrain function
𝑛፡ = number of equality constrains
𝑛፠ = number of inequality constrains
𝑛፝ = number of design variables
𝑥። = 𝑖፭፡ design variable
𝑥፥። = lower bound of the design variable 𝑥።
𝑥፮። = upper bound of the design variable 𝑥።

The collection of design alternatives is called the design space. Each design alternative is
described with design variables. To find the best design alternative, every point within the
design space or each alternative needs to be assessed with an objective or criterion [43]. The
objective is minimized with the restriction that the constraints are satisfied, which are written
as equality and inequality functions [29, 55]. Concluding, for optimization is needed: design
variables, an objective (function), constrains depending on the design variables and possibly
restrictions for the design variables.

Optimization is done for all sorts of problems in all sorts of working fields. For example,
your navigation system finds the shortest or fastest route with constrains as avoiding tollways

17
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and maximum speed. The best result is found through minimizing the time or distance.
Another example, in the design of packaging products, optimization is used to find the design
which uses the least material but still doesn’t fail on strength or stability. Also, aerospace
engineers use optimization to minimize the wind resistance of the aeroplane or to minimize
the weight [34]. Thus, there are enormous possibilities for optimization in all work fields.
Civil engineers also use optimization, e.g. for finding the stiffest or lightest structure, this is
called structural optimization.

Structural optimization is the search for an optimal structure to carry a certain load
while satisfying various constraints [43] or optimization techniques applied to structures
[38]. Structural optimization can be divided into three classes, depending on geometric fea-
tures: sizing, shape and topology optimization [2, 18, 32, 38, 43, 61, 64] and is discussed in
Section 3.2.

3.2. Structural optimization
The three optimization classes, sizing, shape and topology, are explained in respectively Para-
graph 3.2.1, 3.2.2 and 3.2.3.

3.2.1. Sizing optimization
Sizing or size optimization is a form of structural optimization where the geometry and form
of the structure, boundary conditions and location of the members are fixed [2]. The opti-
mization method optimizes design variables based on fixed conditions. An example of these
design variables is some type of structural thickness, i.e. cross-sectional areas of structural
members or the thickness distribution along a sheet [18]. Also, a set of design parameters
of a beam cross-section can be the design variable, such as the moment of inertia (different
directions), shear modulus, bending modulus, or torsion modulus, etc [64]. In Figure 3.1
an example of sizing optimization is shown. Here a simply supported truss structure is op-
timized. The structure after size optimization, shown on the right of Figure 3.1, has certain
trusses which are enlarged (bold in Figure 3.2.1). Thus according to the optimization method,
these trusses need to transfer the most force and are thus enlarged. Concluding, after sizing
optimization the size of elements are changed such that the material is used efficiently while
satisfying all prescribed conditions.

Figure 3.1: Before (left) and after (right) size optimization [9]

3.2.2. Shape optimization
Shape optimization (geometry optimization) has more freedom than sizing optimization, the
geometry of the structure isn’t fixed [2]. Shape optimization has the freedom to make changes
to the boundaries of the design [41]. It optimizes the shapes of structural boundaries with a
fixed topology and type. A continuum structure usually has boundaries which are described
by geometrical curve such as a line, spline or arc. Geometrical curves have parameters,
which can be adjusted such that the structural boundaries are changed. An example, the
optimization of a simply supported beam with six holes, is shown in Figure 3.2. Inside the
domain the material is reshaped, i.e. reshaping of the structural boundaries, while main-
taining its topological properties [28]. In the case of the simply supported beam, it means
that the shape of the six holes are adapted.

Figure 3.2: Before (left) and after shape (right) optimization (right) [9]
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3.2.3. Topology optimization
Topology optimization searches for the optimal distribution of material within the structure.
It is used to find a structural configuration that meets predefined criteria, such as constraints
(on the stress, displacement, etc.), boundary conditions and loads [18]. Commonly, the
process starts with a design space, a chunk of material, which consists of a large number of
elements. Topology optimization method removes elements from the domain or translocate
elements within the domain [34]. The solutions of the optimization can have any connectivity,
shape or size [6]. Topology optimization combines the size and shape methods and adds
something extra. In the case of the example in Figure 3.2, topology optimization finds the
optimal number of holes in the beam, the optimal shape of these holes and the optimal area
of the beam [61]. Topology optimization searches for the optimal design by determining the
best locations and geometries of cavities in the design domains [18, 32]. In Figure 3.3 this is
visualized, it shows that after optimization the material in the beam is significantly reduced
and shows similarities with Figure 3.1. The main difference between the two methods is that
the topology was fixed in size optimization and in topology optimization this topology was
found as the best design alternatives (in this particular case).

Although this is the optimal solution, this is hard to build, due to the irregular shape of
the beams. Often after topology optimization the found structure needs to be refined to more
standard elements, thus the method is a good first estimation of where structural elements
need to be located. In the future, through advances in 3d-printing of concrete and steel, this
problem could be eliminated [13].

Figure 3.3: Before (left) and after (right) topology optimization (right) [9]

The classic approach in topology optimization is the homogenization approach in which a
structural element is only defined by its volume, the loads acting on the element and design
requirements (e.g. limitations on stress and/or strain). The initial design in the iterative
design optimization procedure is a rough block of space in which we fill material in an optimal
way (or we have a rough block of material and remove material) [8]. Another early form of
topology optimization is the ground structure approach (GSM), where the design space is
divided into nodes connected by trusses, which are sized to an optimal shape.

Currently, the most known methods of topology optimization are the solid isotropic ma-
terial with penalization (SIMP) and the (bi-)evolutionary structural optimization ((B)ESO)
[39, 65]. Next to these two methods there are more (less known) methods, each method has
variations (adaption for certain cases or improvements) thus many more exist. A description
of these two and the ground structure method (GSM) are given in the next paragraphs.

GSM
GSM (ground structure method) is proposed by Dorn et al. in 1964 [20]. GSM works with
a design space consisting of nodes. Originally the initial ground structure is constructed by
creating members between all nodes (also called full connectivity). The cross-sectional area
of the bars are the design variables in the optimization and are constant over the length of
one member. Depending on the location of the supports and the acting points of the loads,
the numerical values for the variables are sought after. An option is that the variables turn
to zero, thus elements are deleted, saving material. Originally this method start with the full
connectivity as initial ground structure (shown on the left in Figure 3.4), deletes elements
and calculates the new load distribution until a threshold is reached (e.g. the number of
elements).

GSM is a method which divides the optimization problem into multiple size optimization
problems, which combined give an optimized structure. This implies that the truss topology
problem can be viewed as a standard sizing problem [9]. GSM finds an optimal solution, but
the quality of the solution depends on the initial ground structure, the location of the nodes
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and the connectivity of the bars [27]. An example is shown in Figure 3.4. Often this method
is used for skeletal structures, such as a truss structure.

Figure 3.4: An example of a cantilever optimized by the Ground Structure Method. On the left the the nodes and all possible
members, on the right the solution with each member optimized [67]

SIMP
SIMP (Solid Isotropic Microstructures with Penalization), a density-based approach. Usually,
a density-based method divides the design space in 2D pixels (or 3D voxels) and to each pixel
a variable is assigned. These variables can take the value one if the pixel must be filled with
material and zero otherwise (discrete, either zero or one). The decision, if a pixel needs to
be filled or not, depends on the solution of the optimization problem. The SIMP method is
different than the normal density-based method because it works with continuous variables
instead of discrete variables. The variable can be zero, one and any value between zero and
one. The benefit is that the optimization problem is solved faster. But, translating this prob-
lem to reality is harder. If a variable is unequal to zero or one, it is not clear if there must
be material or not. This problem is solved through penalizing the values unequal to zero or
one, such that they converge to either one or zero. [7, 59]. An example is shown in Figure
3.5. Due to the use of continuous variables the faded edges occur because they have a value
between zero and one.

(B)ESO
ESO (Evolutionary Structural Optimization) removes material from a given domain to find
the optimal structure under applied loading and boundary conditions. This is an iterative
process, in each step inefficient material is removed. The material is marked as inefficient
if a threshold is not exceeded (for example a stress limit) [43, 60]. Note that according to
the research of Zhou, the ESO method can produce non-optimal solutions to an optimization
problem [70]. The Bi-Evolutionary Structural Optimization (BESO) does not only remove ma-
terial, but can also add material. Therefore it can start with a minimal amount of material
in contrast to ESO which uses an initially oversized structure [68].

Figure 3.5: An example of a cantilever (a) optimized by the SIMP (b) en ESO (c) method [1]

For more topology optimization methods: Beghini’s article describes shortly which types of
topology optimization methods there are [6], E. Tyflopoulos et al. gives a detailed overview,
with their strengths and weaknesses summarised in a Table [65].
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3.3. Research in topology optimization
There has been extensive research in topology optimization, in this section some research is
shortly discussed. There is a distinction made between two types of research, the research in
improving topology optimization and the research in the application of topology optimization.
Eschenauer describes a good overview of different researches in the field of improving topology
optimization. There has been research in implementing, among others, non-linearly elastic
materials, design depending loads, dynamic loads, multiple load cases, buckling, stiffness
constraints, frequency constrains and manufacturing-type in topology optimization [22, 63,
64, 68].

A few examples for research in the application of topology optimization are, the mini-
mum cost optimization of the northeast tower at Hong Kong station, the minimization of the
number of bracing members in The Pinnacle Tower in London or the minimum or a cost
minimization in the design of the 1 Dubai Tower in Dubai [2]. Beghini et al. describe in their
paper how topology optimization combines architecture and engineering, through present-
ing case studies and concludes that topology optimization results in designs which embrace
the structural engineering together with the architecture to create innovative aesthetically
pleasing structures with evident structural engineering components [6]. Thus implementing
the optimization in the design has benefits, but Kingman et al. have indicated in their paper
that there are barriers for widespread implementation of topology optimization, namely the
complex geometry of the optimized designs and the difficulty in solving problems involving
nonlinear behaviour (such as buckling) and dynamics [36].
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3.4. Summary
The goal of this chapter is to answer the following sub-research question: ”What kind of
structural optimization methods are there and which suits the research objective the best?”. In
short, the following distinction between structural optimization methods are made:

• Sizing optimization;

• Shape optimization;

• Topology optimization.

The sizing optimization method is useful for optimization of a member of a load-bearing struc-
ture. Shape, or geometrical, optimization does change the shape but is limited to a certain
topology through which it is not able to find the location of load-bearing members in the struc-
ture. According to Huang, topology optimization provides much more freedom, compared to
the other two, and allows the designer to create totally novel and highly efficient conceptual
designs. Topology optimization has more undetermined parameters, therefore more freedom,
and the topological parameters have more influence on the optimization objective. Hence,
more rewarding economically in comparison with sizing and shape optimization [32, 64]. A
drawback of more undetermined parameters is the computational time, which is longer than
for the other optimization methods, this should be kept in mind when searching for the opti-
mal solution for the problem. All things considered, for gaining more insight into the added
value of structural optimization, topology optimization is the most suitable. Topology op-
timization has the most freedom, therefore it’s more likely to find a novel structure which
minimizes the material use as much as possible.

Within topology optimization there are different methods, in this research the Ground
Structure Method will be used. GSM is a method which divides the optimization problem
into multiple size optimization problems, which combined give an optimized structure. In
the end the load-bearing structure will consist of columns, braces and beams, which are
located at the perimeter of the floor plan. When using methods, such as SIMP and ESO,
which work with pixels or voxels, the solution is often quite complex. The problem afterwards
is composing a design with buildable columns, beams and braces. This post-processing will
be less hard when using the ground structure method because this method sizes the beams,
braces and columns.

In Section 3.3 an overview of the literature is given, which indicates the research there is
done in the use of topology optimization and the improvement op the topology optimization
method. As mentioned before, in Paragraph 1.2.2, to perform the optimization Python is
used. Abaqus works well with Python, It is possible to script an analysis in Python and
execute this in Abaqus. Abaqus is mainly chosen because of practical reasons and for the
good collaboration with Python.
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Case Study

In this chapter the case study, Boston & Seattle, is discussed. The information about and
images of the case study needed for this Chapter are obtained via Zonneveld Ingenieurs. In
Section 4.1 the building is discussed: location, building method, floor plan, etc. Character-
istics of the building; height, width, length, floor heights, etc. are summed up in Section 4.2,
answering the sub-research question: ”What are the characteristics of the case study regard-
ing the structure?”. These characteristics are used as constraints in the optimization process
and as boundary conditions of the design spaces in Chapter 5. At last, a summary is given,
in Section 4.3, and an answer to the sub-research question: ”Which boundary conditions, for
the optimization problem, follow from the case study?” is given.

4.1. General information
The case study, Boston and Seattle, is situated at the Otto Reuchlinweg in Rotterdam, on
the Wilhelminapier and are named after the former warehouses which were located here.
The total height of the building (relative to the ground) is 74 m. The building consists of
two towers, each containing 110 apartments connected by the part containing the parking
and commercial spaces. As can be seen in Figure 4.1, Boston & Seattle is one of the lowest
building compared to the other high-rise buildings on the Wilhelminapier.

Figure 4.1: Boston & Seattle

The building has 23 floors above ground level and 2 floors below ground. The two floors
below ground are public parking spaces, on the 5፭፡ till 23፭፡ floor apartments are located. On
the other floors are shops, restaurants and commercial spaces located. The construction is
completed in September 2017 and took approximately 3 years. The tower on the left in Figure
4.1 is named Seattle and the mirrored version at the right is named Boston. The building is
partly built with prefab elements and a part of the elements is poured on-site.
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4.2. Characteristics
In Figure 4.3 a simplified impression of the floor plan (without internal walls) of the 11፭፡ floor
of the tower Seattle is shown. The figure shows the main dimensions of the building and the
shape of the floor plan. In Figure 4.2 a 3D view of the floor plan (including internal walls)
is shown. The widest part of the building is 24.9 m and the longest part is 36.90 m. On all
four sides there are prefab balconies placed, at the notches in the floor plan (located at line 5
and between line D and E). Between line C and D the stairs are located in a core, of the size
3600 𝑥 3000mm and a second core between line D and E, for the elevators, is 4660 𝑥 2690mm.
From the 6፭፡ floor the outside dimensions of the building and the size of the core is the same
(ignoring minor differences on the top levels). In Appendix C the 3D floor plans of the tower
Seattle from the 6፭፡ floor and higher are presented. The apartments in the lower floors are
adapted, due to the rooftop of the commercial areas. As mentioned before the towers are
mirrored versions of each other, so optimizing one of the two towers is sufficient to find the
optimal design for both. Also, the building below the 6፭፡ floor, which connects the two towers,
has a floor plan and dimensions which comply with the demands for the commercial areas.
Therefore during the optimization the lower part will not be considered and only the towers
are investigated. As concluded before, it is not necessary to investigate both towers, only
one is sufficient. Each floor from the 4፭፡ up has a floor height of 3 m and an approximately
floor surface of 670 mኼ. The 6፭፡ floor starts at 20.3 m above ground level and the roof of the
building is at 74.3m, thus the total height of the tower which will be investigated is 54m. In
the following two paragraphs the load-bearing structure and the loads are discussed.

4.2.1. Load-bearing structure
A 3D view of the 11፭፡ floor of the Seattle tower is shown in Figure 4.2. All dark grey elements
in the figure are prefab elements and all light grey elements are in-situ elements. The figure
shows that all elements at the perimeter of the building are prefab elements.

Figure 4.2: 3D view on the ኻኻᑥᑙ floor of tower Seattle
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Figure 4.3: Simple floor plan of the ኻኻᑥᑙ floor of tower Seattle without internal elements, dimensions in millimetres
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The main load-bearing structure consist of (punched) load-bearing walls divided over the floor
plan, which acts as shear walls for stability. The load-bearing walls are placed in different
parts of the floor plan; centrally around the stairs and elevators, inside the building func-
tioning as room dividers and at the perimeter. These walls transfer the lateral and vertical
load to the lower floors. From the 5፭፡ floor and lower the load is transferred by load-bearing
walls and columns to the foundation. The lower floors have a more open layout through the
use of columns. This is practical for the commercial areas which are located here.

For the different structural elements different type of concrete is used, the elements and
their corresponding concrete type is listed below:

• Prefab walls/columns are made of C45/55;

• Columns and beams are made of C55/67;

• The in-situ walls on the 8፭፡ up to and including 23፭፡ floor are made of C35/45;

• The in-situ walls on the −2፭፡ up to and including 7፭፡ floor are made of C55/67;

• The prefab floor is made of C35/45;

• The prefab balconies are made of C55/67.

4.2.2. Loads
In Table 4.1 the permanent and variable loads of each component is given. The parapet,
front, side and end facade act over the whole perimeter of the building except for the location
of the balcony. The balcony load only acts on the location where they are connected to the
building.

Table 4.1: Vertical load (per square meter), including the self-weight of the floor, balcony and load-bearing elements in the side
facade

Perm. [kN/mኼ] Var. [kN/mኼ]
Floor 8.50 1.50
Balcony 6.50 1.25
Internal walls 7.50 0.00
Side facade 11.20 0.00
End facade 5.30 0.00
Front 1.00 0.00
Parapet 5.17 0.00

As mentioned in Paragraph 4.2.1 and shown in Appendix C, there are some minor difference
in the floor plans in the towers. This results in vertical loads which differ from floor to floor.
For the 6፭፡, 7፭፡−21፭፡, 22፭፡, 23፭፡ floor and the roof, the loads are given in respectively Table F.1
till F.5 in Appendix F. The permanent load of the floor and balcony are including self-weight,
the permanent load of the side facade consist of the weight of the load-bearing structure in
the side facade and the finishing.

The horizontal load (wind) depends on the height and the direction of the wind. The most
unfavourable direction is perpendicular on the facade. The wind can act on the long or
short side of the building. The loads are taken from the case study and are shown in Table
4.2. These do included pressure of the wind on the facade and friction on the sides of the
building. It is assumed that the wind load, acting on the facade, is redirected by the floors
to the facades, therefore the wind loads are given per meter width floor.
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Table 4.2: Wind load per square meter (including friction on the side-facade) on the long (parallel to grid line E) or short side
(parallel to grid line 05), grid lines in Figure 4.3

Load[kN/mኼ] Line load on floor [kN/m]
Floor Short side Long side Short side Long side

6 1.83 1.93 5.50 5.80
7 1.83 1.93 5.50 5.80
8 1.83 1.93 5.50 5.80
9 1.83 1.93 5.50 5.80
10 1.97 1.93 5.90 5.80
11 2.10 1.93 6.30 5.80
12 2.23 1.93 6.70 5.80
13 2.37 1.93 7.10 5.80
14 2.37 2.20 7.10 6.60
15 2.37 2.20 7.10 6.60
16 2.37 2.20 7.10 6.60
17 2.37 2.20 7.10 6.60
18 2.37 2.20 7.10 6.60
19 2.37 2.20 7.10 6.60
20 2.37 2.20 7.10 6.60
21 2.37 2.20 7.10 6.60
22 2.37 2.20 7.10 6.60
23 2.43 2.20 7.30 6.60
roof 1.23 1.10 3.70 3.30

4.3. Summary
The information about Bosten & Seattle is obtained via Zonneveld Ingenieurs. The following
two sub-research questions are answered in this chapter:

• ”What are the characteristics of the case study regarding the structure?”

• ”Which boundary conditions, for the optimization problem, follow from the case study?”

The main load-bearing structure consist of (punched) load-bearing walls divided over the floor
plan, which acts as shear walls for stability. The load-bearing walls are placed in different
parts of the floor plan; centrally around the stairs and elevators, inside the building func-
tioning as room dividers and at the perimeter. These walls transfer the lateral and vertical
load to the lower floors. This only holds for the two residential towers above the commercial
areas, which are mirrored version of each other. During the optimization of the case study,
only the residential towers are optimized. All elements at the perimeter of the building are
prefab elements of concrete class C45/55, therefore the characteristics of this concrete class
are used during the optimizations. The loads on the case study are shown in Table 4.1 and
4.2. The floor plan of the case study is shown in Figure 4.3 and the height of the tower
(54m).
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Optimization code

In this chapter, the mathematical description of the optimization is derived, the structure of
the Python code is explained, the Python code is verified and the principles of the optimization
are stated. The different aspects are discussed in the following sections:

• In Section 5.1 the design variables, objective function and constraints for the optimiza-
tion are discussed;

• In Section 5.2 the working of the Python code is explained;

• In Section 5.3 the code is verified;

• In Section 5.4 the parameters, loads, supports and design space for the case study are
specified.

These sections combined answer the following two sub-research question:

• ”How can the optimization problem, for different design spaces, be defined?”

• ”Does the optimization code work and what is the input for the optimizations?”

As described in Chapter 4, themain load-bearing structure of the towers consist of punched
load-bearing walls divided over the floor plan. These load-bearing walls act as shear walls for
stability. The GSM uses a combination of a diagrid and braced tube system, both shown in
Figure 2.2. Thus the punched shear walls at the perimeter are redesigned during the opti-
mization, the other load-bearing elements do not change. Through using a different manner
to design the load-bearing structure at the perimeter, new insights might occur, material
might be saved and/or aesthetics of the building might improve.

Preferably all constraints are implemented in one optimization problem. A disadvantage
of this is that the optimization problem becomes too complex or the solution space might
become too limited. To control the optimization problem and prevent this, the problem is
split into two parts. The goal of the first part is to find the optimal size of each member
depending on the compression and tension strength (this might mean that a member has
no size, therefore doesn’t exist). The second part resizes these members such that the top
displacement of the building is limited to ኻ

዁኿ኺ of the height of the building, as defined in
Section 2.3. This method is a recursive resizing algorithm, each iteration step the variables
are resized with the help of information from the previous step and the sensibility of the
constraint to change of the variable. The mathematics of both steps are explained in detail in
Section 5.1. Often post-processing with simplification is needed to be able to actually build
the found structure. Post-processing options are for example: (small) structural elements
can be combined or the simplification to the optimization can be made to clarify the results.
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5.1. Mathematical description code
In Section 2.3 all requirements, taken into consideration for this research, are listed on im-
portance. These need to be converted to constraints, such that they can be implemented
in the optimization process. In the first part of the optimization, the maximum tension and
compression stresses, the minimal values for the cross-sectional area are taken into account.
This part is also called the ”strength” optimization. The deflection at the top of the building
is the constraint in the second part of the optimization, called ”stiffness” optimization. The
constraints concerning displacement of the top of the building, inter-storey drift and max-
imum horizontal acceleration should be checked afterwards (for example with the use of a
FEM-model). During the optimization, a negative internal force is compression and a posi-
tive internal force is tension. In Figure 5.1 the used coordinate system is shown wherein the
XY-plane parallel is to the floors of the building. The degree of freedoms are translation in
the x-, y- and z-direction.

Figure 5.1: 3D coordinate system

5.1.1. Optimal member sizing and distribution
The mathematics of this paragraph are based on the principles discussed in the article of He
et al. [31]. The goal of this strength optimization is finding the optimal distribution of the
members over the design space, their cross-section area and their corresponding internal
force, such that as little as possible material is used. In Section 2.3 it is assumed that
the buckling lengths of the individual members are equal to the length of each member.
This implies that all members are connected with hinges. In the Ground Structure Method
this is the case, all structural elements are connected with hinges, thus the assumption is
acceptable.

The first part of the optimization has two variables: the internal forces in the members and
the cross-sectional areas of the members. The internal forces in the members are denoted in
vector 𝑞, this vector contains the internal force for all 𝑚 members. The cross-sectional area
of the members are stored in the vector 𝑎 and has, similar to 𝑞, 𝑚 entries.

𝑞 = [𝑞ኻ; 𝑞ኼ; … ; 𝑞፦]
ፓ

𝑎 = [𝑎ኻ; 𝑎ኼ; … ; 𝑎፦]
ፓ

The objective of the optimization is to minimize the use of material, thus to minimize the
volume of the material. The volume of the material is equal to the summation of the volume
of each member, or the dot product of the transposed vector containing all lengths (𝑙) and
the vector with the cross-section areas of the members. The vector 𝑙 has the same shape and
amount of entries as the vector 𝑞 and 𝑎.

𝑓(𝑎) =
፦

∑
።዆ኻ
𝑙።𝑎። = 𝑙ፓ ⋅ 𝑎 (5.1)
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The constraints mentioned in Section 2.3 are rewritten, such that the optimization problem
can be written as in Section 3.1. The tension and compression strength constraints are
satisfied, by limiting the internal force (including flexural buckling).

𝑞። ≥ −0.54𝑓ck ⋅ 𝑎። (5.2)

𝑞። ≤
𝑓ctk; 0.05
1.5 ⋅ 𝑎። (5.3)

These equations are only valid if the values for 𝑎።, 𝑓ck and 𝑓ctk; 0.05 are greater or equal to zero.
𝑓ck and 𝑓ctk; 0.05 are properties of a certain type of material, thus always larger then zero. As
derived in Section 2.3, there is a minimal surface-area:

𝑎። ≥max(0.0625; 𝑙ኼ።
57.12) (5.4)

At last, to solve the problem, the equilibrium between the internal forces and the external
forces is used. The external forces act at the nodes and the internal forces act in the members
and need to be converted to loads on the nodes. Where the external forces work on the nodes
in three main directions (X, Y and Z), the internal forces can be inclined. These need to be
converted to the X-, Y- and Z-direction such that they can be equalized with the external
forces. This conversion of the internal force is done by an equilibrium matrix B. The matrix
B has the size 3𝑛 𝑥 𝑚, with 𝑛 the amount of nodes. The matrix has 3𝑛 rows because each
node has an x-, y- and z-component. Note that this holds that there are no moments and
shear forces included in this optimization, only normal forces.

B ⋅ 𝑞 = 𝑓 (5.5)

With vector 𝑓, containing all external force information, of the size 2𝑛 x 1, which is predefined
before optimization starts. Combining the objective function and all constraint, described in
equation 5.1 - 5.5, in the format described in Section 3.1 the strength optimization problem
is defined.

min
፪,ፚ

𝑙ፓ ⋅ 𝑎

Subject to: B ⋅ 𝑞 = 𝑓

𝑎። ≥max(0.0625; 𝑙ኼ።
57.12) , 𝑖 = 1…𝑚

𝑞። ≥ −0.54𝑓ck ⋅ 𝑎።

𝑞። ≤
𝑓ctk; 0.05
1.5 ⋅ 𝑎።

The constraints to this optimization problem can be extended with multiple load cases.
Also, it is possible to take the self-weight as external force into account. In all load cases the
constraints concerning the force equilibrium and tension and compression strength must be
satisfied, thus these must be checked for each load case. Different load cases are denoted
with the superscript 𝑘, which could have a value between 1 and 𝑝, with 𝑝 as the total number
of load cases.

The load due to the self-weight of a member can be calculated through multiplying the
mass of the member with the gravity acceleration (denoted as 𝑔). The load is divided evenly
over the two nodes where the member is connected to. The force vector is needed as input
for the optimization, thus the self-weight is calculated after the optimization and taken into
account in the next iteration step.
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𝑓sw። = 𝜌𝑔𝑎።𝑙። (5.6)

Themass is calculated throughmultiplying the volume with the density of reinforced concrete
(denoted as 𝜌). For each node the loads through the self-weight of the members are summed
up and inserted in the vector 𝑓sw. The force due to the self-weight works in the negative
z-direction. The vector 𝑓sw is of the same size as the external force vector 𝑓 ( 2𝑛 x 1) and is
added to the force equilibrium. The characteristic strength divided by their material factor is
the design strength, for the compression 𝑓cd and for tension 𝑓ctd. The optimization problem
can be further specified by implementing this information.

min
፪,ፚ

𝑙ፓ ⋅ 𝑎

Subject to: B ⋅ 𝑞፤ = 𝑓፤ + 𝑓sw, 𝑘 = 1…𝑝

𝑎። ≥max(0.0625; 𝑙ኼ።
57.12) , 𝑖 = 1…𝑚

𝑞። ≥ −0.81𝑓cd ⋅ 𝑎።
𝑞። ≤ 𝑓ctd ⋅ 𝑎።

5.1.2. Recursive Resizing Algorithm
The stiffness optimization, wherefore a recursive resizing algorithm is used, is based on the
article of Chan [17]. The stiffness optimization has only one variable: the cross-sectional area
of the members. The amount of members, their location and their size together with the inter-
nal forces is the solution to the strength optimization and is input for the Recursive Resizing
Algorithm (RRA). The objective function is still the same, minimizing the volume, Equation
5.1. The constraint in the RRA is that the top displacement of the building should be less
or equal to ኻ

዁኿ኺ of the height, as mentioned in Section 2.3. The constraints for the maximum
stresses and minimal size are already taken into account in strength optimization. Through
using the results of the strength optimization as input for the stiffness optimization, the con-
straints of that optimization are already satisfied. This only holds if the cross-sectional area
of each member is larger then the cross-sectional area found in the strength optimization.
Note that the increase in self-weight, through an increase in cross-sectional area, is not taken
into account in this part of the optimization. The increase in volume of the total structure
results in an increase the load through self-weight, therefore the minimum and maximum
stresses should be checked again after this stiffness optimization.

min
ፚ

፦

∑
።዆ኻ
𝑙።𝑎። (5.7)

Subject to: 𝑎። ≥ 𝑎።,ኻ

|
፦

∑
።዆ኻ
𝑞u,።

𝑞።𝑙።
𝐸𝑎።

| ≤ ℎ
750

with:

𝑎።,ኻ = Cross-sectional area of member 𝑖 as result of optimization part one
𝐸 = Young’s modulus of concrete
𝑞u,። = Force in member 𝑖, caused by a unit load at the point of interest

To find the displacement of the top of the building, the virtual work method for truss
structures is used. The virtual work method states that the summation of all members
elongation or shortening multiplied with the force in the member, due to a unit load at the
point of interest, is equal to the displacement in the point of interest [48]. The point of interest
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is the point where the user is interested in the magnitude of the displacement (often the
location where the biggest displacement is expected). Therefore the constrained minimization
problem is formulated and shown in Equation 5.7.

The method to find the recursive resizing algorithm is based on the article of Chan [17],
with background information from the book of Boyd and Vandenberghe [12]. The optimal
criteria for the constrained optimization problem can be obtained indirectly by transform-
ing the constrained problem to an unconstrained Lagrangian function, temporarily omitting
the minimal value of the design variable. The unconstrained Lagrangian function which in-
volves the objective function and the deflection constraint associated with a corresponding
Lagrangian multiplier (𝑧ኻ) is as follows:

ℒ(𝑎።) =
፦

∑
።዆ኻ
𝑙።𝑎። + 𝑧ኻ (|

፦

∑
።዆ኻ
𝑞u,።

𝑞።𝑙።
𝐸𝑎።

| − ℎ
750) (5.8)

By differentiating the Lagrangian function to the design variable (𝑎።) and setting the derivative
to zero (see Appendix D), the necessary stationary optimally conditions can be obtained.
These can be used to find the recursive relation to resize the design variable. The Lagrangian
multiplier (𝑧ኻ) can be interpreted as a sensitivity factor that measures the importance of the
corresponding constraint to the optimal design.

𝜕ℒ(𝑎።)
𝜕𝑎።

= 𝑙። − 𝑧ኻ
𝑔፭
|𝑔፭|𝑞u,።

𝑞።𝑙።
𝐸𝑎ኼ።

= 0 (5.9)

with 𝑔፭ =
፦

∑
።዆ኻ
𝑞u,።

𝑞።𝑙።
𝐸𝑎።

𝜕ℒ(𝑎።)
𝜕𝑎።

= 𝑧ኻ
𝑔፭
|𝑔፭|𝑞u,።

𝑞።
𝐸𝑎ኼ።

− 1 = 0 (5.10)

The found equation 5.10 is a stationary solution to the unconstrained Lagrangian function,
this can be used to derive a recursive relation for the design variable. The following recursive
resizing equation is found:

𝑎፭ዄኻ። = 𝑎፭። (1 +
1
𝜂 (𝑧ኻ

𝑔፭
|𝑔፭|𝑞u,።

𝑞።
𝐸𝑎ኼ።

− 1)
፭
) (5.11)

Where 𝜂 a relaxation parameter is, which can be adapted to control the rate of convergence,
the t stands for the iteration step and t+1 is the next iteration step. This equation holds
only if the value of the design variable is bigger than the found value in the first optimization
step, 𝑎። ≥ 𝑎።,ኻ. To use this recursive resizing equation, first the Lagrangian multiplier need
to be calculated, which is done through considering the sensitivity of the constraint due to
changes in the design variable.

𝑔u − |𝑔፭| =
፦

∑
።዆ኻ

d|𝑔፭|
d𝑎።

(𝑎፭ዄኻ። − 𝑎፭። ) (5.12)

with:

𝑔u = Right-hand side of the inequality constraint, ፡
዁኿ኺ

𝑔፭ = Left-hand side of the inequality constraint at time step t, ∑𝑞፮,። ፪ᑚ፥ᑚፄፚᑚ with: 𝑖 = 1…𝑚
All elements of the equation are known, thus a solution for 𝑧ኻ in time step t can be found.
All values below are the values from time step t. Equation 5.11 is filled in Equation 5.12 and
written out in Equation 5.13.
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ℎ
750 − |𝑔

፭| =
፦

∑
።዆ኻ
[− 𝑔፭
|𝑔፭|𝑞u,።

𝑞።𝑙።
𝐸𝑎ኼ።

] ⋅ 𝑎።𝜂 ⋅ [𝑧ኻ
𝑔፭
|𝑔፭|𝑞u,።

𝑞።
𝐸𝑎ኼ።

− 1] (5.13)

Concluding, when Equation 5.13 is rewritten, 𝑧ኻ is found.

𝑧ኻ =
𝜂(|𝑔፭| − ፡

዁኿ኺ)+∑[
፠ᑥ
|፠ᑥ|𝑞፮,።

፪ᑚ፥ᑚ
ፄፚᑚ ]

∑[ ፠ᑥ
Ꮄ

|፠ᑥ|Ꮄ
𝑞ኼ፮,።

፪Ꮄᑚ ፥ᑚ
ፄᎴፚᎵᑚ

]
with: 𝑖 = 1…𝑚 (5.14)

The Lagrange multiplier (Equation 5.14) is implemented in the recursive resizing equation
(Equation 5.11). In this case the Lagrange multiplier should always be positive [17], this
needs to be verified in Paragraph 5.3. 𝜂 is defined by the user and should be tested by trial-
and-error. For now the value is chosen as 5, if during optimization turns out that it converges
to fast or to slow, this value should be adapted.

5.2. Structure of the code
As mentioned in Paragraph 1.2.2, the optimization code is written in Python. For solving the
problem the package CVXPY (version 1.0.25) in combination with MOSEK (version 9.1.10)
is used [19, 52]. The code, which is used for the optimization, is adapted from the code
written by He et al. [31]. This code uses an adaptive ’member adding’ scheme, which is firstly
proposed by Gilbert and Tyas [26]. This scheme solves problems faster than the conventional
GSM, up to 8 times, and allows to solve large problems (e.g. > 1000000 members) [31]. All
units in the code are SI-units: meters, seconds, kilogram and newtons.

The strength optimization, described in Paragraph 5.1.1, is solved by using an adaptive
’member adding’ scheme. To be able to understand the code, the adaptive ’member adding’
schememust be understood. A short explanation will be given here, for a more detailed expla-
nation the articles by He et al. and Gilbert and Tyas or the book of Boyd and Vandenberghe
are recommended [12, 26, 31]. More information about solving constrained optimization
problems and Lagrange multiplier methods can be found in the books of Bertsekas and Ito
[10, 33].

The adaptive ”member adding” scheme initially starts with only a reduced set of members
to solve the optimization problem. The remaining potential members are added in small
doses until all potential members satisfy a constraint. The constraint is obtained using
the duality principle [26]. It rewrites the original optimization problem, with the help of
the Lagrange multiplier method (also used in the RRA), to an unconstrained optimization
problem. Solving this unconstrained optimization problem will result in a constraint to which
all potential members need to comply to solve the initial optimization problem. In this case
it is a limitation on the virtual strain.

At the start of the strength optimization the input is given by the user. The needed input
is a design space, tension strength, compression strength, load cases and supports. Also,
the constraints and objective function are defined, as determined in Paragraph 5.1.1. The
design space is discretized using nodes. All possible members are created, which is called ”full
connectivity”, each node is connected to each node, excluding overlapping lines. An example
of ”full connectivity” is shown in Figure 5.3. Then an initial set of members is formed, each
member which is shorter than a user-defined limit (in the optimizations this limit is set to √2)
is added to the initial set. The problem is fully defined and the ’member adding’ loop starts,
the optimization problem is solved with the initial set, which returns information about the
design variables 𝑎። and 𝑞።. For all members which are not part of the initial set, the virtual
strain is calculated. The top 5 % (user-defined), of the members which violates the limit, is
added to the initial set. Then the optimization problem is solved with this newly found ’initial
set’ and the process described above is repeated until no member violates the limit, thus the
optimal solution is found for the first part of the optimization. This is visualised in Figure
5.2.
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Figure 5.2: Flowchart for the adaptive ’member adding’ process [31]

The number of elements which is added after each iteration step, depends on the user-
defined (in this research 5 %) percentage pf the number of elements which violates the limit.
Thus after each iteration step the number of elements added to the set changes.

The stiffness optimization uses the recursive resizing algorithm. The found optimal struc-
ture in the strength optimization combined with the optimization problem, defined in Para-
graph 5.1.2, is input for this optimization. This optimization problem resulted in two equa-
tions, 5.11 and 5.14. With the help of these two equations each iteration step the design
variable, the cross-sectional area of the members, is resized. In each iteration step the dis-
placement of the structure is calculated with the use of the virtual work method and checked
that it does not exceed the limit. If it exceeds the limit, the Lagrange multiplier (𝑧ኻ) and the
new (resized) cross-sectional areas are calculated. With the newly found cross-sectional ar-
eas the displacement of the structure is calculated. If the new displacement of the structure
does exceed the limit, the iteration starts over, the Lagrange multiplier is calculated, etc. This
iteration process continues until the constraint concerning the displacement of the top of the
building is satisfied. Each time that the new cross-sectional areas are calculated, they must
be bigger than the previously cross-sectional area, otherwise the previous value is used.

Figure 5.3: Code structure

The diamond with adaptive ’member adding’ process in Figure 5.3 represents figure 5.2.
During the stiffness optimization, all elements which are in tension are assigned a reduced
Young’s modulus of 50% of the normal Young’s modulus of concrete. In this manner, the
reduced stiffness of the cracked concrete is taken into account. It is possible to plot the
initial set of members, the forces in each load case, the supports, each iteration step and
the optimized structure. Note that plotting takes time, so the speed of the optimization is
reduced when plotting all of the mentioned possibilities.
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5.3. Verification of the code
In this paragraph the optimization code is verified, checked whether the boundaries which are
imposed during the optimization are satisfied. Also, literature is used to check whether the
solution of the optimization code makes sense. All figures have colours indicating whether
an element is in compression or tension. Yellow means compression, green means tension
and grey means that in different load cases the elements are in tension and in compression.
This holds for all figures which are generated for this research, all other figures are retrieved
from literature.

All information which is gathered during an optimization is stated in an output file (.xsls-
file), the Python script, which generates this file, is shown in Appendix E.5. This output file
is used to check whether the imposed boundaries (maximal tension, maximal compression,
minimal value for the surface of members) holds during the optimization. An example of this
output file is given in Figure E.9 up and till E.15 in Appendix E.5. From these output files
it can be concluded that the imposed boundaries are satisfied. In Paragraph 5.1.2 is stated
that the Lagrange multiplier should always be positive, during the optimization Python prints
for each iteration the Lagrange multiplier so this can be monitored.

Note that a disadvantage of the 3D figures in Python is that they can only be saved in
one viewpoint, not interactive. Thus for the post-processing a script is written to import the
.xlsx-file in Python to plot the interactive figures or to post-process and/or view the data in
Abaqus, see Section E.6.

5.3.1. 2D cantilever
A known optimization problem is the cantilever beam subjected to a point load in 2D, which
results in the Michell truss (shown in Figure 5.4a). In Figure 5.4b the solution generated by
the code described in Section 5.1 and 5.2.

(a) Michell truss in the design domain [37, 49] (b) Solution to the cantilever problem in 2D

Multiple researchers have optimized this 2D cantilever, two examples of this are shown in
Appendix E.1 together with an enlarged Figure 5.4b. This shows that the code is capable of
optimizing a 2D problem.
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5.3.2. RRA displacement
The RRA is based on the Lagrange multiplier method, during the RRA the displacement is
calculated with the virtual work method. To verify the working of this method a simple
problem is optimized and analysed in Abaqus to see whether the found displacement of the
code corresponds with the found displacement in Abaqus. A Python code to make an import
file, of the found optimized structure, for Abaqus is given in the Appendix E.6 (Figure E.19
and E.20). The code has a build-in function which allows the user to select elements which
are larger than a threshold and import only those into Abaqus. Using this function might
lead to problems in the analysis. The imported structure in Abaqus can be incomplete, due
to enforcing a minimal surface-area limit for the elements. Therefore the program might not
be able to analyse the structure.

In Figure 5.5 the problem statement, the solution containing elements larger than 250mmኼ

and the solution containing all elements are shown. The 250 mmኼ is chosen, such that the
really small elements do not cloud the figures of the solutions. The distance between nodes
vertically of horizontally is 1 m, the load is a point load of 50 kN, the supports are shown
by a triangle in the problem statement and the strength (tension and compression) is set to
20 N/mmኼ in the optimization code

Figure 5.5: From left to right: the problem statement, the solution containing elements larger than ኼ኿ኺ mmᎴ and the solution
containing all elements

Figure 5.6 shows three different general static analysis conducted in Abaqus, where truss
elements are used (more specific, element T3D2). Respectively results of the analysis when
the structure is made by hand, results of the analysis when elements larger than 250 mmኼ

are taken into account (imported with the code) and results of the analysis when all elements
are taken into account (imported with the code).

When importing the structural elements with the code each structural element is assigned
as a truss element (T3D2) and connected to other truss elements with a hinge. This could re-
sults in a kinked solution (middle figure in Figure 5.6). When the solution is made by hand,
successive structural elements are meshed as one truss element, resulting in a smoother
result (left figure in Figure 5.6). Preferably the situation of the hand-made results is used,
but with the currently used importing method this is unfortunately not possible. The dis-
placement using the virtual work method when elements larger than 250mmኼ are taken into
account is 1.229 ⋅ 10ዅኽ m and when taking all elements into account is 1.196 ⋅ 10ዅኽ m. These
are close to the found displacements shown in Figure 5.6, all found displacements are in a
range of ±3% from each other. The rate of convergence in the RRA depends on the relax-
ation parameter, for now for the relaxation parameter a value of 5 is assumed. Trail and
error should point out if this a correct value for the relaxation parameter and thus the rate
of convergence. This is further discussed in Appendix E.2.
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Figure 5.6: The legend is in meters, from left to right: results of analysis when structure is made by hand, results of analysis when
elements larger than ኼ኿ኺ mmᎴ are taken into account (imported with the code) and results of the analysis when all elements are
taken into account (imported with the code).

5.3.3. 3D cantilever
A more interesting case, for this research, is a 3D cantilever. In the article of Kwok a 3D
cantilever is optimized, by using a PSL-based optimization method, the problem and the
result are shown in Figure 5.7 [37].

Figure 5.7: 3D cantilever optimization, on the left the problem statement and on the right the solution [37]

This optimization is repeated with the optimization code created in this research. The 𝑊 in
Figure 5.7 is taken as 6, the 0.866𝑊 is rounded to 5, the tension and compression strength are
assumed to be the same and the load is chosen in the same order of magnitude. There is no
boundary set for the minimal surface of a member. To test the influence of the self-weight,
the problem is optimized twice, once with self-weight excluded and once with self-weight
included. The results are respectively shown in Figure 5.8a and 5.8b.

Both figures show great similarities with each other and with Figure 5.7, the main differ-
ence is the size of the elements. This is not clearly shown in the figure because the elements
are scaled with respect to the maximal member surface. But, the volume of the total struc-
ture is bigger (an increase of 6%) and it took the optimizer more iterations to find the solution,
these iterations and found volumes are shown in Table E.1 in Appendix E.3.
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(a) Optimized 3D cantilever subjected to a point
load, self-weight excluded (vol = ኼኺ.኿ኼmᎵ)

(b) Optimized 3D cantilever subjected to a point
load, self-weight included (vol = ኼኻ.ዂኾmᎵ)

The next step in the verification of the code is to check what the influence of the imposed
minimal boundary on the surface of the members is. The same 3D cantilever problem as
before is optimized, but now the boundaries described in Equation 5.4 is implemented. In
Figure 5.9a the solution is shown. A problem with the initial set arises, the initial set contains
all elements which are smaller or equal to √2meter (user-defined). When the whole initial set
takes the minimal value imposed by the boundary conditions, the optimization code finds
a solution without iterating. This means that all elements in the initial set remain in the
solution, which results in the solution shown in Figure 5.9a. An option would be to erase
the elements which are close to the minimum boundary in the next iteration step. This only
works if the elements are bigger than the minimum boundary, through a big load on the
structure. Otherwise all elements will be erased because they need to be at least the minimal
value and the code erases all elements with this minimal value. The 3D cantilever problem is
reproduced with a greater load, to show that this reasoning holds and the solution is shown
in Figure 5.9b.

(a) Solution to the 3D cantilever problem with the
imposed boundaries

(b) Solution to the 3D cantilever problem with the
imposed boundaries and the solution with the im-
posed boundaries and the elements are erased, but
subjected to a big load

From the observations above it is concluded that the function to implement a demand for
the minimal surface-area of the structural elements does not work properly. Therefore the
demand for the minimal surface-area should be enforced during the post-processing.
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5.3.4. Verification with literature
To further check whether the solutions the code finds make sense, an optimization of a high-
rise building is executed. In Figure 5.10 the solutions of different high-rise optimizations
provided by literature are shown. All are high-rise buildings with approximately a ratio of
the height and width of 6. Subfigure (a) is the initial problem for (b) and (c), (d) is a 3D
solution to this initial problem (through copying a 2D problem to all four sides). Subfigure
(e) has instead of two small forces at the top edge of the building, one combined force at
the top center of the building (all other forces remain the same as in subfigure (a)). At last
subfigure (f) is a 3D solution to a wind load (from one side) using symmetry. From these
solutions can be concluded that the shape of the Michell truss returns (or could be described
as a high-waisted X frame, diamond shape structure and arches). In all these figures the
minimal value for the surface of the members and the self-weight is not taken into account.
Also, the tension and compression strength are assumed to be the same and only the wind
load is taken into account. Therefore, during the parametric study, it is investigated what
the influence of the vertical force is on the solution of the optimization.

Figure 5.10: High-rise building optimization with (a) initial problem [6, 62], (b) 2D solution[6, 62], (c) 2D solution[5], (d) 3D
solution[62], (e) 2D solution to a slightly different problem[11] and (f) 3D conceptual design for Lotte tower [63]

To see whether the created optimization code has logical outputs, this high-rise optimiza-
tion problem is recreated, the results of the 2D and 3D problem are respectively shown in
Figure 5.11 and 5.12. The diamond shape is returning in all solutions (2D and 3D) and is
comparable to the solutions in Figure 5.10. The diamond shape can be seen in reality in
the diagrid structure, which is described in Paragraph 2.2.1 and shown in Figure 2.2. The
main difference between the diagrid diamond shape and the high-waisted X is the sizes of the
angles. The diamond in a diagrid structure is a shape with two symmetry axis and the high-
waisted X has one symmetry axis. In Appendix E.4 the results in Figure 5.12 are compared
to the results of a Grasshopper plugin Peregrine, which is based on the same principles as
this research. Here as well, the diamond shape is a returning phenomenon.

When increasing the size of structures analysed, the size of the optimization problems
increase. Therefore more variables need to be taken into account, which increases the calcu-
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lation time. Also, another issue is occurring, occasionally the code returns an error instead
of a solution. The error is given by the solver (MOSEK), which solves the strength optimiza-
tion. The error message is ”UNKNOWN”, according to the MOSEK documentation this often
is a numerical problem [52]. One could change the MOSEK parameters, which control for
example the termination criteria, this might have an effect on the stability and speed of the
optimization.

Figure 5.11: Problem statement and solution to 2D high-rise optimization problem

Figure 5.12: Problem statement and solution to 3D high-rise optimization problem, from left to right: load case 1, load case 2,
side view solution, 3D view solution
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5.4. Principles of the optimization
Information for this paragraph is obtained from Chapter 4 and retrieved from the Eurocode.
The values for parameters, the loads, supports and the design spaces are discussed in this
section.

5.4.1. Parameters
The following constants are used during the optimizations from which the results are shown
in Chapter 6.

• The density of concrete, 𝜌, is 2500 kg/mኽ;

• The Young’s modulus of concrete, 𝐸cm, is 36000 N/mmኼ;

• The gravity acceleration, 𝑔, is 9.81m/sኼ;

• The compression strength, 𝑓ck, is 45 N/mmኼ;

• The relaxation parameter 𝜂 is taken as 5.

The tension strength, 𝑓ctk;0.05, of concrete C45/55 is 2.7 N/mmኼ. Due to the low tensile
strength of concrete and brittle failure behaviour, reinforcement is always applied and often
the tension strength of concrete is neglected. Therefore the reinforcement should be able to
take all the axial force and Equation 2.2 should be adjusted. It is assumed that the minimal
area of reinforcement steel in the column is 1% of the cross-section area. Thus the minimal
tension stress is the minimal tension force divided by the area of the cross-section. The
characteristic strength (𝑓yk) for reinforcement steel is 500 N/mmኼ and the material factor (𝛾፬)
for steel is 1.15. Thus the input values for the design compression and tension strength are:

Tensile design Strength ∶ 𝑓ctd = 0.01𝑎፜
𝑓yk
𝛾፬

1
𝑎፜
= 4.35 N/mmኼ (5.15)

Compression design Strength ∶ 𝑓cd = 0.54𝑓ck = 24.75 N/mmኼ (5.16)

5.4.2. Design space
As mentioned in Section 3.1, the design space contains all possible solutions. The design
space is limited through using only structural elements at the perimeter of the building,
causing the design space to be a tube with a certain floor plan. In this case two design
spaces are considered, a rectangular design space with a height of 24m with a floor plan as
shown in Figure 5.13a for the parametric study and a design space based on the case study
with a height of 54m shown in Figure 5.13b. The choice for the parametric study is a smaller
design space than the case study, such that calculation time wouldn’t be a bottleneck. All
dimensions are round to integers, such that distances between nodes is always 1m.

Floors are often used to transfer the horizontal force to the structural elements which take
care of the stability of the building. The floors act like rigid diaphragm. As assumed in the
Paragraph 1.2.3 the core doesn’t take any part in the stability, thus the floors would transfer
the horizontal forces to the facade which transfer the force to the supports. To make the
optimization more realistic, the floors are added to the design space (the floor height is 3m).
The rigid diaphragm action of floors can be implemented through making the floor elements
significantly stiffer than the other elements. But the strength optimization is only based on
the equilibrium of force, thus implementing a rigid diaphragm is not possible. However, it is
possible to insert floors in the optimization which transfer the horizontal forces to the facades
parallel to the direction of the force. In Appendix E.7 is shown that the floors ensure that
the horizontal loads are transferred to the facade. The structural elements in the facade can
only be in the plane of the facade.
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(a) The rectangular floor plan (dimensions in me-
ters)

(b) The floor plan for the case study (dimensions in
meters)

Figure 5.13: Floor plans for the design spaces

5.4.3. Loads and supports
It is assumed that at each corner of the building a support is located. Thus the floor plan in
Figure 5.13a has 4 supports and in Figure 5.13b has 12 supports. The loads from the case
study are used during the optimization, which is described in Paragraph 4.2.2 and shown per
floor (in tables) in Appendix F.1. These tables contain all vertical loads (including self-weight
of the elements) on the case study. These are adapted, such that the loads which act on the
facade are known. The core and the internal walls take an appropriate part of the vertical
load (50%) of the floors and the build-in load-bearing structure in the side facade is taken
out as load, because this will be redesigned. The adapted vertical load tables can be found in
Appendix F.2. In Table 5.1 the total vertical load per floor during the optimization is noted.

Table 5.1: Total vertical load on the floors during optimization

Floor Perm. total [kN] Var. total [kN]

6፭፡ 5187.31 581.38
7፭፡ - 21፭፡ 5227.28 589.33
22፭፡ 5170.73 578.45
23፭፡ 5032.21 554.90
Roof 2025.98 0.00

Total 95825.42 10554.60

It is assumed that the vertical load is evenly distributed over the whole perimeter. This
assumption is made to simplify the input in the optimization, therefore all nodes have the
same vertical loading. The total load is found by summing all loads per floor and shown in
Table 5.1. In the case study (Figure 5.13b) the nodes are 1 m apart, therefore there are 124
nodes in the perimeter of the building. The building is 54 m high, thus in total there are
55 ⋅ 124 = 6696 nodes in the facade of the building. This holds that each node would have
14.05 kN permanent load and 1.55 kN variable load. The wind load is given in Table 4.2.
Just as the vertical loads, for the optimization the wind loads are simplified. Therefore all
nodes have the same loading, which makes it easier to implement in the optimization. The
simplification of the wind load is based on the overturning moment.
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Table 5.2: Wind load and overturning moment per meter floor on the long (parallel to grid line E) or short side (parallel to grid
line 05), grid lines in Figure 4.3

Line load on floor [kN/m] Overturning moment [kNm/m]

Floor height [m] Short side Long side short side long side

6 0.00 5.50 5.80 0.00 0.00
7 3.00 5.50 5.80 16.50 17.40
8 6.00 5.50 5.80 33.00 34.80
9 9.00 5.50 5.80 49.50 52.20
10 12.00 5.90 5.80 70.80 69.60
11 15.00 6.30 5.80 94.50 87.00
12 18.00 6.70 5.80 120.60 104.40
13 21.00 7.10 5.80 149.10 121.80
14 24.00 7.10 6.60 170.40 158.40
15 27.00 7.10 6.60 191.70 178.20
16 30.00 7.10 6.60 213.00 198.00
17 33.00 7.10 6.60 234.30 217.80
18 36.00 7.10 6.60 255.60 237.60
19 39.00 7.10 6.60 276.90 257.40
20 42.00 7.10 6.60 298.20 277.20
21 45.00 7.10 6.60 319.50 297.00
22 48.00 7.10 6.60 340.80 316.80
23 51.00 7.30 6.60 372.30 336.60
roof 54.00 3.70 3.30 199.80 178.20

Total 513.00 3406.50 3140.40

The wind creates an overturning moment, the wind at the top of the building has more
impact than the wind at the lower part of the building. To calculate the general load value
per node, the current value per kN/m is multiplied with the height of that floor (6፭፡ floor =
0 m, roof = 54 m). This is divided by the sum of all heights of floors (513m) to find the equal
wind load per node which generates the same amount of overturning moment:

• Line load on the short side: ኽኾኺዀ.኿ኺ
኿ኻኽ.ኺኺ = 6.64 kN/m;

• Line load on the long side: ኽኻኾኺ.ኾኺ
኿ኻኽ.ኺኺ = 6.12 kN/m;
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5.5. Summary
This chapter answers the following two sub-research question:

• ”How can the optimization problem, for different design spaces, be defined?”

• ”Does the optimization code work and what is the input for the optimizations?”

The mathematical description of the optimization code and it’s functions is given in Sec-
tion 5.1. The structure of the Python code is explained in Section 5.2. All things considered, it
is concluded that the code works properly in 3D. A known problem is imposing the boundary
for the minimal surface of each element, therefore it is concluded that this boundary should
be enforced during post-processing. Also, during the verification of the code with literature,
the code occasionally returns an error instead of a solution. The error is given by the solver
(MOSEK), which solves the strength optimization. The error message is ”UNKNOWN”, accord-
ing to the MOSEK documentation this often is a numerical problem [52]. One could change
the MOSEK parameters, which control for example the termination criteria, this might have
an effect on the stability and speed of the optimization.

The literature used to verify the code is based on horizontal loads. Therefore during the
parametric study, the effect of the vertical force is investigated. The optimization problem of
the case study is defined with the loads, supports, parameters and design space described
in Section 5.4. Two design spaces are investigated, shown in Figure 5.13a and 5.13b, re-
spectively for the parametric study and for the optimization of the case study. The supports
are at every corner of the building, 4 for the design space with a rectangular floor plan and
12 for the design space with a floor plan based on the case study. The following parameters
are used during the optimization of the case study and design space with a rectangular floor
plan:

• The density of concrete, 𝜌, is 2500 kg/mኽ;

• The Young’s modulus of concrete, 𝐸cm, is 36000 N/mmኼ;

• The gravity acceleration, 𝑔, is 9.81m/sኼ;

• The relaxation parameter 𝜂 is taken as 5;

• Tensile design strength, 𝑓ctd, is 4.35 N/mmኼ;

• Compression design strength, 𝑓cd, is 24.75 N/mmኼ.

The following loads are used in the optimization of the case study:

• Each node in the facade is loaded with 14.05 kN permanent load and 1.55 kN variable
load;

• Wind load on the short side is 6.64 kN/m at every floor;

• Wind load on the long side is 6.12 kN/m ar every floor.
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Results of the optimizations

In this chapter the results of the parametric study and the optimization of the case study
are discussed. The ratio between the total vertical and horizontal load is investigated and
reported in Section 6.1. Section 6.2 contains the results of the optimization of the case study.
In Section 6.3 and 6.4 post-processing of the results are shown. At last Section 6.5 analyses a
found load-bearing structure for the case study. The sub-research question (partly) answered
in this chapter is ”What is the difference between the optimized case study and the original
case study and what is learned from this to benefit the design of future buildings?”. The first
part, concerning the difference between the original and optimized case study is answered
in this chapter. The second part, concerning the benefit of future designs is answered in
Chapter 8.

All optimizations are executed in Python, together with optimization packages CVX (ver-
sion 1.0.25) and MOSEK (version 9.1.10) on a laptop with an Intel(R) Core(TM) i7-6700HQ
processor and 8 GB RAM-memory. The strength optimization is explained and mathemati-
cally described in Paragraph 5.1.1 is decisive for the lay-out of the structural members. The
stiffness optimization only increases certain members to ensure the demand for displace-
ment is satisfied. Therefore, in the following optimizations only the strength optimization
is executed. During the optimization of the case study often the numerical error occurs (as
discussed in Paragraph 5.3.4) when the self-weight is included and when there is a demand
imposed for the minimal surface-area of a strutural element. Also the calculation times are
increased by using these functions. Thus these two functions are not taken into account
during obtaining the results for this chapter, to mitigate the occurrence of the error and
shortening the calculation time. Some other points of attention for these optimizations:

• Yellow means compression and green means tension in the figures;

• The elements shown in the figures are not scaled to reality, but their mutual ratio is
correct;

• In the figures of the solution only elements bigger than 2.5 ⋅ 10ዅኽ mኼ (50𝑥50 mm) are
shown, unless stated otherwise in the caption.

• The generated data, Python codes, images and Abaqus files can be found with the fol-
lowing DOI: 10.4121/uuid:d5a42352-a417-4082-aa0f-87047812bfed

47
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6.1. Ratio vertical and horizontal load
There are two cases investigated to see what influence the ratio of the total vertical load and
the total horizontal load is (denoted by v/h-ratio). The two cases which are investigated are:

1. Design space with a rectangle floor plan, the wind load acts in the positive x-direction;

2. Design space with a rectangle floor plan, two load cases, respectively: the wind load
acts in the positive x-direction and the wind load acts in the positive y-direction.

The wind load acts only at nodes located at heights where a floor is situated and the vertical
load acts on all nodes which are situated in the facade of the structure.

6.1.1. One load case
Figure 6.1 shows the top view and the side view of the problem. The vertical loads are left
out such that wind loads and supports are visible in the figures.

Figure 6.1: (a)Top view of the solution including loading (yellow arrow) and support (orange triangles), (b) side view of the solution
including loading (yellow arrow) and support (orange triangles)

The following v/h-ratios are investigated in this scenario: 0, 0.1, 0.2, 0.4, 0.8, 1, 2, 4, 8. A selec-
tion (0, 0.4, 1, 2, 4, 8) is shown in this paragraph, the others (0.1, 0.2, 0.8) are shown in Appendix
G.1. Figure 6.2 shows the solutions for the facade parallel to the x-axis and Figure 6.3 shows
the solutions for the facade perpendicular to the x-axis.
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Figure 6.2: Facade parallel to the x-axis and the direction of the wind load, from left to right: v/h-ratio = 0, 0.4, 1, 2, 4, 8

When the v/h-ratio is increased, Figure 6.3 shows that more and more vertical and in-
clined elements arise to transfers the vertical loads to the supports in the corner. As proved in
Appendix E.7, the floors redirects the load to the facade parallel to the direction of the load.
These facades transfer the loads to the supports. This is done via the shape of a Michell
truss (Figure 5.4a), which can clearly be seen in Figure 6.2 when the v/h-ratio is lower than
4. When the ratio becomes 4 or larger the arches of the Michell truss can’t clearly be seen, the
figures get distorted. However, the arches are changed to long inclined structural elements
which span over the width of the structure. Figures 6.3 shows only vertical and inclined
elements to transfer the vertical load to the supports.

Figure 6.3: Facade parallel to the y-axis and the direction of the wind load, from left to right: v/h-ratio = 0, 0.4, 1, 2, 4, 8
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6.1.2. Two load cases
Figure 6.4 show the top view with respectively load case 1 and load case 2. Load case 1 is the
wind load in the positive x-direction and load case 2 is the wind load in positive y-direction.
Load case 2 is the only addition made to the optimization discussed in Paragraph 6.1.1. The
solutions, for the v/h-ratio’s 0, 0.2, 1 and 4, are shown in Figure 6.5 and 6.6 and these satisfies
both load cases.

Figure 6.4: (a) Top view of the solution with load case 1, (b)top view of the solution with load case 2

In the solution with one load case, the facade parallel to the load direction contained the
arches to redirect the load to the supports. Thus with two load cases it is expected that both
facades will show arches. Looking at the facade parallel to the x-axis (Figure 6.5) the arches
are visible till the v/h-ratio of 1, but a lot less clear than in Figure 6.2.

Figure 6.5: Facade parallel to the x-axis, from left to right: v/h-ratio = 0, 0.2, 1, 4
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In the facade parallel to the y-axis (Figure 6.6), the arches or Michel truss shape is not
recognisable independent of the v/h-ratio. Next to that, when the v/h-ratio increases more
and more compression elements (yellow elements) are appearing to transfer the vertical loads
to the supports.

Figure 6.6: Facade parallel to the y-axis, from left to right: v/h-ratio = 0, 0.2, 1, 4
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6.2. Optimizing case study
The second design space, which is investigated, is the design space based on the case study,
shown in Figure 5.13b. The code used for the optimization of this design space is shown in
Appendix H. In the first load case the wind acts in the positive x-direction on the structure
(Figure 6.7) and the vertical load works on all nodes in the facade. The v/h-ratio is 0.33,
therefore it is expected that facade parallel to the x-axis shows the arches from the Michel
truss, which is confirmed by Figure 6.7. In the facade perpendicular to the direction of the
load are only inclined elements which transfer the vertical load to the supports (see Figure
6.7).

Figure 6.7: (a) Top view of the case study with the wind load in x-direction, v/h-ratio = ኺ.ኽኽ, (b) facade parallel to x-axis with v/h
= ኺ.ኽኽ, (c) facade parallel to y-axis with v/h = ኺ.ኽኽ

In the second load case the wind acts in the positive y-direction on the structure (Figure
6.8) and the vertical load works on all nodes in the facade. The v/h-ratio is 0.50, therefore it
is expected that facade parallel to the y-axis shows the arches from the Michel truss, which
is confirmed by Figure 6.8. In the facade perpendicular to the direction of the loads are only
inclined elements which transfer the vertical load to the supports (see Figure 6.8).

Figure 6.8: (a) Top view of the case study with the wind load in y-direction, v/h-ratio = ኺ.኿ኺ, (b) facade parallel to x-axis with v/h
= ኺ.኿ኺ, (c) facade parallel to y-axis with v/h = ኺ.኿ኺ



6.2. Optimizing case study 53

To investigate the optimal shape for the case study under realistic loads, the loads need
to be combined with load combinations. Using equation 6.10(a) en 6.10(b) of the NEN-EN
1990+A1+A1/C2 and the corresponding national annex. The equations and corresponding
factors for consequence class 3 are shown in Appendix F.3. The wind could load a building
in four different ways, in the positive x and y-direction and in the negative x- and y-direction.
For simplicity it is assumed that the case study is symmetric in a vertical line (at half of the
width) and a horizontal line (at half of the length). Therefore only two types of wind need to
be investigated and then symmetry can be used to find the final solution. The two load cases,
where wind is in positive x- and y-direction (as shown in Figure 6.7 and 6.8), are investigated.
The following three load combinations, for wind in the positive x-direction and in the positive
y-direction are of importance:

1. 6.10(a): 1.5 ⋅ perm.+ 1.65 ⋅ 0.4 ⋅ Var.+ 1.65 ⋅ 0.0 ⋅Wind

2. 6.10(b): 1.3 ⋅ perm.+ 1.65 ⋅ 0.4 ⋅Wind+ 1.65 ⋅ Var.

3. 6.10(b): 0.9 ⋅ perm.+ 1.65 ⋅Wind

The maximum compression force will occur if the vertical force (in the negative z-direction) is
at it’s greatest, either the first or the second load combination. The maximum tension stress
will occur if the vertical force is the smallest and the wind is the greatest, load combination
three. The vertical force acts on all nodes in the facade. The Figures 6.7 (a) and 6.8 (a) show
on which nodes the wind load acts. The number of nodes, where the loads on acts are stated
in Table 6.1 and are retrieved from the Excel-output file:

Table 6.1: Amount of nodes on which the forces act

Type of load Nodes

Vertical 6820
Horizontal in x-direction 684
Horizontal in y-direction 468

The load combinations and the loads per node (retrieved from Paragraph 5.4.3) are combined,
the total vertical and horizontal load per node, as well as the v/h-ratio, are shown in Table
6.2. The total loads per node are multiplied with their amount of nodes on which they act,
stated in Table 6.1 to find the v/h-ratio.

Table 6.2: ዀ load combinations, the unit of the loads are kN/node

L.C. Perm. Var. Wind Total v Total h v/h-ratio

1, x-direction 14.05 1.55 6.12 22.10 0.00 -
2, x-direction 14.05 1.55 6.12 19.29 10.10 19.04
3, x-direction 14.05 1.55 6.12 12.65 10.10 12.48
2, y-direction 14.05 1.55 6.64 19.29 10.96 25.65
3, y-direction 14.05 1.55 6.64 12.65 10.96 16.82

The results in Paragraph 6.1.1 and 6.1.2 showed that optimizing a problem with multiple
load cases clouded the solution and v/h-ratio above 2.0 would give a solution containing long
inclined members. The lowest v/h-ratio in Table 6.2 is 12.48, thus the solution probably
would contain the long inclined members and no clear pattern.

Preferably all the load cases are all implemented in an optimization, unfortunately the
laptop used does not have enough RAM-memory to conduct such an elaborated optimiza-
tion. Conducting such an optimization would also take quite some time, for example the
optimization where the solution is shown in Figure 6.7 took more than 24 hours. Therefore
running all load cases separately and combining them afterwards isn’t done because it’s a



54 6. Results of the optimizations

time costly procedure. An option would be to increase the distance between nodes, thus de-
crease the grid density. This would need some adaption of the dimensions of the case study,
the dimensions need to be divisible by 2. This has not been done to keep unity in the results.
Another aspect which would case/caused problems and delays during obtaining the results
is the occasionally ”UNKNOWN” error by MOSEK, just as mentioned in Section 5.3. These
occurred multiple times during obtaining the results for this chapter.

To see what type of solution the high values for the v/h-ratio will give, the case study is
optimized with one of the load combinations (the one with v/h-ratio 19.04). The results of
this optimization are shown in Figure 6.9. This figure does not show a clear pattern of how
the forces are redirected to the supports, therefore post-processing of the results are needed.

Figure 6.9: Solution to optimization of the case study subjected to the load combination with v/h-ratio of ኻዃ.ኺኾ, facade parallel
to x-axis

6.3. Post-processing of the results
To see whether a pattern in the load-bearing structure can be found, the results found in
Section 6.1 and 6.2 are post-processed, the optimizations are simplified or parameters are
changed. The following steps are taken:

• The results of the case study are sorted by element size, only elements which are bigger
than certain limits are shown (post-processing);

• The acting points of the wind loads are located on the edge of the building (and not as
line load on the width of the building), such that the wind loads directly works at the
facade (simplifying the optimization);

• The influence of the ratio of the maximal tension stress and compression stress is in-
vestigated (parameters are changed).
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6.3.1. Sorted by element size
All figures shown in this chapter only show the elements which are larger than 2.5 ⋅ 10ዅኽmኼ,
these do not give a clear result. Therefore the solution for the case study might contain a
pattern but is not shown due to the limit which is set. In this paragraph the limit is varied to
see whether a pattern surfaces. In the Figure 6.10 and 6.11 the same solution as in Figure
6.9 is shown, except that the limit is adapted. Thus more ore less elements are shown,
instead of all elements larger than 2.5 ⋅10ዅኽmኼ this limit is set to, among others, 6.25⋅10ዅኼmኼ

and 3.75 ⋅ 10ዅኼmኼ. These figures show that the vertical elements above the supports need to
be large in comparison to the horizontal and inclined elements. Furthermore no additional
observations can be made.

Figure 6.10: Solution with elements larger than (a) ዀ.ኼ኿⋅ኻኺᎽᎴ mᎴ (ኼ኿ኺxኼ኿ኺ mm), (b) ኽ⋅ኻኺᎽᎴ mᎴ (±ኻ዁ኽxኻ዁ኽ mm), (c) ኻ.኿⋅ኻኺᎽᎴ mᎴ
(±ኻኼኼxኻኼኼ mm)

Figure 6.11: Solution with elements larger than (a) ዁.኿⋅ኻኺᎽᎵ mᎴ (±ዂ዁xዂ዁ mm), (b) ኽ.዁኿⋅ኻኺᎽᎵ mᎴ (±ዀኻxዀኻ mm), (c) ዀ.ኼ኿⋅ኻኺᎽᎶ mᎴ
(ኼ኿xኼ኿ mm)
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6.3.2. Acting points of the wind load
The acting points of the wind loads are located on the corners of the building and not as line
load over the width of the building. This ensures that the wind load works directly at the
facade parallel to the direction of the force and the floors are no longer needed to redistributed
the forces to the facades. This simplification of the wind load is done in the optimization of the
design space with the rectangle floor plan loaded by two load cases(as described in Paragraph
6.1.2), when there is no vertical load. Figure 6.12 shows the results.

Figure 6.12: (a) The facade parallel to the x-axis, (b) the facade parallel to the y-axis

Figure 6.12 shows compression arches instead of compression diagonals which can be
seen in in Figure 6.5 (most left with v/h-ratio = 0). The tension arches are still easily recog-
nisable in the facade parallel to the x-axis. In the facade parallel to the y-axis (Figure 6.12)
tension arches are more recognisable than the solution shown in Figure 6.6 (most left with
v/h-ratio = 0).
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6.3.3. Influence of the ratio of the maximal stresses
In the Paragraph 6.3.2 it is observed that changing the acting points of the wind loads to
the corners of the structure has a positive effect on the clarity of the solution. Therefore,
these manner of loading the structure is kept during this study to the influence of the ratio
of the maximal stresses. The same design space loaded by only wind as in Paragraph 6.3.2
is optimized, only the maximal tension stress is increased. The maximal tension stress is
4.35 N/mmኼ and the maximal compression stress is 24.75 N/mmኼ in all optimzation till now,
a tension/compression ratio of 0.18. The tension stress is increased to 13.5 N/mmኼ and
24.75 N/mmኼ, respectively tension/compression ratios of 0.55 and 1.0.

Figure 6.13: (a) The facade parallel to the x-axis with a tension/compression ratio of ኺ.኿኿, (b) the facade parallel to the x-axis with
a tension/compression ratio of ኻ.ኺ, (c) the facade parallel to the y-axis with a tension/compression ratio of ኺ.኿኿, (d) the facade
parallel to the y-axis with a tension/compression ratio of ኻ.ኺ

When the maximal tension stress is set to 24.75 N/mmኼ, thus the tension/compression ratio
is set to 1.0, there are less elements needed to transfer all force and the solution becomes
less clouded. The tension and compression arches are clearly seen in both facades (parallel
to x-axis en y-axis), shown in Figure 6.13. The patterns are similar to what can be found in
literature, shown in Figure 5.10.
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6.4. Schematisation by hand
In the previous sections the results are shown and an attempt to simplify the results is
made. These attempts did gave insight in what could be the optimal load-bearing structure.
The idea of this section is to create two potential load-bearing structures (in 2D), based on
previous results. These are compared and there is concluded which one is better based on
volume and occurring stresses. In Section 6.5 the found load-bearing structure is applied to
the case study and checked whether this is an improvement in comparison with the original
case study. In the following figures all positive values are tension and all negatives values
are compression.

An recurring element in the results is the inclined compression element, therefore this
will come back in both potential load-bearing structures. In Paragraph 6.1.1 long inclined
structural elements which span over the width of the structure are observed, these are in-
cluded in the load-bearing option one. These are implemented as elements over the width of
the structure which are located between floors, see Figure 6.14(a). Another important aspect
which comes forward in the results are arches, these are included in the second load-bearing
option (Figure 6.14(b)). The wind load can come from both directions, therefore symmetry is
applied to the two models (result is shown in Figure 6.14(c) and 6.16(d)).

Figure 6.14: (a) Load-bearing structure option 1, (b) load-bearing structure option 2, (c) load-bearing structure option 1 with
symmetry applied, (d) load-bearing structure option 2 with symmetry applied

After applying the symmetry to the second load-bearing option, the inclined compression
elements are redundant. The arches will transfer the forces downwards, thus these are
deleted from the model. Also the arches are reshaped such that the kink is at floor level, the
adapted load-bearing structure is shown in Figure 6.15.
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Figure 6.15: Adapted load-bearing structure option 2 with symmetry applied

Both load-bearing structure options (Figure 6.14(c) and 6.15) are subjected to realistic
vertical loads similar to the case study and wind loads, derived from the NEN-EN 1991-1-
4+A1+C2. The load-combinations which are used for the case study, described in Section
6.2, are also applied to both load-bearing options. For the case of simplicity all elements
have the same surface, 0.0625 mኼ (250x250 mm). The results of the linear static analysis in
Abaqus are shown in Appendix G.2. The maximum tension and compression stress found
in the analysis and the volume of each option are shown in Table 6.3.

Table 6.3: Option 1 vs. Option 2, stresses and volumes

Max. tension [N/mmኼ] Max. Compression [N/mmኼ] Volume [mኽ]
Option 1 4.4 19 345.10
Option 2 2.6 29 239.69

Option 2 uses ±30% less material than option 1 and has a lower maximum tension stress.
The maximum compression stress is ±50% higher. The material used in the case study is
reinforced concrete, which can withstand compression well but not tensile. Thus a high
compression stress and a low tensile stress is preferred. Next to the stresses, the material
used is important. The less material there is used the better. Therefore option 2 is chosen as
the best option for the load-bearing structure, it has the lowest material use and the preferred
stress ratio. In the next section the case study is build with this load-bearing structure.
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6.5. New load-bearing structure case study
The grid with arches found in Section 6.4 is applied to the case study. In this section the
proposed load-bearing grid for the case study is analysed in Abaqus. In all figures in this
section the positive values are tension and all negatives values are compression. A top view,
the facade parallel to the x-axis and the facade parallel to the y-axis are shown in Figure
6.16. The dimensions of the the floor plan is equal to the dimensions of the design space
for the case study (Figure 5.13b). In this analysis only elements of the type T3D2 are used.
T3D2 are truss elements where only normal forces occur.

Figure 6.16: (a) Top view of the optimized case study, (b) geometry of the facade parallel to the x-axis of the optimized case
study, (c) geometry of the facade parallel to the y-axis of the optimized case study

Just as in the optimization (see Section 5.4) the supports are placed at each corner of
the structure. Also the loads are only applied on the corners of the structure, to simplify
the analysis. The wind load is divided evenly (50-50) in a pushing and pulling force on
the structure. Only the load combinations in x-direction (Table 6.2) are applied during the
analysis. First all elements are given the same cross-sectional area of 1 mኼ. This will give
all elements the same stiffness and therefore all forces are equally distributed and this will
show us which elements will attract the most load. Certain inclined and horizontal elements
in the facade perpendicular to the load-direction are attracting the loads, as shown in Figure
6.17

Figure 6.17: Side view of the solution, loaded by load combination 3 in x-direction (Table 6.2), the results are in N/mᎴ
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As deduced in Paragraph 6.3.1 the vertical elements (columns above the supports) need to
be larger in comparison to the inclined and horizontal elements. This will cause the stiffness
of these elements to increase and thus attract more load. A benefit of this is that the inclined
and horizontal elements are relieved of part of their load. An educated guess for the cross-
sectional area of the elements is made as follow:

• Vertical elements of floor 1 − 12 have a cross-sectional area of 1mኼ (1𝑥1m);

• Vertical elements of floor 13 − 18 have a cross-sectional area of 0.5mኼ (±0.7𝑥0.7m);

• All horizontal and inclined elements have a cross-sectional area of 0.0625mኼ(0.25𝑥0.25m),
minimal value due to fire resistance (Section 2.3).

The results due to the change in element size are shown in Figure 6.18. The figure only
shows the normative load combination (load combination 3 in x-direction, see Table 6.2) for
the facade parallel to the x-direction and y-direction. All elements are below the 24.75 N/mmኼ

compression stress and almost all elements are below the 4.35 N/mmኼ tension stress (as de-
fined in Section 5.4). Only some elements (grey coloured in the figure) are above themaximum
tension stress.

Figure 6.18: Load combination 3, on the left the facade parallel to the x-axis and on the right the facade parallel to the y-axis,
the results are in N/mᎴ

For now this is the best solution, to find the optimal solution a iteration process would
be needed. As mentioned before: the stiffer an element is the more load it attracts, thus
the thicker the element (in comparison to the others) to keep the stress low the more load
it attracts. This would need an optimization on itself, due to time problems this is not done
and the current solution (as shown in Figure 6.18) is used to see how much material there
has been used. In the case study is 579.97mኽ used and of the optimized case study as shown
in Figure 6.18 is 562.02mኽ. Thus ±3% less material is used in the optimized structure.
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6.6. Summary
For, roughly said, v/h-ratio below 4 the Michell truss is recognisable when optimizing the
design space with a rectangle floor plan, above that ratio it is not recognisable anymore.
The lowest v/h-ratio found in the governing load-combinations is 12.71. The results of the
design space with a rectangular floor plan (Section 6.1) showed that v/h-ratio of 4 and higher
will not give a clear pattern for the load-bearing structure. The solution of the case study,
subjected to one load combination, showed us that this is the case. Preferably all the load
cases are all implemented in an optimization, unfortunately the laptop used does not have
enough RAM-memory to conduct such an elaborated optimization. Running all load cases
separately and combining them afterwards could be used in future purposes when using a
laptop with limited RAM memory. Another aspect which would case/caused problems and
delays during obtaining the results is the occasionally ” UNKNOWN” error by MOSEK. These
occurred multiple times during obtaining the results for this chapter.

To see whether a pattern in the load-bearing structure can be found, the results found
in Section 6.2 and 6.1 are post-processed, the optimization are simplified or parameters are
changed. The following steps are taken:

1. The results of the case study are sorted by element size, only elements which are bigger
than a certain limits are shown (post-processing);

2. The acting points of the wind loads are located on the edge of the building (and not as
line load on a floor), such that the wind loads directly works at the facade (simplifying
the optimization);

3. The influence of the ratio of the maximal tension stress and compression stress is in-
vestigated (parameters are changed).

The first step showed that the columns above the supports should be large in comparison
to the other elements. The second and third step showed that the arches are the most
optimal structure. With this information two possible load-bearing structures are made and
analysed. After comparison the most efficient structure turns out to be arches. The load-
bearing structure of the case study is schematised with arches and analysed.

With the chosen cross-sectional areas and geometry, described in Section 6.5, all ele-
ments are below the 24.75 N/mmኼ compression stress and almost all elements are below the
4.35 N/mmኼ tension stress. A small number of elements are above the maximum tension
stress. To find the optimal solution a iteration process would be needed, because increasing
the cross-section of an element will decrease the stress but increase the stiffness, thus at-
tract more load. In the case study is 579.97 mኽ of concrete used and of the optimized case
study as shown in Figure 6.18 is 562.02mኽ of concrete used.

The sub-research question investigated in this chapter: ”What is the difference between
the optimized case study and the original case study and what is learned from this to bene-
fit the design of future buildings?” can be partly answered. The optimized case study uses
arches instead of (punched) structural walls and uses less material (±3%). The second part,
concerning the benefit of future designs is answered in Chapter 8.
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Discussion

In the discussion four points are discussed, the comparison between the original and found
load-bearing structure, the calculation time and numerical errors, the method of the stiffness
optimization and the clearness of the pattern for the load-bearing structure.

Comparison between original and found load-bearing structure
In Section 6.5 there is stated that the optimized load-bearing structure uses ±3% less ma-
terial. When the comparison between the optimized load-bearing structure and the original
load-bearing structure of the case study is made the following points should be kept in mind:

• Light incidence, acceleration of the building, inter-story drift, displacement of the top
of the building and the 2nd order effect are not verified for the optimized load-bearing
structure. However, the minimal size for structural elements due to fire resistance and
flexural buckling (based on the assumption of square cross-sections) are verified;

• Not all load combinations are taken into account during the analysis of the load-bearing
structure, in this case three load combinations are taken into account. This could affect
the maximal occurring stress in the analysis;

• In the analysis of the optimized load-bearing structure truss elements are used, because
this smoothens the transition from the solution of the GSM to the analysis. Truss
elements are only based on normal forces, there are no moments and shear forces taken
into account. Which in reality do occur in the structural elements;

• The found load-bearing structure uses ±3% less material. The dimensions of the ele-
ments are an educated guess in the found load-bearing structure and can be further
optimized to increase this material savings.

Calculation time and numerical errors
During optimization of the design space similar to the case study long calculations times
(up to 66 h) and errors, which likely indicate numerical problems, occur. These problems
arise when the functions concerning the inclusion of self-weight, the demand for a minimal
surface-area and the stiffness optimization are included in the optimization. Therefore these
newly developed functions are not used in the optimization of the case study. Long computa-
tional times were expected due to the use of topology optimization (as mentioned in Chapter
3), but not lto this extent.
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Method of the stiffness optimization
In Section 5.3 is shown that the stiffness optimization, based on a Recursive Resizing Algo-
rithm (RRA), works properly. However, two notes have to be made:

• Section 5.3 shows that there is much uncertainty about the relaxation parameter and
therefore a value is assumed. It is also shown that the relaxation parameter has an
influence on the rate of convergence and final displacement;

• The input for the stiffness optimization is the output of the strength optimization;internal
loads and surface area of each structural element. These output values of the strength
optimization depends, among others, on Ultimate Limit State loads (ULS). Thus the
stiffness optimization is optimizing the structure based on ULS loads. According to the
Eurocode displacement demands should be based on Serviceability Limit State (SLS).
SLS requires lower partial factors for the load combinations, therefore the stiffness op-
timization will give a solution which is excessive.

Clearness of the pattern for the load-bearing structure
The parametric study and the optimization of the case study, respectively Section 6.1 and
6.2 did result in solutions with a great number of elements. These solution did not give a
clear pattern for the load-bearing structure. Some points which influence the results and
explain why the results were not that clear are stated:

• The chosen design space are not slender, the case study (asymmetric floor plan) has a
slenderness of 1.46 and the design space for the parametric study (symmetric floor plan)
has a slenderness of 3. When a building becomes more slender, the ratio between the
total vertical and total horizontal (v/h-ratio) becomes smaller. The wind load increases
with the increase of height, but the vertical load on each floor stays the same. This
decrease of the ratio would benefit the clearness of the results, as shown in Section 6.1.
The results of the case study and the parametric study show that for low v/h-ratio a
load-bearing structure consisting of arches similar to most literature. As mentioned in
Paragraph 3.2.3, the quality of the solution depends on the grid refinement. During all
optimization this is unchanged, between all nodes (horizontal and vertical) is kept 1m.
During both optimization it is assumed that at each corner a support is located. This
limits the possibilities for load-bearing structure to redirect the loads and changing this
could potentially show new patterns for load-bearing structures;

• Mostly the Ground Structure Method (GSM) is used for skeletal structures (Paragraph
3.2.3). The original load-bearing structure of the case study consists of (punched) load-
bearing walls. The idea was that using a different method of designing the load-bearing
structure might give new insights to save materials, but this might has a negative effect
on the clearness of the solution;

• Concrete has a low tensile strength in comparison to its compression strength. Post-
processing of the results showed (Paragraph 6.3.3) that when the maximum allowable
stress are equal the results are much more clear, arches occur. Thus due to the differ-
ence in the chosen strengths the solutions become less clear. When using steel, which
has a higher strength than reinforce concrete, less material would be needed to transfer
the loads to the supports and therefore less (and/or smaller) structural elements;

• The floors distribute the horizontal load over the facade parallel to the horizontal load,
as discussed in Paragraph 5.4.2. When the floors are not taken into account, through
changing the acting points of the horizontal load to the corners of the structure (Para-
graph 6.3.2), the solution becomes more clear.
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Concluding remarks

In this chapter conclusions are drawn and recommendations are made for future research.

8.1. Conclusions
First the main research question is answered, then other conclusions which are drawn from
this research are stated. At last the addition of this research to the current literature and
the advice for designers and engineers is stated. The main research question is:

”What is the optimal topology for a reinforced concrete load-bearing structure, situated at the
perimeter of a high-rise building when optimizing the material use?”

The optimal topology for a reinforced concrete load-bearing structure, situated at the perime-
ter of a high-rise building consist of arches based on the improvement of the material use by
±3% when using the newly found load-bearing structure for the case study. Other conclu-
sions drawn from this research are:

• The asymmetric floor plan of the case study and its dimensions combined with the
the loads, location of the supports and grid density are not a good match with the
optimization code. The whole is too complicated to find a clear pattern for the load-
bearing structure;

• The optimization code is suitable to give more insight in the manner the loads are trans-
ferred to the supports in situations where there is a low total vertical to total horizontal
load ratio;

• Multiple options are shown which help improving the clearness of the solution. These
options are: increasing the maximum stress ratio (compression to tension) to 1.0, de-
creasing the total vertical to total horizontal load ratio or ignoring the rigid-diaphragm
working of the floor (through simplifying the horizontal loads as point loads on the cor-
ners).

This research extends the current literature with extra insights in the use of the Ground
Structure Method in an optimization code. This optimization code has functions which can
include self-weight, a stiffness optimization and flexural buckling. Also, it confirms that the
arches (originating from Michel Truss) is an efficient manner to transfer the loads to the
supports.

The advice for designers and engineers is to see what the possibilities are for arches to
use in their load-bearing structure, because these are efficient in transferring the loads. The
extended code including flexural buckling, fire safety, stiffness optimization, buildability,
self-weight and second-order effects provides a first attempt to implement the rules from the
Eurocode. The code becomes more usable in practice when more rules from the Eurocode
are closely followed, implemented and verified.
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8.2. Recommendations
In the following points recommendations are stated for researchers:

• At this point it is not recommended to use the current version of the optimization code
for designing of structures. However if the following points will be improved this might
change:

– Adding a Graphical User Interface (GUI);
– The speed needs to be increased;
– Mitigate the negative effect of the extra functions (created in this research) on the
speed and stability;

– Implementing more requirements from the Eurocode, such as inter-storey drift.

Adding a GUI makes the optimization code more accessible for people to use in practise.
Another option to make it more accessible is to improve the speed of the optimization or
a computer with more CPU and/or RAM can be used. To improve the speed of the code,
it could be rewritten for multiprocessing or it can be rewritten such that the amount
of loops is minimized (instead of loops, matrix multiplications are preferable because
these are faster).
As mentioned in the discussion, the added functions to the code cause stability and
calculations time issues when optimizing the design space similar to the case study.
The stability of the code can be improved by changing the solver or by changing the
parameters of the solver (MOSEK).

• To improve the knowledge about the Ground Structure Method in structural optimiza-
tion more research should be done into the following aspects:

– The influence of the location and the sensitivity of boundary conditions on the
optimal solution;

– The influence of the design space on the optimal solution, this included the shape
of the floor plan and the slenderness of the design space;

– The dependency of the clearness of the solution on the type of material used, steel
might give a clearer solution as the post-processing indicates (Paragraph 6.3.3).

If further research into optimization of high-rise buildings is executed and only the
maximal strengths and multiple load cases are needed a possibility is to use the plug-in
Peregrine for Grasshopper. This plug-in is released during the time of this research,
mid-November 2019. Grasshopper is based on the same mathematical principles as
this research but is user-friendly through a GUI.

• More investigation into the relaxation parameter and the Recursive Resizing Algorithm is
needed to make sure the stiffness optimization works properly. An optimal value for the
relaxation parameter can be sought-after, through which the increase in volume due to
stiffness optimization is minimized. Also, The RRA can be elaborated with dependency
on the type of cross-section of the elements, therefore the moment of inertia.

• An extension of this research is possible through further optimizing the found load-
bearing structure of the case study and see whether more material can be saved. Also,
this analysis can be made more realistic by implementing beam elements which take
moments and shear forces into account.
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A
High-rise definitions according to Dutch

municipalities

Figure A.1: High-rise definitions with some obligations according to NTA 4614-1 (October 2012) adapted from [69]
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B
Requirements

This appendix is an addition of Section 2.3. Detailed derivation of the equations in Section
2.3 are described here. The equations are visualised in Section B.3. At last, the requirements
which are not taken into account in this research for a high-rise building are stated in B.4.

B.1. Slenderness limit
The calculation of the slenderness limit is described in NEN-EN 1992-1-1 + C2: 2011 (para-
graph 5.8.3.1)

𝜆፥።፦ =
20𝐴𝐵𝐶
√𝑛፫፞፥

(B.1)

with:

𝐴 = 1/(1 + 0.2𝜙፞፟) (if unknown 𝐴 = 0.7 can be assumed)
𝐵 = √1 + 2𝜔 (if unknown 𝐵 = 1.1 can be assumed)
𝐶 = 1.7 − 𝑟፦ (if unknown 𝐶 = 0.7 can be assumed)
𝜙፞፟ = effective creep coefficient
𝜔 = 𝐴፬𝑓፲፝/(𝐴፜𝑓፜፝), mechanical reinforcement ratio
𝐴፬ = total longitudinal reinforcement area in the cross-section
𝐴፜ = total area of the concrete in the cross-section
𝑓፲፝ = design yield strength of the reinforcement
𝑛፫፞፥ = 𝑁ፄ፝/(𝐴፜𝑓፜፝), relative normal force
𝑟፦ = 𝑀ኺኻ/𝑀ኺኼ, moment ratio
𝑀ኺኻ, 𝑀ኺኼ = first-order end moments, |𝑀ኺኼ| ≥ |𝑀ኺኻ|

The values for 𝐴 and 𝐵 are unknown, thus taken respectively as 0.7 and 1.1. In optimization
the structure is simplified to a truss structure, therefore the 𝑟፦ is zero and 𝐶 is equal to 1.7.
The goal of the optimization is to minimize the material use, thus the material needs to be
used as efficient as possible. Therefore the value of 𝑛፫፞፥ will be close to 1.0, which is the most
conservative value.

𝜆፥።፦ =
20 ⋅ 0.7 ⋅ 1.1 ⋅ 1.7

√1.0
= 26.18 (B.2)
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B.2. Flexural buckling
As described in Paragraph 2.3.1 the compression strength of the column needs to be reduced
by Φ. Φ depends on the height of the cross-section, eccentricity and the buckling length of
the element. In this section is the most conservative value for Φ is derived, such that the
elements will not fail on flexural buckling.

Φ = 1.14 (1 − 2𝑒፭፨፭ℎ፜
) − 0.02 𝑙ኺℎ፜

≤ 1 − 2𝑒፭፨፭ℎ፜
(B.3)

The total eccentricity is found through summing up the first-order-eccentricity and a surcharge-
eccentricity.

𝑒፭፨፭ = 𝑒ኺ + 𝑒። (B.4)

with:

𝑒ኺ = first-order-eccentricity
𝑒። = surcharge-eccentricity

The surcharge-eccentricity is the second-order-eccentricity, this is taken into account with
a slenderness limit described in Appendix B.1 and Paragraph 2.3.1 thus not in the flexural
buckling. The first-order-eccentricity is equal to the height of the cross-section divided by
30, which always must be bigger or equal to 20 mm. In Section 2.3 the assumption is made
that the buckling length is equal to the length of the member and that the cross-section is a
square. Rewriting Equation B.4 gives:

𝑒፭፨፭ =max [√𝑎፜30 ; 20] (B.5)

This can be implemented in the formula for Φ and simplified.

Φ = 1.14(1 − 2
max [√ፚᑔኽኺ ; 20]

√𝑎፜
) − 0.02 𝑙፦

√𝑎፜
≤ (1 − 2

max [√ፚᑔኽኺ ; 20]
√𝑎፜

) (B.6)

Φ =min [1.14 − 0.02 𝑙፦
√𝑎፜

−max [ 19250;
45.6
√𝑎፜

] ; 1 −max [ 115;
40
√𝑎፜

]] (B.7)

In the total eccentricity the maximal value needs to be determined. When the cross-sectional
area (𝑎፜) is greater or equal to 0.36 mኼ the √ፚᑔ

ኽኺ is maximum, otherwise 20mm is maximum.
The minimal value for 𝑎፜ is 0.0625 mኼ, due to the fire resistance. Equation B.7 is split up in
two parts:

Φ =min [1.064 − 0.02 𝑙፦
√𝑎፜

; 1415] if √𝑎፜ ≥ 600mm (B.8)

Φ =min [1.14 − 0.02 𝑙፦
√𝑎፜

− 45.6
√𝑎፜

; 1 − 40
√𝑎፜

] if 250 ≤ √𝑎፜ ≤ 600mm (B.9)

The minimal value for Φ in Equation B.8 and B.9 is found if the ratio of the 𝑙፦ and √𝑎፜ is
maximal. The maximal ratio can be deduced, by rewriting Equation 2.5.

𝑙፦
√𝑎፜

≤ 7.56 (B.10)
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Implemented in the formula for Φ:

Φ =min [0.91; 0.93] = 0.91 if √𝑎፜ ≥ 600mm (B.11)

Φ =min [0.99 − 45.6
√𝑎፜

; 1 − 40
√𝑎፜

] if 250 ≤ √𝑎፜ ≤ 600mm (B.12)

The minimal value for Equation B.12 is found by minimising √𝑎፜. As the fire requirements
prescribe the minimal value is 250mm.

Φ = 0.91 if √𝑎፜ ≥ 600mm (B.13)
Φ = 0.81 if 250 ≤ √𝑎፜ ≤ 600mm (B.14)

Concluding, elements which have a width or height smaller than 600mm are not uncommon
in high-rise buildings. Therefore the assumption for the reduction factor Φ is 0.81.
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B.3. Visualisation
In this section all limits on the cross-sectional area, written as equation in Section 2.3, are
visualized.

Figure B.1: The shaded areas in the graphs are the combinations of lengths and cross-section areas which are allowed according
to requirements following from buildability (top), fire resistance (center), second-order-effects (bottom)

When all three requirements are active an area gives the possible combinations of the length
of the member and area of the cross-section, shown in Figure B.2.
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Figure B.2: All limits on the cross-sectional area implemented in one graph and grey shaded what is allowable according to all
three limits

B.4. Other requirements
In this appendix, an insight into the requirements for high-rise buildings, according to NTA
4614, can be found. Most of these requirements are not mentioned in Section 2.3 and are not
taken into account in this research. The six sections of the NTA 4614 are shortly discussed,
the first part is the general part, from which the most important demands are:

• A high-rise building belongs to consequence class 3;

• The high-rise building must add value to the environment, which can be done by being
a landmark or orientation point;

• It is recommended that the main load-bearing structure is built for a life span of 100
years;

• The building generates new traffic flows, which should be integrated into the existing
traffic flows;

In the second part, the demands concerning evacuation of the high-rise building with
stairs and elevators are stated. Such as the maximum evacuation time is 60 𝑚𝑖𝑛 (only with
stairs, only with elevators, or a combination of stairs and elevators), assuming the main load-
bearing structure withstands the fire for at least 120 𝑚𝑖𝑛. In the NTA 4641-3, the structural
safety is discussed, for example the following requirements:

• The main load-bearing structure should be able to withstand the fire for at least 120 𝑚𝑖𝑛;

• There must be a second load path, such that the building doesn’t collapse when the
first load path is damaged or unavailable;

• There must be in- and external control during the build of the main load-bearing con-
struction;

• The influence on the surrounding buildings should be investigated, this involves among
other light incidence and wind loads;
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As mentioned in Paragraph 2.3.1, (extraordinary) foreseen and unforeseen dangerous
events need to be considered in a systematic risks analysis. For each extraordinary event,
the required reliability level and depth of calculations need to be determined. Therefore, it
might be necessary to use non-linear models and/or dynamic calculations to perform the
systematic risks analysis. Designing for extraordinary events should be addressed in two
manners:

• based on known extraordinary load (e.g. explosions and impact load) and

• based on limiting the extent of local collapse.

The structure should be designed, such that the know extraordinary loads are resisted. The
building should be robust enough. Also, a non-structural approach is possible, limiting or
preventing the load from happening by safety measurements. If an unforeseen load acts on
the structure, whereby local structural elements fail, the structure should still function. This
can be achieved by designing an alternative load path or using tension rods. Next to that,
key elements need to be designed to withstand imaginary extraordinary loads (defined in the
NEN-EN 1991-1-7+C1+A1: 2015).

In the fourth part of the NTA 4641 the demands to the elevator(s) are stated, among others
the functionality, comfort, energy use and traffic handling. Part five discusses the facade and
the maintenance of the facade. Which states the demands regarding wind pressure, water
tightness, sound insulation, fire spread, etc. Next to that, there are demands to the instal-
lations which are used for the maintenance of the facade. For example, how the electricity
and water are supplied during the maintenance of the facade. Another important aspect of
high-rise buildings is discussed in part 5, namely that the shape and/or dimensions of the
building can disturb radar signals. This should be taken into account during the design,
especially when the building will be realised close to airport and radio towers.

The sixth and last part of the NTA 4641 discusses the building integrated installations.
Installations such as a lightning conductor (in- and external part), sewerage, water supply
system for drinking water and the fire department. Also, a control list for the following points
is included;

• Rainwater drainage installation;

• Wastewater installation;

• Gas installation;

• Heating installation;

• Ventilation, cooling and air treatment installation;

• Security installation.



C
Floor plans

In this Appendix the 3D floor plans of several floors of the tower Seattle are shown. Might
the reader be interested in more detailed drawings of the case study, one can contact the
author which can supply the drawings or redirect you to organisations which can supply
these. The more detailed drawings with dimensions are not included in this report, because
of the readability. The 3D floor plan of the 6፭ℎ, 7፭፡, 12፭፡−21፭፡, 22፭፡, 23፭፡ floor and the roof are
included in this appendix. The 3D floor plan for 8፭፡ − 11፭፡ floor can be found in Figure 4.2.
Just as all the information about the case study, this information is supplied by Zonneveld
Ingenieurs.

Figure C.1: 3D view of the ዀᑥᑙ floor of tower Seattle, on the right the roof of the low-rise can be seen
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Figure C.2: 3D view of the ዁ᑥᑙ floor of tower Seattle

Figure C.3: 3D view of the ኻኼᑥᑙ till ኼኻᑥᑙ floor of tower Seattle
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Figure C.4: 3D view of the ኼኼᑥᑙ floor of tower Seattle

Figure C.5: 3D view of the ኼኽᑥᑙ floor of tower Seattle
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Figure C.6: 3D view of the roof of tower Seattle



D
Differentiation of Lagrange function

The Lagrange function consists of two parts, the summation, which leads to the total volume
of the structure and the difference between the actual displacement and allowable displace-
ment.

ℒ(𝑎።) =
፦

∑
።዆ኻ
𝑙።𝑎። + 𝑧ኻ (|

፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

| − ℎ
750) (D.1)

To differentiate the Lagrange both parts can be differentiated separately and summed up.
The first part is differentiated as follows:

፦

∑
።዆ኻ
𝑙።𝑎። = (𝑙ኻ𝑎ኻ + 𝑙ኼ𝑎ኼ +⋯+ 𝑙፦𝑎፦) (D.2)

𝜕
𝜕𝑎ኻ

፦

∑
።዆ኻ
𝑙።𝑎። = 𝑙ኻ (D.3)

𝜕
𝜕𝑎ኼ

፦

∑
።዆ኻ
𝑙።𝑎። = 𝑙ኼ (D.4)

Therefore the following can be concluded:

𝜕
𝜕𝑎።

፦

∑
።዆ኻ
𝑙።𝑎። = 𝑙። (D.5)

The second part of the Lagrange function consists of a summation within an absolute
function, therefore the chain rule is used. First the second part is rewritten:

𝑧ኻ (|
፦

∑
።዆ኻ
𝑞፮፧።፭,።

𝑞።𝑙።
𝐸𝑎።

| − ℎ
750) ⟺ 𝑧ኻ|

፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

| − 𝑧ኻ
ℎ
750 (D.6)
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𝑧ኻ is the Lagrange multiplier and a constant, so 𝑧ኻ ፡
዁኿ኺ is a constant and will disappear when

differentiating.

𝜕
𝜕𝑎።

[𝑧ኻ|
፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

|] ⟺ 𝑧ኻ
𝜕|𝑢|
𝜕𝑢

𝜕𝑢
𝜕𝑎።

(D.7)

with 𝑢 =
፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

and
𝜕|𝑢|
𝜕𝑢 = 𝑢

|𝑢|

From equation D.7 the derivative of 𝑢 is deduced.

𝜕𝑢
𝜕𝑎።

፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

= −𝑞፮,።
𝑞።𝑙።
𝐸𝑎ኼ።

(D.8)

Combining all information gives the derivative of the second part.

𝜕
𝜕𝑎።
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(D.9)

Concluding, the derivative of the Lagrange function is:

𝜕ℒ(𝑎።)
𝜕𝑎።

= 𝑙። − 𝑧ኻ
𝑔፭
|𝑔፭|𝑞፮,።

𝑞።𝑙።
𝐸𝑎ኼ።

(D.10)

with 𝑔፭ =
፦

∑
።዆ኻ
𝑞፮,።

𝑞።𝑙።
𝐸𝑎።

𝑔፭ is the Left-hand side of the inequality constraint, concerning the top floor displacement.



E
Verification of optimization code

This appendix is an extension of Paragraph 5.3 and consists of extra information over the 2D
cantilever problem, the relaxation parameter, the 3D cantilever problem, a comparison with
Grasshopper plugin, the Excel output file, post-processing and the rigid diaphragm action of
floors.

E.1. 2D cantilever beam
In the article of Kwok, two different optimization methods are used to analyse the cantilever
problem (Figure 5.4a). In both the grid is refined to see what influence this has, all solutions
are similar to the Michell truss and shown in Figure E.1 [37].

Figure E.1: Solutions according to SIMP and PSL-based optimization methods [37], the dimensions are stated below each figure
(ኼኺ፱ኽኺ means that the vertical axis is divided in ኼኺ elements and the horizontal axis is divided in ኽኺ elements)

Martinez also investigated the effect of grid refined, the results of his research are shown in
Figure E.2 [45].
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Figure E.2: A cantilever beam with a point load on the end (right side) and supports on the left side. Figure a,c,e and g show the
initial ground structure with increasing nodes and b, d, f and h show the corresponding optimal solution [45]

The result of this research is displayed in Figure E.3 and has the size of 20𝑥30 meter with
the distance between the nodes is 1 meter. During this optimization the self-weight of the
elements and the lower limit for the surface of a member are not taken into account.

Figure E.3: Solution to the cantilever problem in 2D with the use of the developed code
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E.2. Relaxation parameter
To investigate the influence of the relaxation parameter on the rate of convergence, opti-
mizations for a 3D cantilever (Paragraph 5.3.3) and a high-rise building (2D) (the problem
statement is shown in Figure 5.11) are executed for several different relaxation parameters.
The maximum displacement for the 3D cantilever is 12 mm and for the 2D high-rise build-
ing 48 mm. The results are shown in graphs, the cantilever in Figure E.4 and the high-rise
building in E.5. Both figures show that for multiple values of the relaxation parameter the
displacement after optimization is equal to the (or real close to) their maximum displace-
ment. Also, for the high-rise building no solution could be found with a positive relaxation
parameter. Therefore only negative values are used. For the lower values of the relaxation
parameter the displacements (for the high-rise building) are random. When the relaxation
parameter is smaller than approximately −1.5 smoother curves arise, just as in the graph of
the cantilever. There is no clear pattern in this, thus for now it is assumed that the value
for the relaxation parameter is 5. Trail and error during optimization should show if this is
a correct assumption.

Figure E.4: Relaxation parameter vs. displacement after optimization for a 3D cantilever (described in Paragraph 5.3.3).

Figure E.5: Relaxation parameter vs. displacement after optimization for a 2D high-rise building (shown in Figure 5.11).
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E.3. 3D cantilever beam
In this section some supporting information for the 3D cantilever beam problem is given. In
Table E.1 the volume per iteration step is given, the first column shows the iteration step,
the second the volume in each iteration when self-weight is excluded and the third shows
the volume in each iteration when self-weight is included.

Table E.1: Volume per iteration for the 3D cantilever beam problem with self-weight excluded and included

iteration Volume (excluded) [mኽ] Volume (included) [mኽ]

1 24.60000344 24.60000344
2 22.00761907 23.46364921
3 20.84398293 22.34595427
4 20.64154029 22.0370592
5 20.53621435 21.89095809
6 20.53010305 21.85966795
7 20.52148692 21.79604521
8 20.52148624 21.84239761
9 - 21.84684469
10 - 21.84686674

The table clearly shows that, due to the inclusion of self-weight the volume is increased and
that there are more iterations needed to find the optimal volume.

E.4. Grasshopper plugin Peregrine
As part of the UK government-funded BUILD-OPT research project Peregrine has been devel-
oped [42]. In Figure E.6 an example of an optimization with this plugin is shown.

Figure E.6: Steps in the structural layout optimization plugin Peregrine [42]

As concluded in Paragraph 5.3, the shape of the Michell truss or the diamond shape is a
returning shape during different optimizations. Also, the second to last and last image in
Figure E.6 show the diamond shape of the Michell truss. Compare these two images with
the solutions in Figure 5.12 and great similarities can be seen.

A note concerning the plugin, in the manual is stated that in the current version, among
other things, it is not possible to prescribe limits on structural deflection and buckling is not
yet considered. A workaround for both is to lower the stress limits [30].
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E.5. Excel output file
The Python code creates a folder and sets the directory to this folder (user-defined), the code
is shown in Figure E.7.

Figure E.7: Function to make folder and set directory to this folder (Python)

This function should be runned before the optimization, then all information (figures and
output file) will be placed in this folder. The output file is generated with the script shown in
Figure E.8.
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Figure E.8: Python script for generating the Excel output file
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The Excel file has seven worksheets, the general information is stated on the first worksheet,
including a 3D image of the optimized structure. The most information is quite straightfor-
ward, except for the ”Removing initial set”. If this parameter is True (or ”WAAR” in Dutch),
it holds that there is a minimal boundary set for the surface of the members. Next to that,
members can be removed from the initial set. The second worksheet shows all the informa-
tion of the individual members. On the third worksheet, named ”Data nodes” the coordinates
of the nodes are stated. The fourth worksheet contains information about the loading and
the degrees of freedom of each node. The last three worksheets contain images of the solu-
tion after the strength part, stiffness part and an image of the initial problem. In all three
worksheets, there are 2 side-views, 1 top-view and 1 3D-view. Figure E.9 up and till E.15
show examples of these worksheets. This output file can be used to post-process the found
solution to the optimization problem. An option could be to plot the interactive figures again
in Python or to load the solution into Abaqus for extra analysis. The script for loading it into
Python and plotting is given in Appendix E.6.

Figure E.9: Excel output file worksheet 1

Figure E.10: Excel output file worksheet 2
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Figure E.11: Excel output file worksheet 3

Figure E.12: Excel output file worksheet 4

Figure E.13: Excel output file worksheet 5
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Figure E.14: Excel output file worksheet 6

Figure E.15: Excel output file worksheet 7
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E.6. Post processing
The output file, which is generated using the codes shown in Section E.5 can be imported
in Python, such that interactive figures can be generated again. The code which imports the
Excel file in Python is shown in Figure E.16.

Figure E.16: Code to import the output Excel file in Python

The code for plotting the interactive figure of the initial problem is shown in Figure E.17 and
the code for plotting the solution in an interactive figure is shown in Figure E.18.

Figure E.17: Python code for plotting the interactive figure of the initial problem
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Figure E.18: Python code for plotting the interactive figure of the solution

Another option can be to post-process the found solution in a FEM-program. A script to
analyse the found structure in Abaqus can be found in Figure E.19 and E.20. Keep in mind,
if you’re using the student version of Abaqus, that it only works for less than 1000 nodes.

Figure E.19: Python code for running an analysis in Abaqus part 1
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Figure E.20: Python code for running an analysis in Abaqus part 2

This code writes an XXXX.inp file, which can be imported in Abaqus, via File →Import→
Model… . Search the XXXX.inp file and import this, the problem will be loaded to Abaqus.
Now the model can be adapted if needed, note that the mesh can only be adapted by the
mesh edit tools. If a job is created and submitted the structure is analysed and the results
are shown in the visualisation module of Abaqus. The code generates for each load case a
different input file, therefore each load case can be analysed separately in Abaqus.
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E.7. Rigid diaphragm action of floors
To show that the rigid diaphragm action of the floors works properly, a test case is optimized.
The test case has the design space shown in Figure 5.13a and has four supports (each corner).
The parameters described in Paragraph 5.4.1 are used, the load is a point load at the top of
the building, on the half of the length, as shown in Figure E.21 (the point load is the yellow
arrow).

Figure E.21: Top view of solution with point load and supports visible

In the top view of the solution the elements are positioned such that they redirect the point
load to the facade which is parallel to the direction of the point load. The point load works in
the x-direction, thus the facade which is parallel to the x-axis redirects the point load to the
supports (see Figure E.22). The optimal solution to transfer the load in the facade is arches,
which are similar to the arches in the Michell truss (Figure 5.4a). The facade perpendicular
to the load direction (parallel to the y-axis) is shown in Figure E.23, which clearly shows that
this facade does nothing to transfer the loads to the supports. It can be concluded that the
rigid diaphragm action of the floor works.
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Figure E.22: Solution of the facade parallel to x-axis Figure E.23: Solution of the facade parallel to y-axis



F
Loads

In this appendix the loads for the different floors are calculated and shown in Table F.1 till
F.5. These are the loads which are used to design the case study and will be used to construct
a FEM-model.

F.1. Vertical loads on case study
Table F.1: Vertical loads on the ዀᑥᑙ floor

Surface [𝑚ኼ] Perm. [𝑘𝑁/𝑚ኼ] Perm. total[𝑘𝑁] Var. [𝑘𝑁/𝑚ኼ] Var. total[𝑘𝑁]
Floor 661.50 8.50 5622.75 1.50 992.25
Balcony 68.20 6.50 443.30 1.25 85.25
Internal walls 183.76 7.50 1378.18 0.00 0.00
Side facade 204.60 11.20 2291.52 0.00 0.00
End facade 105.00 5.30 556.50 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Table F.2: Vertical loads on the ዁ᑥᑙ up and till ኼኻᑥᑙ floor

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 657.60 8.50 5589.60 1.50 986.40
Balcony 76.90 6.50 499.85 1.25 96.13
Internal walls 183.76 7.50 1378.18 0.00 0.00
Side facade 204.60 11.20 2291.52 0.00 0.00
End facade 105.00 5.30 556.50 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00
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Table F.3: Vertical loads on the ኼኼᑥᑙ floor

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 657.60 8.50 5589.60 1.50 986.40
Balcony 68.20 6.50 443.30 1.25 85.25
Internal walls 183.76 7.50 1378.18 0.00 0.00
Side facade 204.60 11.20 2291.52 0.00 0.00
End facade 105.00 5.30 556.50 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Table F.4: Vertical loads on the ኼኽᑥᑙ floor

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 611.70 8.50 5199.45 1.50 917.55
Balcony 76.90 6.50 499.85 1.25 96.13
Internal walls 183.76 7.50 1378.18 0.00 0.00
Side facade 204.60 11.20 2291.52 0.00 0.00
End facade 105.00 5.30 556.50 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Table F.5: Vertical loads on the roof

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 476.70 8.50 4051.95 0.00 0.00

F.2. Vertical loads during optimization
During optimization the loads which act on the load-bearing structure at the perimeter of the
building are of interest. Therefore the vertical loads during optimization are different than
the vertical loads described in Section F.1. The following points are changed:

• The load-bearing structure incorporated in the side facade will be redesigned, therefore
not taken into account as load, but the self-weight of the side facade will be taken into
account in the optimization. Therefore the side facade and end facade will impose the
same load, 5.30 kN/mኼ;

• The load due to the self-weight of the internal walls is carried by themselves;

• The internal walls and the core will carry half of the vertical forces imposed by the floors
(permanent and variable loads);

• It is assumed that the total load (permanently and variable) is divided over the perimeter
of the building during optimization.

With this information the tables above are adjusted and shown in Table F.6 till F.10. There
are small difference in the loads between the 6፭፡ up and till the 23፭፡ floor, contrarily the roof
has less than half of the vertical load. The total loads per floor (permanent and variable) are
noted in Table 5.1.
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Table F.6: Vertical loads on the ዀᑥᑙ floor during optimization

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 330.75 8.50 2811.38 1.50 496.13
Balcony 68.20 6.50 443.30 1.25 85.25
Facade 309.60 5.30 1640.88 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Total[kN] 5187.31 581.38

Table F.7: Vertical loads on the ዁ᑥᑙ up and till ኼኻᑥᑙ floor during optimization

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 328.80 8.50 2794.80 1.50 493.20
Balcony 76.90 6.50 499.85 1.25 96.13
Facade 309.60 5.30 1640.88 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Total[kN] 5227.28 589.33

Table F.8: Vertical loads on the ኼኼᑥᑙ floor during optimization

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 328.80 8.50 2794.80 1.50 493.20
Balcony 68.20 6.50 443.30 1.25 85.25
Facade 309.60 5.30 1640.88 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Total[kN] 5170.73 578.45

Table F.9: Vertical loads on the ኼኽᑥᑙ floor during optimization

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 305.85 8.50 2599.73 1.50 458.78
Balcony 76.90 6.50 499.85 1.25 96.13
Facade 309.60 5.30 1640.88 0.00 0.00
Front 116.70 1.00 116.70 0.00 0.00
Parapet 33.84 5.17 175.05 0.00 0.00

Total [kN] 5032.21 554.90

Table F.10: Vertical loads on the roof during optimization

Surface [mኼ] Perm. [kN/mኼ] Perm. total [kN] Var. [kN/mኼ] Var. total [kN]

Floor 238.35 8.50 2025.98 0.00 0.00
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F.3. Load combinations
This section includes the equations and partial factors from the Eurocode.

Figure F.1: Equation 6.10(a) and 6.10(b) from NEN-EN 1990+A1+A1/C2

Figure F.2: Partial factors for consequence class 1 and 3 from NEN-EN 1990+A1+A1/C2/NB

Figure F.3: Ꭵ-factors for buildings from NEN-EN 1990+A1+A1/C2/NB



G
Extra results

In this appendix some extra results are shown of the optimizations done in Chapter 6.

G.1. V/h-ratio
In Figure G.1 and G.2 the v/h-ratios 0, 0.1, 0.2, 0.4, 0.8, 1 for respectively the facade parallel to
the x-axis and perpendicular to the x-axis are shown. These results are an extension of the
results shown in 6.1.1.

Figure G.1: Facade parallel to the x-axis and the direction of the wind load, from left to right: v/h-ratio ዆ ኺ, ኺ.ኻ, ኺ.ኼ, ኺ.ኾ, ኺ.ዂ, ኻ
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Figure G.2: Facade parallel to the y-axis and perpendicular to the direction of the wind load, from left to right: v/h-ratio ዆
ኺ, ኺ.ኻ, ኺ.ኼ, ኺ.ኾ, ኺ.ዂ, ኻ

G.2. Results load-bearing structure options
In the following figures the Abaqus static analysis of the two load-bearing options are shown.

Figure G.3: (a) Internal stresses for load combination 1, option 1, (b) internal stresses for load combination 2 (wind in positive
x-direction), option 1
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Figure G.4: (a) Internal stresses for load combination 2 (wind in negative x-direction), option 1, (b) internal stresses for load
combination 3 (wind in positive x-direction), option 1

Figure G.5: Internal stresses for load combination 3 (wind in negative x-direction), option 1
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Figure G.6: (a) Internal stresses for load combination 1, option 2, (b) internal stresses for load combination 2 (wind in positive
x-direction), option 2

Figure G.7: (a) Internal stresses for load combination 2 (wind in negative x-direction), option 2, (b) internal stresses for load
combination 3 (wind in positive x-direction), option 2
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Figure G.8: Internal stresses for load combination 3 (wind in negative x-direction), option 2





H
Code

Before the optimization code can be executed certain packages need to be imported (under
certain names). The code including the import of the packages are shown in Figure H.1.
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Figure H.1: Optimization code in Python to optimize the case study
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