
Multidisciplinary
Design Optimization
of Timber High-Rise
Research and Development of a Multi-
disciplinary Design Optimization Tool

J.F. de Gaaij

Te
ch

ni
sc

he
Un

iv
er
si
te
it
De

lft





Multidisciplinary
Design

Optimization of
Timber

High-Rise
Research and Development of a

Multidisciplinary Design Optimization Tool
by

Joris Frank de Gaaij
to obtain the degree of Master of Science

at the Delft University of Technology,
to be defended publicly on Wednesday, June 16, 2021 at 9:00 AM

Student number: 4441206
Project duration: September 1, 2020 – June 16, 2021
Thesis committee: dr.ir. M.A.N. Hendriks, TU Delft, chair

ir. L.P.L. van der Linden, TU Delft
ir. C. Noteboom, TU Delft
ing. T. Borst, Arcadis, daily supervisor
dr. Ir. J.L. Coenders, White Lioness technologies

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




Abstract

In June 2019, the Netherlands presented their national Climate Agreement, aiming to meet the strict goals
as agreed at the Paris Agreement. One of these goals is a reduction of CO2 emittance of 3.4 Mton in 2030
compared to a reference scenario [43]. These goals for carbon emission reductions have a great impact on
the construction industry. Since the construction industry is responsible for around 39% of the worlds total
carbon emissions [146] [69]. Another major challenge in the coming decades is the growing trend of urban-
ization. The United Nations predicts 2.5 billion people will move to urban areas by 2050 [112], which results
in densification in cities. Timber high-rise might prove as a suitable solution to both these problems.

However, there is a lack of implementation of timber high-rise. Bayne (2006), Giesekam et al. (2016),
and Gosselin et al. (2017) conducted interviews and investigated articles to identify the cause for this lack of
implementation [19], [56], [58]. Based on these findings the presence of a feedback loop is assumed, which
hinders the implementation of timber high-rise.

It is argued that a lack of thorough analysis of timber design alternatives in the conceptual design phase
is the root of this feedback loop, which results in the exclusion of further evaluation of timber building de-
signs. This research intends to break this feedback loop through a thorough consideration of timber design
alternatives in the conceptual design phase. This is achieved by the development of a tool, based on the Mul-
tidisciplinary Design Optimization (MDO) method. Using MDO, "high performing designs can be identified
through the exploration of both geometric and non-geometric variables according to established design ob-
jectives and constraints" [132], [40]. In Grasshopper, a parametric model is created with which timber build-
ing designs are generated, validated, and optimized. As it is not possible to assess all of the disciplines in the
Architecture, Engineering, and Construction industry, the most important disciplines are selected, resulting
in two main optimization objectives and two constraints:

• Structural - Constraint Each building must be designed according to the constraints as determined in
the Eurocode.

• Architectural - Constraint Each building must satisfy the architectural design requirements for acous-
tics, building height, and daylight entrance.

• Environmental - Optimization objective The environmental optimization objective is to minimize
shadow costs, which are determined according to the MPG methodology. The MPG methodology uses
Life Cycle Analysis data to assess the embodied energy impact of structural materials. This embodied
energy impact is expressed in shadow costs [22].

• Economical - Optimization objective The economical optimization objective is to minimize construc-
tion costs.

Based on the mentioned constraints, the tool aims to indicate the design situations in which timber high-rise
can be competitive to an assessed concrete design alternative, considering the combination of properties for
shadow costs and construction costs. This leads to the main research question:

"For which design situation can a timber braced tube system be economically and environmentally
competitive with a concrete design alternative for a 50 to 70 meter tall building?"

This research aims to answer this research question by following three steps:

1. Theoretical Framework A combination of literature study and unstructured interviews provided the
required information to develop an accurate tool. It was found that a braced tube system is the most
appropriate stability system to use when designing a full timber high-rise building. Furthermore, Kerto-
Ripa floors were found to be the most suitable floor system. The theoretical framework also provided
three methods for consideration of carbon sequestration in shadow costs calculations. Carbon seques-
tration is the storage of carbon dioxide outside of the atmosphere which takes place during the growth
of a tree. The Dutch norms do not allow for the inclusion of this effect of carbon sequestration in the
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calculation of shadow costs. It was also concluded that for two conflicting optimization objectives, a
Pareto front will be found when performing an MDO [41]. This Pareto front consists of Pareto optimal
building designs, which depict the designs containing the most favourable combination of properties
for shadow costs and construction costs.

2. Development of the Multidisciplinary Design Optimization tool The design problem is translated into
logic based on the information obtained in the theoretical framework. Using input parameters, the
tool generates and evaluates timber building designs. These building designs are evaluated based on
two optimization objectives: the environmental performance, represented in shadow costs, and the
economical performance, represented in construction costs. Next, a Multi-Objective Genetic Algorithm
(MOGA) optimizes the building design for both objectives. The dimensioning of the structural system,
the construction costs calculation, and the shadow cost calculation, as performed in the tool, were
found to be accurate when verified using Mjøstårnet as a reference project.

3. Case study Two concrete buildings, which are based on a current Arcadis project, are used as case stud-
ies. Both concrete buildings represent a design situation. The main difference between these design
situations is the building dimensions. Building A3 represents timber building designs that are created
for a design situation with a floor area of 28.8 x 28.8 m and a height of 60 meters. Building B3 repre-
sents timber building designs that are created for a design situation with a floor area of 21.6 x 43.2 m
and a height of 50 meters. For both case studies, an optimization will obtain timber building designs
with an optimal combination of properties for shadow costs and construction costs. Next, the compet-
itiveness of the timber building designs and the concrete building design were analysed for both design
situations.

Following these three steps, the following results were obtained. The Octopus plug-in is used in the tool.
The Multi-Objective Genetic Algorithm used in this plug-in is the SPEA-2 algorithm as proposed by Zitzler
et al. in 2001 [171]. The created tool was found to generate and evaluate timber building designs rapidly.
The structural layout of the obtained Pareto optimal buildings is according to expectations. A full generation,
evaluation, and verification of a timber building design requires 1.22 seconds on average using a 2.4 GHz
processor. Furthermore, the Octopus plug-in is found to efficiently determine Pareto optimal building de-
signs since half of the Pareto optimal building designs are obtained when only 6.25% of all possible building
designs have been analysed.

When the effect of carbon sequestration is excluded in the calculation of shadow costs, the use of timber
and concrete in the structural system was found to generate comparable results considering their shadow
costs. The inclusion of the effect of carbon sequestration during the lifetime of a timber building results in a
reduction of shadow costs of approximately 40% compared to a similar concrete building.

Considering the boundary conditions and scope of this research the ULS is found to be normative for a
slenderness up to 2.35. When the slenderness is greater than 2.35, the along-wind acceleration was found
to become normative. For all Pareto optimal building designs, the ULS check was found to be normative
over the SLS check. The mass of the Pareto optimal timber building designs was found to be approximately
8 times smaller than their respective concrete design alternatives. The stability system used was found to
be favourable considering construction costs compared to the construction costs of the assessed reference
projects as obtained by Jackson (2019) and Tupenaite (2019) [85], [145].

Finally, the main research question can be answered. For the design situation based on the concrete
building "The Rectangle", the Pareto optimal timber building designs, referred to as Building B3, were found
to be competitive with "The Rectangle". For the other analysed design situation, the Pareto optimal timber
building designs referred to as Building A3, were not found to be competitive with the concrete building "The
Square". Considering the boundary conditions and scope of this research, it can be concluded that a design
situation with a rectangular floor plan is favourable over a design situation with a square floor plan and a
design situation with a building height of 50 meter is favourable over a design situation with a building height
of 60 meter.

In future research, it would be interesting to compare the obtained results with a building design contain-
ing a stability system with a concrete core and timber floors, beams, and columns. This research recommends
the Dutch government to create legislation resulting in a financial incentive, as is done for electric cars, to
increase the implementation of timber buildings. Lastly, it is recommended to research several missing or
conservative regulations in timber design and revise them if required.
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1
Introduction

1.1. Research context
Timber high-rise In June 2019, the Netherlands presented their national Climate Agreement, intending
to meet the strict goals as agreed at the Paris Agreement. This national Climate Agreement contains various
goals for the Netherlands. In 2030 the goal is to emit 3.4 Mton CO2 less than in a reference scenario [43]. These
goals for carbon emission reductions have a great impact on the construction industry. Since the construction
industry is responsible for around 39% of the world’s total carbon emissions [146] [69]. These carbon emis-
sions can be divided into operational energy, responsible for 28%, and embodied energy, responsible for 11%
[35]. With the rise of energy-neutral buildings, the emissions caused by operational energy decreases, thus
increasing the relative impact of embodied energy. The usage of sustainably harvested timber as a building
material can help lower carbon emissions for two reasons. Firstly, the primary energy consumption of timber
is relatively low compared to traditional building materials such as concrete and steel [143]. Secondly, timber
stores carbon dioxide, which retains the carbon dioxide outside the atmosphere for a period of at least the
lifetime of the building.

Another major challenge in the coming decades is the growing trend of urbanization. In 2018, 55% of
the world’s population lived in cities. This percentage is expected to grow to 68% by 2050. Furthermore, the
world’s population is expected to grow by 2.2 billion people by 2050. Altogether, this results in an expected
2.5 billion people moving to urban areas by 2050 [112]. This urbanization results in densification in cities,
which increases the demand for high-rise buildings. The creation of timber high-rise buildings can provide a
solution to both these challenges.

Implementation of timber high-rise Although timber high-rise can help meet the urbanization demands
and reduce carbon emissions, timber high-rise buildings are rarely realized. The reasons for this lack of im-
plementation are identified in various researches. Bayne (2006) summarized the issues of timber building
design by conducting interviews and focus groups with 34 designers and specifiers [19]. Giesekam et al.
(2016) surveyed architects and engineers, receiving 32 full responses and 15 partial responses [56]. Gosselin
et al. (2017) investigated 53 scientific articles, 13 documents, and concerns in the meeting minutes of non-
residential timber buildings [58]. All researches report the following main reasons for lack of implementation
of timber buildings:

• Lack of technical knowledge.

• Lack of economic certainty.

• Lack of established standards.

• Negative perceptions by other project professionals.

• Durability concerns

This research argues that these five reasons are coupled and can be presented with a feedback loop, as
shown in Figure 1.1. The feedback loop suggests that a lack of thorough design considerations of timber de-
sign alternatives in the conceptual design phase results in the exclusion for further evaluation. This causes a
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lack of experience, as timber buildings are rarely realised. This lack of experience results in a lack of knowl-
edge in timber design. The lack of knowledge creates an economic risk, thus a lack of economic certainty. By
breaking this feedback loop the implementation of timber high rise increases. This research aims to break
this feedback loop by researching how timber design alternatives can be more thoroughly considered in the
conceptual design phase, as is indicated with the red rectangle in Figure 1.1

Figure 1.1: Feedback loop preventing consideration of timber high-rise design alternatives in the conceptual design phase.

Conceptual design phase The design process differs per project and company. To create more clarity, the
basic model of the design process as shown in Figure 1.2 is used for this research. The conceptual design
phase, as defined in Figure 1.2, has the main focus of this research. This phase is the first phase in the design
stage, where the basis of design is created [151]. In the conceptual design phase, various design alternatives
are generated and evaluated. This evaluation provides insight regarding the advantages and disadvantages of
the various design alternatives.

Figure 1.2: Design Process [151].

As stated above, timber high-rise buildings can help solve the urbanization demands and the carbon
emission reductions. A feedback loop is identified as the cause of a lack of implementation of timber high-
rise buildings. This research aims to transform this feedback loop preventing implementation in a feedback
loop encouraging implementation, by researching how timber design alternatives can be more thoroughly
considered in the conceptual design phase. Since it is argued that a more thorough consideration increases
the implementation of timber buildings, thus increasing the experience, knowledge, and certainty of timber
buildings.



2
Problem Analysis

2.1. Problem definition
Timber high-rise can aid with reducing carbon emissions and meet the increased demands for high-rise
buildings in cities caused by urbanization. This research argues a feedback loop is preventing the realiza-
tion of timber high-rise. It aims to break this feedback loop by researching how timber design alternatives
can be more thoroughly considered in the conceptual design phase. To achieve this, first, the common
decision-making method and its disadvantages are analysed. Next, based on these found disadvantages,
another decision-making method is introduced which is argued to be more suitable for this particular design
problem.

2.1.1. Common decision-making method
In theory, the conceptual design phase provides the possibility to evaluate an infinite amount of design al-
ternatives. However, in practice on average less than three design alternatives are fully evaluated [50]. The
main cause for this is the considerable amount of time that is required for managing information in the AEC
(Architecture, Engineering, and Construction) industry caused by the performance-based analysis methods
that are commonly used, see Figure 2.1.

Figure 2.1: Only a few design alternatives are considered by AEC professionals using common decision-making methods due to
significant time spent managing information [50].

These performance-based analysis methods are the most common method for estimating the perfor-
mance of design alternatives. In these performance-based analysis methods, performance requirements are
set, and each discipline focuses on its speciality to attain these requirements. The used method to reach these
requirements is not described, and up to the specialist to determine. While having only in-depth knowledge
regarding their discipline, each specialist optimizes the building, simultaneously and separately, according
to his own speciality [12]. This method contributes to various issues:

• The coordination of desired design alterations from all experts is a very time-consuming process [100].

• The restriction of data exchanges and numerous interfaces increases the difficulty of the integration of
data [55].
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• The anticipated performance is not adequately considered, while this is starting to become more im-
portant for the decision-making in the earliest design stages [101].

• Preferences determine which design alternatives are assigned for a full evaluation. According to Koop-
man (2020), these preferences can be based on two things [92]. They are either preferences for certain
materials or construction methods by the initiating party, or they are based on the knowledge con-
cerning a certain building method by a contractor, which results in an automatism to choose for this
building method [150].

It can be concluded that the performance-based methods that are commonly used for the determination
of feasible design alternatives in the conceptual design phase do not provide a possibility for a change in
this feedback loop. Thus, another decision-making method is required, for which this research proposes the
Multidisciplinary Design Optimization (MDO) method.

2.1.2. Multidisciplinary Design Optimization method
This research proposes to use the Multidisciplinary Design Optimization (MDO) method for the determina-
tion of feasible design alternatives. This method is proposed to provide a rapid generation and evaluation
of timber design alternatives in the conceptual design phase. This provides the opportunity to explore the
design space.

Analysing design choices provides knowledge considering chosen building elements and their effects on
costs and environmental impact. By creating a tool based on the MDO method the achievable performance of
timber design can be identified. However, to accomplish this, the various design choices in timber design and
their consequences must be analysed. Examples of design choices are the connections, stability system, floor
type, and system integration. Lastly, the use of this tool in the conceptual design phase provides a possibility
for comparison of the found timber design and its properties with a traditional building design, containing
steel or concrete.

Optimization objectives
Multidisciplinary Design Optimization can give a possibility of an integral evaluation of the performances
of several disciplines. When connected to parametric models, it can help generate, validate and optimize
various design alternatives. As it is not possible to assess all of the disciplines in the AEC industry, only the
disciplines which presumably have the biggest impact on design choices are assessed. As already mentioned,
the main incentive of using timber instead of traditional building materials is often the smaller environmen-
tal impact of timber. However, timber buildings are frequently found to be more expensive than buildings
constructed using traditional building materials. This difference in costs is often reported to be between 5
to 10%. According to Ahmed (2020), the construction cost for a hybrid timber building is 6.43% higher com-
pared to a traditional concrete building. The considered hybrid timber building has 18 floors and consists
of a timber superstructure with a concrete core [10]. So, in this research, the environmental impact is the
incentive for creating timber design alternatives, while the costs are often the main obstacle. The structural
and architectural disciplines together form the constraints according to which each model must be designed.

• Structural - Constraint Each building must be designed according to the constraints as determined in
the Eurocode.

• Architectural - Constraint Each building must satisfy the architectural design requirements for acous-
tics, building height, and daylight entrance.

• Environmental - Optimization objective The environmental optimization objective is to minimize the
shadow costs, which are determined according to the MPG methodology. The MPG methodology uses
Life Cycle Analysis data to assess the embodied energy impact of structural materials. This embodied
energy impact is expressed in shadow costs [22].

• Economical - Optimization objective The economical optimization objective is to minimize the con-
struction costs.

MDO is used to indicate the building designs which show the most favourable results considering the
optimization objectives. If the optimization objectives are conflicting, a Pareto front is expected to be found
when performing an MDO [41]. This Pareto front consists of Pareto optimal building designs. These Pareto
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optimal building designs show the most favourable combination of properties for shadow costs and con-
struction costs. The competitiveness of a timber building compared to a concrete design alternative can be
visualized using this Pareto front, see Figure 2.2.

Figure 2.2: Pareto front of timber building designs compared to two concrete design alternatives.

Figure 2.2 shows the obtained timber building designs. The red circles indicate the Pareto optimal timber
building designs These building designs are compared to the concrete alternative present. There are two
options, either the concrete building design is unfavourable compared to the timber building designs. This is
the case when the green dot represents the concrete building design. In this design situation, timber building
design is concluded to be competitive with the concrete design alternative. When the blue dot represents
the concrete building design, the concrete design alternative is favourable over the Pareto optimal timber
building designs. This implies the timber building designs are not competitive with the concrete alternative
in this design situation.
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2.2. Aim
This tool aims to identify in which design situation timber high-rise can be competitive to a concrete design
alternative, considering the combination of properties for shadow costs and construction costs. To accom-
plish this comparison, the MDO method will be used. For timber building design, as opposed to concrete
or steel building design, there is no standard building method. A wide variety of different design solutions
is found when analysing various finished timber high-rise reference projects. This tool aims to display the
achievable performance of timber high-rise design compared to concrete building design. A quick genera-
tion, optimization, and analysis is preferred to identify the possible timber high-rise designs. The foundation
of this tool is created in this research. The hypothesis is that by identifying the design situations where timber
high-rise can show a competitive combination of properties for shadow costs and construction costs com-
pared to a concrete design alternative, timber design alternatives are evaluated in the following phase of the
design process more frequently. This increases erection of timber buildings, which is expected to lead to a
feedback loop that encourages the implementation of timber high-rise. Figure 2.3 shows a schematization of
the proposed solution for the research problem.

Figure 2.3: Representation of the proposed solution for the research problem.
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Approach

3.1. Research question
The problem analysis in Chapter 2 leads to the following main research question:

"For which design situation can a timber braced tube system be economically and environmentally
competitive with a concrete design alternative for a 50 to 70 meter tall building?"

3.1.1. Sub-questions
Answering of the following sub-questions provides knowledge, data, and conclusions. Conjointly, these sub-
questions answer the main research question.

1. (a) How can the MDO method be applied to this design problem?

(b) What are the limitations of the use of MDO for this design problem?

(c) Which design considerations require thorough examination when designing a timber building?

(d) What type of structural system is appropriate for a 50 to 70 meter high fully timber building?

(e) How can the optimization goal of each discipline be defined and modelled?

2. (a) How can an integrated MDO tool be developed which provides accurate results for this design
problem?

3. (a) Which assumptions and design choices affect the comparison between timber and concrete build-
ing design and how significant are the resulting differences?

(b) What design criteria are normative for timber building design?

3.2. Methodology
For this research, the engineering design process as defined by NASA is used [26]. This engineering design
process is split into five parts in this research:

Part 1: Research Definition (Chapters 1,2 and 3) Objective: Explain why and how this research is conducted.
The introduction forms the basis of this research definition.

Part 2: Theoretical Framework (Chapter 4) The theoretical framework is the result of the literature study
and unstructured interview. This provides the foundation for this research. All conducted interviews are
summed in Annex F. It consists of three parts:

• Multidisciplinary optimization.

– 1a) How can MDO be applied to this design problem?

– 1b) What are the limitations of the use of MDO for this design problem?

7



8 3. Approach

The goal of this part is to report on the findings for the design of the tool, the used MDO architecture,
and the implementation of the four layers in the tool. The MDO architecture as given in [86] is used as
the main reference for the MDO architecture as used in this research. Different possibilities for imple-
mentation of the MDO architecture are researched.

• Structural system

– 1c) Which design considerations require thorough examination when designing a timber building?

– 1d) What type of structural system is appropriate for a 50 to 70 meter high full timber building?

This part starts with an analysis of the types of engineered timber, their properties, costs, and essen-
tial design considerations. Next, several stability systems are analysed by investigating five reference
projects and several pieces of research to identify the most suitable stability system for this design prob-
lem. Based on the obtained information, the structural system can be defined. For implementation in
the MDO tool, the structural system is split up into building elements.

• Disciplines and their optimization goals.

– 1e) How can the optimization goal of each discipline be defined and modelled?

This part discusses the modelling methodology and optimization goals per discipline. Furthermore,
all structural and architectural design considerations are reported. This includes the loads, load com-
binations, and the constraints for structural design and the constraints for daylight and acoustics for
architectural design.

Part 3: Multidisciplinary Design Optimization tool development (Chapter 5)

• 2a) How can an integrated MDO tool be developed which provides accurate results for this design prob-
lem?

Using the theoretical framework from Chapter 4, the MDO tool is created. First, every model is defined by its
input parameters. The tool creates a building design that consist of the defined building elements and which
satisfies all structural and architectural constraints. Based on this created building design, the optimization
objectives are calculated. These optimization objectives provide a possibility for the definition of the optimal
design. With the use of a Multi-Objective Genetic Algorithm, the building designs are optimized according to
the defined optimization objectives. Lastly, the design space of timber buildings is visualised. This provides
the possibility for comparison of a timber building design and a concrete building design. In this part, the
created tool is also verified by recreating an existing building using the tool and comparing results between
this modelled building and data from the actual building.

Part 4: Validation (Chapter 6)

• 3a) Which assumptions and design choices affect the comparison between timber and concrete building
design and how significant are the resulting differences?

• 3b) What design criteria is normative for timber building designs?

By investigating two case studies, this part aims to gain insight into possibilities and design limitations for
timber high-rise design.

Part 5: Final remarks (Chapters 7, 8 and 9)

• For what design situations can a 50 to 70 meter high timber building design in the conceptual design
phase be competitive with a concrete design alternative?

In these chapters, first, the found results are discussed. Next, based on these found results, the sub-questions
and main research question are answered. Finally, based on the gained knowledge, seberal recommendations
are made.

Research Model The methodology is schematized in the research model. Figure 3.1 shows this research
model.
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Figure 3.1: Research Model.

3.3. Scope
To be able to answer the research questions within the timeframe as set for a graduation thesis, scope limita-
tions must be made.

• Location: The tool is based on a project located in the Netherlands. The Dutch annex of the Eurocode
is used, and foundation assumptions are based on Dutch soil conditions.

• Building geometry: Only box-shaped building geometry is analysed.

• Material: Only fully timber buildings are considered.

• Foundation: The stiffness of the foundation is estimated in the calculation of the horizontal deflection
of the building. The effect of a reduced building mass on the number of required foundation piles is
analysed for the case study.

• Acoustics: The floors are designed to provide acoustic insulation for human-induced vibrations. The
acoustic performances of connections are not analysed.

• Loads: The building is designed according to assumed normative load combinations, consisting of
snow loads, rain loads, wind loads, dead loads, and floor loads. Earthquake loads are not considered.

• Perforations: Perforations in building elements are not considered in the calculations.

• Environmental impact: Only the impact of the embodied energy is analysed. The operational energy
is not taken into account in this research.

• Building elements: This research focuses solely on the optimization of the structural system. Thus,
other elements present in a building, such as vertical transport systems, façade design, and installations
are not analysed.

• Robustness: The robustness of the building is not taken into account in the developed tool.





4
Theory

4.1. Multidisciplinary Design Optimization
The Multidisciplinary Design Optimization (MDO) method is widely applied in automotive engineering and
aerospace. However, this method is rarely applied in the Architecture, Engineering and Construction (AEC)
industry [50]. Nevertheless, over the past decade, this method started to be implemented more frequently in
the AEC industry in order to improve the efficiency of the design process [38]. This chapter first introduces
the MDO method by comparison to the common design process in Section 4.1.1. In Section 4.1.2, the used
method for design optimization is elaborated on. Next, in Section 4.1.3, the MDO architecture is explained,
which is split into four layers. Finally, the design choices for the implementation of MDO are discussed in
Section 4.1.4.

4.1.1. Introduction

Figure 4.1: Design Process [151].

The conceptual design phase is the first phase in the design stage, see Figure 4.1. In the conceptual de-
sign phase, various design alternatives are produced and evaluated. This evaluation provides insight in the
advantages and disadvantages of the various design alternatives. This evaluation is performed for multiple
disciplines and thus contains multiple objectives for which the design can be optimized [151]. The decision-
making in the conceptual design phase consists of two parts:

1. Decision making regarding the consideration of optimal trade-offs between various objectives.

2. Searching for solutions and their trade-offs between objectives.

The difference between the common decision-making process and the Multidisciplinary Design Opti-
mization decision-making process is present in the sequence of execution of these two parts. This execution
can be performed in two manners: [156], [108].

• A priori preference articulation (Decision → Search). First it is determined what is considered the
optimal trade-off between disciplines. With this knowledge, a weighted sum function can be created.
Then, the problem is optimized with the goal to minimize the weighted sum [164].

The common decision-making process is based on the a priori preference articulation. This methodol-
ogy amounts to various disadvantages:

11
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– The coordination of desired design alterations from all experts is a very time-consuming process
[100].

– The restriction of data exchanges and numerous interfaces increases the difficulty of integration
of data [55].

– The anticipated performance is not adequately considered, while this is starting to become more
important for the decision making in the earliest design stages [101].

– Decisions are influenced by preferences. According to Koopman (2020), [92], there are two main
causes for these preferences. They are either preferences for certain materials or construction
methods by the initiating party, or they are based on the knowledge concerning a certain building
method by a contractor, which will result in an automatism to choose for this building method
[150].

• A posteriori preference articulation (Search → Decision). First, the design space is fully explored.
Then, using these obtained results, the optimal trade-off is determined. Using this optimal trade-off,
it can be determined which designs in the design space is considered are optimal [164]. The MDO
decision-making process is based on the a posteriori preference articulation. This process gives the
best opportunities for discovering optimal building designs, since the complete set of trade-off charac-
teristics between the various disciplines is determined [164].

Comparison
Figure 4.2 summarizes the differences between the common and the MDO decision-making process. It is
clear that the a posteriori preference articulation (MDO approach) provides the possibility for finding more
optimal designs since the design space is fully explored.

Process conceptual design phase
Common Process MDO Process

Sequence Decision → Search Search → Decision
Method Requirements are set, which every

discipline tries to obtain separately
with no prescribed method.

Optimization objectives are defined. An op-
timization algorithm aims to find optimal
designs in the design space.

Connection disciplines Uncoupled, optimization done sepa-
rately per discipline.

Coupled, optimization done for the objective
functions of all disciplines.

Design choice Based on preferences [92], [150]. based on trade-offs between optimal de-
signs.

Average amount of
evaluated design alter-
natives

3 [50]. Thousands.

Figure 4.2: Difference between processes in the conceptual design phase
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4.1.2. Design optimization
The goal of MDO is to "identify higher-performing designs through the exploration of both geometric and
non-geometric variables according to established design objectives and constraints" [132], [40].

The complete set of trade-off characteristics between various disciplines is referred to as either the Pareto
set or Pareto front.

• Pareto set Set of solutions in the variable decision space composed of all the Pareto optimal solutions
[168].

• Pareto front Set of solutions in the objective function space. composed of all the Pareto optimal solu-
tions [168].

Pareto dominance The Pareto front is defined as a non-dominated set of solutions, see Figure 4.3. The
Pareto dominance can be described using the following definition [41].

• Solution A dominates solution B when solution A outperforms solution B in at least one objective func-
tion, and solution A outperforms or equals solution B in the other objective functions.

• Solution A does not dominate solution B when solution B outperforms solution A in at least one objec-
tive function.

Figure 4.3: Pareto Dominance [99].

With an infinite design space, the Pareto front will consist of an infinite number of points. However,
only a limited number of points is required to approximate the Pareto front. The goal of the multi-objective
optimization is to approximate this Pareto front [168]. Zitzler et al. (2000) give three objectives of the multi-
objective optimization to ensure this [170].

• A Pareto set containing well-distributed solutions is preferred.

• The obtained Pareto front should approach the Pareto front. Preferably, the obtained Pareto set is a
subset of the optimal Pareto set.

• The range of the obtained Pareto front should be maximized. The non-dominated solutions must be
covered by a broad range of values for each objective.

MDO can help generating and validating various design alternatives. It helps the managing of information
and determining which design will result in the optimal trade-off between various disciplines [50]. Using
Multi-Disciplinary Design Optimization will grant a possibility to explore the design space and improve the
understanding of the possibilities of the design. Using the preferences and requirements of the design by
the operator and the obtained Pareto front, the optimal design can be obtained. So, this optimal design is
dependent on the chosen optimization objective.
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4.1.3. MDO architecture
Jansen, 2014, proposes to use four separate layers to develop an MDO tool [86]. These layers are implemented
in this research.

1. Modelling layer

Modelling software As already discussed, parametric design and modelling is a perfect framework
for an MDO tool, since it can provide rapid design iteration [54]. In this research, two parametric de-
sign programs are considered: Dynamo and Grasshopper. These programs are both based on a visual
programming language (Python) [106]. These programs are widely used in the AEC industry because of
their low entry level. They are easier to use than conventional textual programming languages, because
of the absence of syntax errors and other bugs [118]. These visual programming interfaces consist of
a canvas, on which the nodes (Dynamo) or components (Grasshopper) can be placed. These nodes
can be connected to each other using wires. A library gives the possibility to use precoded nodes, but
custom nodes can also be created using C# or Python code [118]. So, the user can control the input
data and all the desired modifications to this data, without needing to have in-depth programming
knowledge.

Dynamo Dynamo is a visual programming platform, which can be connected to Revit using the Revit
API. Dynamo is based on objects. Dynamo enables scripting in a visual workspace in which data can be
created, customized, retrieved and documented from a Revit file. This data can feature both geometric
and non-geometric information [118]. A big advantage of Dynamo is its direct connection to Autodesk,
which provides possibilities for implementing the model in other Autodesk Software programs [106].
Revit is optimal for the delivering of drawings later in the design process. It uses objects with numerous
properties, which is one of the causes for it to run slower than Grasshopper.

Grasshopper Grasshopper is an open-source visual programming language that was created by David
Rutten at Robert McNeel & Associates in 2007. It runs within the Rhinoceros CAD application. Grasshop-
per is based on geometric data and features three types of components [144].

• Linguistic components These components represents nominal variables, for example the axis in
the modelling space or the form of the geometry.

• Numerical components These components are quantitative data which specify dimensions and
limitations of other parameters.

• Graphical components Using these components, geometry can be modified via manipulation of
the graph.

Furthermore, data trees provide Grasshopper with an additional workability. A data tree provides the
possibility of storing data in nested lists using a ranked order structure. Every branch of the tree con-
tains sub-lists that have an index number. Such a data tree is helpful considering the creation of an
optimisation tool, due to the improved data structuring. Grasshopper is mostly used in the earliest de-
sign stages, with the main goal of getting ideas and discovering possibilities. The software uses points,
lines and elements for a quick manipulation of 3D-objects. Grasshopper is considered to be faster and
less buggy compared to Dynamo. Furthermore Grasshopper is seen as more user-friendly, because of
the wide community support. Lastly, more plug-ins are developed for Grasshopper. These plug-ins
enable the possibility for fast analysis, with tools like Galapagos, Karamba3D and Octopus.

Conclusion Based on the literature study, Grasshopper is found to be favourable over Dynamo con-
sidering the design problem presented in this research. This is concluded since Grasshopper features
more plug-ins, a wider community support and a faster and less buggy experience.

2. Optimisation layer There are various algorithms used for multidisciplinary design optimization. Espe-
cially the metaheuristics are becoming a favoured class of approximation algorithms for solving multi-
objective optimization problems [66]. Within these metaheuristic algorithms, multi-objective genetic
algorithms (MOGA’s) are commonly used. MOGA’s use genetic algorithms (GA’s) on multi-objective
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problems. These GA’s are based on Darwinian principles and aim to find the optimal solution out of all
possible solutions, without computing all possibilities.

The main advantage of a GA is its ability to find a near optimal solution in a short timespan. However,
for complex optimization problems a GA requires hundreds evaluations of individuals fitness values
[98].

Apart from using a GA, there are other possibilities like Artificial Neural Networks (ANN) [135]. The
computational time of a MOGA is expected to decreases when the MOGA ic combined with an ANN
(Artificial Neural Network) [98].

Genetic algorithms According to Charles Darwin his evolution theory, a population evolves because
the most fit parents in the population will bear offspring. This will create even better fitting offspring in
the next generation. After multiple generation cycles, the population will be evolved as most-fitting or
optimal in its environment.

Genetic Algorithms (GA’s) work on the same principle. A GA can be divided in three stages: evalua-
tion, selection and population. In the first stage, the population (a set of individual results) is evaluated
based on the set optimisation parameters or fitness functions. The second stage uses this information
to select the results which fit the optimization objectives best. These individuals will produce new re-
sults (children) by a recombination of genes. Mutation is also a possibility in the selection stage. Based
on the selected mutation parameter, a certain amount of genes will be randomly altered. This is done
to ensure the GA finds a global optimum rather than a local optimum. The creation of this next gener-
ation of children is called the population stage. When this new population is created, one cycle or iter-
ation is completed and a new iteration will automatically start. This cycle of creating new generations
stops when the solution reaches the convergence criteria, or after a set amount of iterations, called the
maximum iteration number [55]. The convergence criteria can be defined for a specific optimization
process. A common convergence criteria is to stop the iterations when there are three generations that
share nearly the same optimal result [164]. The workflow of a GA is shown in Figure 4.4.

Figure 4.4: GA workflow [124].
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Multi-Objective Genetic Algorithms There is a wide possibility of choice in MOGAs. The most used
MOGAs nowadays in the AEC industry are: [168], [117]

• the Nondominated Sorting Genetic Algorithm-II (NSGA-II) proposed in [37] in 2002.

• the Strength Pareto Evolutionary Algorithm 2 (SPEA2) proposed in [171] in 2001.

• the Multi-Objective Evolutionary Algorithm based on Decomposition (MOEA/D) proposed in [169]
in 2007.

Numerous researches have been conducted aiming to identifying the most accurate MOGA [63] [24]
[168] [117]. However, the results are inconsistent. Since every building is different, every building will
have its own optimal optimisation method. So, these researches identify varying MOGA’s as the most
accurate for the various analysed design problems.

3. Generation layer While the optimization layer produces the input for the parameters, the generation
layers removes this data and generates the new designs as identified by the optimization layer.

4. Visualisation layer The visualisation layer provides constant feedback to the user, showing the found
data and models. In the visualisation, the design space of timber buildings is visualised. Furthermore,
the found data can provide insight in creating smart designs using timber.

4.1.4. Design choices
An optimization problem is always a trade-off between computational time and accuracy. More detailed
models and analysis require more computational time, but will increase the accuracy of the result. The design
choices influencing the accuracy of the results and the computational time are discussed below.

Design choices influencing accuracy of results
Every building is different. The location, type of stability system, used materials, client, subsurface, site di-
mensions and function(s) are an example of the set restrictions of a building. Since every building is differ-
ent, every building will have its own optimal optimisation method. So, in order to develop an accurate tool,
a building specific MDO is created. This is done by making specific design choices for this design problem to
increase the accuracy of the tool. The following design choices influence the results:

• Quantification For MDO, it is necessary to be able to quantify the performance of the building for the
considered disciplines. However, certain aspects are (nearly) impossible to quantify. For example, the
architectural value of a building. For such aspects, simplifications are required to be able to quantify
the performance.

• Scale, offset and weighting performance To find an optimal solutions, the performance of different
aspects of the design are weighted. This weight, also referred to as trade-off, expresses the importance
of aspects compared to one another. The possibility for comparison requires two aspects to be in the
same range. This implies that the aspects need to be within the same scale and offset, see Figure 4.5
[33].

Figure 4.5: Scale, offset and trade-off performance [33].
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Design choices influencing computational time
There are various design choices which can help reducing the computational time. The possibility for imple-
mentation is considered in this analysis. The following design choices are identified: [135], [167].

1. Simplifying the models The simplification of the model can be split into three parts.

(a) Simplification of the building model. The main risk is oversimplification of the building model.
This can be prevented by using the right Level Of Development, LOD, as specified in Annex A.5.
An LOD of 200 will be sufficient in this research. Possibilities for implementation: An average
connection in the stability system can be defined and implemented for all connections. The effects
of perforations on strength and stiffness of building elements can be disrefarded.

(b) Simplifying the building simulation models. According to Sobieszczanski, the building analysis
software can require over 90 percent of the total computational effort. With an increasing amount
of design variables, this rate can grow quadratically to cubically [135]. This building analysis soft-
ware can be replaced using surrogate models. This LF (Low Fidelity) analysis requires an occa-
sional HF (High Fidelity) analysis to calibrate and confirm the LF analysis. So for example a full
calculation in RFEM for the structural calculation. Possibilities for implementation: Building cost
simulation models can be recreated using analytical formula. The environmental calculation can
be done by multiplying the used materials and the EPD data from the used materials. Simplified
structural calculations following the Eurocode can be performed.

(c) Reducing design variables. This can be done by linking subsystems in groups. Furthermore,
when less design possibilities are available, the design space will be smaller and the Pareto front
will be determined faster. Possibilities for implementation: Certain input parameters can be sim-
plified. For example the amount of possible stability system geometries, or the amount of possible
connections. Also the grid can be simplified, if a certain grid size is preferred.

2. Improving the models Or rather improving the used functions in the models.

(a) Increasing the function linearity by using intervening variables. By adding intervening vari-
ables, functions can be made linear which will decrease computational time of these functions.

(b) Reducing the number of constraints. This can be done by separating the well-satisfied con-
straints from the (close to) violated constraints. So for example: Only if constraint X > 0,25 , then
constraint Y needs to be checked.

3. Simplifying the MOGA

(a) Smaller generation or population size This decreases the amount of analysed building designs
by the MOGA. The required generation and population size is dependent on the design problem.

(b) Less strict convergence criteria. This will create a less accurate Pareto front.

(c) Conducting a preparation phase where the population is foreseeded. This can be done using
the PR GA algorithm. [63]

4. Increasing computing power

(a) Parallelism, using multiple processors The computational time will be approximately N times
faster if N processors are used [167]. In Parallelised MOGAs, time-consuming simulation pro-
grams can run on a parallel processor. [98]
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4.2. Timber
Throughout history, timber has been a conventional building material. Timber has provided humanity the
possibility of building the first houses, tools and bridges. Apart from small timber houses, also bigger build-
ings were constructed using timber. For example the Pagoda of Fogong Temple, constructed in 1056, with
a height of 67 meters, see Figure 4.6. These traditional timber construction methods are impressive. How-
ever, concrete and steel have become more popular over time because of their favourable properties and
lower costs compared to traditional timber construction materials. Over the past decades however, with an
increasing demand for environmental friendly buildings, timber is beginning to make its comeback. The
advancement of processed timber building materials facilitates this comeback.

Figure 4.6: Pagoda of Fogong Temple [51].

4.2.1. Types of timber building materials
The building industry has a lot of preconceptions regarding timber, see Figure 4.7. These preconceptions are
mostly based on the traditional timber construction methods. However, a major change in the possibilities of
timber design occurred with the use of processed timber. These preconceptions are slowly changing as tim-
ber is successfully implemented in various construction projects. In this chapter, these preconceptions are
discussed, with the goal of finding the main challenges and possibilities in the usage of timber as a building
material.

Figure 4.7: Industry preconception of timber [60].
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Traditional timber construction uses sawn timber or lumber. This unprocessed timber was sawn directly
from the log of a tree. This gives the material various limitations in its ability to be used as a construction
material. The main limitations of using unprocessed timber as a building material are:

• Low durability. The timber is prone to rotting and funghi attack

• Limited dimensions The maximum dimensions of the timber are determined by the size of the log.

• Varying structural properties Two reasons can be named for the varying structural properties. To start
with, timber is anisotropic. This means that the properties of timber are not similar in all directions.
Timber is relatively weak parallel to the grain. Secondly, the sawn timber contains imperfections, de-
creasing the structural properties locally.

These limitations can be improved by processing of timber. The types of processed timber are mentioned
below. Furthermore, the properties of these processed timber types are compared.

Glulam In glued laminated timber (glulam) various timber components, called lamellas, are glued together
using an adhesive. These lamellas are all assembled parallel to the grain. The main advantages of using
glulam are the possibility to create longer spans and the homogenisation of wood. There are two main reasons
for this homogenisation of wood. To begin with, since the material properties of each lamellae differs, the end
product will have the average material properties of all these materials. Secondly, the larger imperfections in
the lamellae, such as knots or cracks, can be removed. The maximum length of a glulam element is limited by
transport possibilities. Various wood species can be used for the creation of glulam. However, spruce is used
up to 95 % in Germany [21]. Glulam can be used in beams and columns.

CLT In Cross Laminated Timber (CLT), logs are converted into board layers, also know as lamellas, in a
process called sawmilling. These lamellas are glued together using adhesive with a 90 degree inclination be-
tween the various layers. This creates a material that is approximately isotropic in plane [21]. Typically, these
lamellas are made using Spruce with a strength class C24. The maximum CLT plate length is determined by
handling of panels and transporting limitations. CLT is a relatively new material, which popularity is increas-
ing rapidply, see Figure 4.8a.

(a) Global CLT production from 1995 to 2015 [45]. (b) Comparison between sawmilling and rotary peeling regarding product recovery [104].

Figure 4.8

In general, softwood is used for the production of CLT. When CLT is used for flooring, it has two-way
spanning capabilities. Since CLT is kiln dried, Kiln dried shrinking and swelling is prevented. It does not
distort with changing moisture content [4].

LVL Laminated Veneer Lumber is a variant of plywood where veneers are orientated in one direction. Ad-
hesives are applied to these veneers, and they are assembled under a high temperature and pressure. A big
advantage of LVL compared to CLT is the ability to take a bigger bending stress of around 30 N /mm2. This
building material can be used as columns, beams, walls and floors. The building material is gaining popu-
larity in North-America, New Zealand and Australia. In Europe, LVL is still rarely used. However, the knowl-
edge regarding this building material is gaining quickly. For example Met säwood published a European LVL
handbook in September 2019, which provides information considering the correct calculation and usage of
this material.
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For the production of plywood panels, rotary peeling methods can be used. Rotary peeling provides two
main advantages compared to saw milling. To begin with, a higher proportion of log volume can be recovered
[104] ,See Figure 4.8b Furthermore, each LVL panel will contain reasonably consistent wood properties, as
depicted with the same color in Figure 4.8b. In Figure 4.8b the juvenile wood (red) and the higher quality
outer wood (blue) are clearly depicted.

Figure 4.9: CLT glulam and LVL [163].

Comparison timber types CLT, glulam, and LVL all show potential for implementation in timber high-rise.
Figure 4.10 shows the possible implementation of the different processed timber types. For exterior walls,
CLT is favourable over LVL, since it does not distort with changing moisture content.

Implementation timber types
Timber type Column Beam Wall Floor
Glulam X X
CLT X X
LVL X X X X

Figure 4.10: Possible implementation of the considered timber types.

4.2.2. Properties and costs
This section provides insight in the properties of timber as a building material, and the resulting design con-
siderations. These properties are not similar for every timber product. Because of a wide range of wood types,
processing methods and coatings the properties of different timber products can vary substantially. With the
introduction of processed timber, the possibilities for application of timber as a building material have in-
creased. However, there are still various incorrect preconceptions regarding timber. Annex A.1 provides a full
description of the properties of timber. The following conclusions can be made regarding various properties
and the costs of processed timber.

• Structural When the structural properties of timber are normalized by density they are comparable to
steel and concrete. Furthermore, timber requires extra attention during structural design since it is an
anisotropic material.

• Sustainability Various research has been performed regarding the sustainability of timber. Since re-
search is often influenced by either the concrete industry or the timber industry, the results vary greatly.
So, the results from an autonomous source, the European Commission (2018), are adopted [138]. An
average reduction of 2.1 tons of CO2 emissions per ton of used timber compared to non-wood products
is found, assuming timber from a sustainably managed forest.

• Durability With the correct design and coatings, the same lifespan can be achieved for timber as for
traditional building materials [120], [125].

• Fire safety Due to the charring process of timber, the inner part of the timber element is separated from
the fire. This helps maintaining the structural requirements in a fire situation.

• Acoustics Due to the low self-weight of timber, acoustics is one of the biggest issues in design. How-
ever, various possibilities of improvement of acoustic properties of floors have been researched and
implemented.
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• Costs The construction costs for timber design are often assumed to be between 5% to 10% higher than
building design using traditional building materials. However, with increasing knowledge and usage of
timber these costs are expected to drop. Furthermore, a carbon tax or adaptations of the Eurocode 5
could help lower the costs even further.

• Well being Several studies have shown exposed timber has several health benefits for occupants, such
as reduced heart rate, blood pressure and stress levels. Furthermore, it improves the emotional state
and level of self-expression of inhabitants [14].
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4.3. High-Rise
In this research, the term timber high-rise is used for a building between 50 and 70 meters high, were timber
is used for the majority of the engineered parts of the superstructure. Since the Dutch building regulations
(Bouwbesluit) only provide design rules for high-rise buildings up to 70 meters, this is used as the maximum
height of the building.

Building up to 70 meters high using timber is a major challenge. However, the tallest tree on earth is
measuring 115.6 meters, see Figure 4.11, which shows timber’s potential to reach great heights.

Figure 4.11: Tallest tree height comparison [1].

4.3.1. Reference projects
In this section, five reference projects and their stability systems are compared. Additional information re-
garding these reference projects can be found in Annex A.2. Figure A.17 shows the comparison between these
five buildings.

Building Comparison
Comparison criterion unity 25 King Treet Murray

Grove
Mjøstårnet Brock

Commons
Stability system - Tube Tube Shear walls Tube Core
Use of wood m3/m2 - 0.16 0.31 0.25 0.15
Height of building m 47 52.8 26 85.4 54
Number of floors number 10 14 9 18 18
Building cost Eur o/m2 4300 3774 1546 4087 2045
Construction time days / floor - 15 7 12 12
Reduced CO2 emissions tonnes of CO2 - 2000 310 1577 2432
Use of Energy kW /m2/year - 84 144 102 135

Figure 4.12: Building comparison [85], [145].
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4.3.2. Lateral stability systems
As the height of a building increases, the lateral loads become more crucial, opposed to the gravitational
loads. Thus, providing lateral stability is one of the main challenges in the construction of a high-rise building.
The five most common stability systems are considered in this research. These consists of a rigid frame, a
shear core, an outrigger, a tube and a diagrid system, see Figure 4.13. In this Section, these five lateral stability
systems are discussed.

Figure 4.13: Lateral stability systems [155].

Rigid frame
A rigid frame stability system consists of beams and columns that are rigidly connected. Rigid timber frames
are commonly used for low-rise housing. However, creating a rigid frame using timber is impractical regard-
ing the required stiffness of the connections and dimensions of timber elements.

Shear walls
When CLT plates are used as bearing and shear walls, sufficient lateral stability of the building can be achieved.
Murray Grove, see subsection A.2.4 is a timber building where this stability system is implemented. It reaches
a height of approximately 30 meters. This stability system is used in residential buildings, as the CLT plates
also divide different rooms and apartments. This stability system is not desired for offices, as an open floor
plan is favoured.

Stability core
In this structural system, a stiff core is created using either concrete or CLT plates. Subsequently, the frame of
the building is connected to this core using beams and columns or CLT plates as shear walls.

CLT core Van Rhijn (2020) argues a the usage of a CLT stability core (t= 495 mm) is the most efficient stability
system for high-rise buildings up to 70 meters [155]. De Jong (2017) researched a 102 meter tall timber build-
ing with a CLT core (t= 500 mm) and a timber frame structure. This building was found to comply with all
unity checks, except the lateral displacement limits, where a unity check of 1.02 was found [36]. van Rhijn as-
sumes fully rigid connections using glued in rods and de Jong creates almost fully rigid connections between
the CLT elements using HSK connectors.

However, the creation of such rigid connections is questionable. As Znabei (2020) shows in her research,
the stiffness of the connections has a huge impact on the total displacement of the structure. Znabei argues
four displacement modes are present on a laterally loaded CLT core. These four displacement modes are
shown in Figure 4.14a.

So, the total deformation of the building is:

uT OT AL = uE I +uG A +uφ+us (4.1)

Figure 4.14b shows the influence of the sliding and rocking effect on a building stabilized with a CLT
core (t=240mm) for varying height. Based on this big influence of the uplift and sliding force, Znabei (2020)
proposes to use pre-tensioning in the CLT core to minimize these effects. By minimizing the sliding and uplift



24 4. Theory

(a) The four displacement modes for CLT walls [23]. (b) Influence of shear, bending, sliding, and uplift on the total
horizontal deflection of a building with a CLT core [172].

Figure 4.14: Design considerations for CLT core.

forces, a building up to 24 meters high can be created. For higher buildings, two limiting factors are present:
the deflection of the building and the compression toe stress in the CLT core. Two reasons are identified
causing this big influence of the uplift and sliding force on the CLT core. At first, a timber building has a lower
self-weight, which leads to smaller compression in the core. When the compression of the core increases,
the sliding and rocking effect of the core decreases. Secondly, the creation of stiff connections in timber is a
major challenge.

It can be concluded that the assumption of a fully rigid and a near rigid connection between CLT core ele-
ments by Van Rhijn and De Jong is questionable. These assumptions have a big impact on the total structural
behaviour.

Moudgil (2017) found that using a CLT core instead of a concrete core in the Brock Commons Build-
ing provides some challenges. Using a CLT core leads to torsional behaviour in the fundamental mode and
higher storey drift. These challenges can be dealt with by increasing the thickness of the CLT core, or adding
additional CLT shear walls to meet the seismic performance criteria [110]. Chapman (2012) found that a 30
storey building with a CLT core met the interstorey deflections limits. In this research, the lack of damping
was determined to be the biggest challenge, as the dynamic properties of the building were insufficient [30].

Concrete core Haut is a 73 meter tall timber building in Amsterdam. During its construction, it was con-
cluded that the usage of a CLT core, would increase the required amount of steel in the connections so much,
that a concrete core would be favourable considering environmental impact [34]. So, it can be concluded
that a CLT core is not necessarily a more environmental friendly solution than a concrete core. The main
challenge when constructing a building using a concrete core and timber columns is the differential vertical
shortening. The difference in relative vertical shortening between two vertical load bearing elements have
a negative effect on secondary building elements [162]. Mostly on the vertical mechanical services and el-
evation tolerances between the core and timber frame. Fast et al. (2016) researched the Brock Commons
Building and found that when the differential vertical shortening is not sufficiently considered in the design,
this can create an extra 50 mm deflection at the top of the building [48].

Diagrid
The diagrid stability system is based on the workings of a lattice girder. Elements are placed diagonally, often
in the façade of the building, to provide the lateral stability of the building. This stability system has not been
implemented in a timber high-rise building yet. However, the River Beech Tower is a proposal of a timber
high-rise building where a diagrid system is implemented.

Outrigger
An outrigger stability system creates a stiff connection between the core and the outer columns of a building.
This way, tension and compression forces can be induced in the outer columns of the building. These tension
and compression forces reduce the moment in the core, generated by the wind forces. An example of a timber
high-rise building using the outrigger stability system is the Treet building, see subsection A.2.3.
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Tube
In the tube stability system, the façade is created as a stiff structure. This façade consists of elements that
are joined together to create a stiff tube around the building. In concrete buildings this tube is often created
by the outer concrete walls working as a large diaphragm. However, creating a stiff tube using CLT panels
containing holes for windows is ambitious considering the four displacement modes of CLT panels causing
deformations, see Figure 4.14a. Using a timber frame containing diagonals in the façade to provide lateral
stability is a more suitable approach for creating a timber tube structure. This is called a braced tube sys-
tem and this approach is used in Mjøstårnet, see Annex A.2.5. A braced tube system has several advantages
compared to a core system:

• The moment of inertia is maximal. This results in lower stresses in the elements.

• There are no eccentricities, thus no torsion is present.

• Forces are spread over a bigger area and are thus easier to transfer to the foundation.

• Full floor plate flexibility: The architectural firm Sidewalk labs (2020) researched the possible stability
systems and the estimated square feet (1 square foot = 0.092 m2) of floor loss per storey for a 35 storey
high building. This floor loss was found to be 56 m2 for a CLT core system. A concrete core results in 13
m2 of floor loss, while in a tube system, no floor loss is present, see Figure 4.15.

Figure 4.15: Comparison of stability systems by Sidewalk Labs [6].

Conclusion
The aim of this research is to create a full timber building. The use of a CLT core is questionable because of the
thick CLT panels and rigid connections which are required. When considering the reference projects, there
are three full timber buildings which reach a height over 45 meter: Treet, Mjøstårnet and 25 King, see Figure
4.12. These three buildings still contain non-timber parts in the connections. Furthermore, 25 King has a
concrete ground floor and Mjøstårnet contains six concrete floors. All these reference projects use diagonal
elements in the façade to create lateral stability. These systems are referred to as braced tube systems.

Although a braced tube system is used to provide lateral stability, a core is required to function as a fire
escape and for vertical transport. For this, a CLT core is used. The lateral stability of such a CLT core compared
to a braced tube system for buildings over 50 meters tall is negligible. Thus, the CLT core system does not
provide sufficient lateral stability to a 50 meter tall the building.
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4.4. Building Elements
This section covers all building elements that are used in the MDO tool. For every building element, the
options are discussed, and the consequences of each option are reported. Annex B elaborates on all executed
calculations for these building elements in the tool.

4.4.1. Connections
In the design of timber structures, the connections have a considerable influence. Not only does the capacity
of the connection determine the capacity of the structure, but the stiffness of the connection also greatly in-
fluences the overall displacements of the structure [131]. First, the techniques of creating timber connections
are mentioned. Thereafter, the main considerations in timber connection design are mentioned. Next, the
considered types of connections in this research are mentioned. Finally, the required types of connections
are specified.

Connection technique
There are three main techniques to create a strong timber connection [147].

1. Direct contact between timber members. Also called carpentry connections. This type of connection
has two advantages: A lack of need for steel or glue, and possibilities for re-use. Since a timber element
is weaker parallel to the grain, the transfer of forces between two timber elements can create issues.
Thus, slip and shear create the main challenges in the usage of this type of connection.

2. Adhesive bonding Adhesive bonding can prevent slip and shear almost completely, resulting in a high
interaction, resulting in a stiffer connection and thus a rigid structure [29]. Creating adhesive bonded
connections is a labour intensive process, increasing the costs of the project.

3. Mechanical fasteners Using mechanical fasteners provide a greater opportunity for re-use of the ele-
ments. Kuijpers (2020) mentioned that mechanical fasteners in connections will only achieve around
20% to 30% of the efficiency which adhesive bonding can achieve. This is mostly due to issues in slip
and shear resistance [93].

Design considerations
Some factors must be thoroughly examined in timber connection design.

1. Changes in moisture content. Structural timber is often regarded as a living material. In a way this
is a legitimate claim since the changes in moisture content cause the timber to shrink and swell. The
shrinkage perpendicular to the grain is significantly greater than parallel to the grain. In connection
design, this must be considered to prevent splitting of timber, see Figure 4.16a [113].

2. Shear strength The shear strength is around 10% of the total bending strength. Thus, eccentricities in
connections can cause problems, see Figure 4.16b [113].

3. Tensile strength perpendicular to the grain Tensile strength perpendicular to the grain is between 30
to 50 times smaller than the tensile strength parallel to the grain. This might lead to cleaving of timber,
see Figure 4.16c [113].

4. Fire design Concealing the timber connection is often the solution. Intumescent fire strips in gaps and
slots of connections can provide this concealment.

5. Costs The design of the connection has a huge influence on the construction costs since connections
require special attention through the design and production process. For high-rise complex glued con-
nections are required. These connections require extra assembly work, quality and environmental con-
trols and delays due to curing of the glue [61].



4.4. Building Elements 27

(a) Splitting of timber caused by changing moisture content. (b) Eccentricities in connection causing shear.

(c) Cleaving of timber caused by tension perpendicular to the grain.

Figure 4.16: Timber connection design considerations [113]

Considered connections
In this research, three different types of connections are used for connection design.

1. Steel plate and dowels

2. Screws (combined with metal brackets, or carpentry connections)

3. Knapp connectors

The distancing, strength, and stiffness calculations are mentioned in Annex A.3 for the steel plate and dowel
connection.

Required connections
Connections for a number of different situations must be realised for the construction of a timber building.
These situations differ based on a number of factors, for example: material type, type of loading, magnitude
of loading, and workability. In this research, all connections are grouped into nine categories:

1. Braced tube system connection Steel plate and dowel connections are used to connect the glulam
elements in the façade.

2. Floor-beam connection The top plate of the Kerto-Ripa floor elements is placed on the beams. Subse-
quently, these elements are screwed to the beams.

3. Floor-floor connection The floor plates transfer the wind loads to the stability system. This results in
shear forces between floor elements. These forces are assumed normative in the floor-floor connection.
Screws are used to transfer these shear forces between floor elements.



28 4. Theory

4. Core-core connection Since the core is not part of the lateral stability system, the only horizontal forces
consist of the internal wind pressure forces. These forces are relatively small compared to the gravita-
tional loads. Thus, the connections between core elements are mainly designed to provide sufficient
compression resistance. Angle brackets are used for the connection between the CLT plates that make
up the core.

5. Core-beam connection Knapp connectors are used to create the core-beam connection. These con-
nectors consist of a steel plate, attached to both elements using screws. These two steel plates can be
slid into each other to create the connection. The main advantage of these connectors is the possibility
to attach the steel plates to the timber elements at the factory. On-site these two parts can simply be
slid into place to create a stiff connection.

6. Core-foundation connection Since the core is not part of the lateral stability system, the only horizon-
tal forces consist of the internal wind pressure forces. These forces are relatively small compared to the
gravitational loads, thus no tension forces are assumed to be present in the bottom of the core. So, a
hold-down connection is not required to connect the core to the foundation. Metal brackets and screws
are used to connect the CLT plates in the core to the concrete foundation.

7. Column-column connection This connection concerns the columns which are not located in the fa-
cade. For these columns, the gravitational loads are normative. So, the column-column connection
is realized using a carpentry connection and screws, similar to the columns in the 25 King reference
project, see Figure A.7c. An average of 24 screws per column-column connection is assumed to ensure
a safe connection.

8. Column-beam connection Knapp connectors are also used to create the column-beam connection.

9. Column-foundation connection For the column-foundation connection, steel plates and dowels are
used. The column to foundation connection is considered to be an infinitely stiff connection. To take
into account the extra rotation caused by the foundation, the deformation at the top of the building is
considered to be a maximum of H/750.

Below, the connections are visualized. Figure 4.17 gives a summary of the applied connection types in the
model.

Required connection types
Connection category Connection type
Braced tube system connection Steel plates and dowels
Floor-beam connection Screws
Floor-floor connection Screws
Core-core connection Angle brackets and screws
Core-beam connection Knapp connectors
Core-foundation connection Metal brackets and screws
Column-column connection Carpentry connection and screws
Column-beam connection Knapp connectors
Column-foundation connection Steel plates and dowels

Figure 4.17: Required connection types in the model.

Figure 4.18: Floor-floor connection.
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(a) Braced tube system connection [8]. (b) Floor-beam connection [109]. (c) Core-core connection [126].

(d) Core-beam and column-beam
connection

(e) Core-foundation connection [126].

(f) Column-column connection [85]. (g) Column-foundation connection [113].

Figure 4.19: Visualization of used connections.
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4.4.2. Floor
For the design of the floors, there are several requirements. These requirements are based on acoustics, fire
safety, comfort, and deflection. Normally, the stiffness or strength of a floor is normative. However, for light
floors such as timber floors, the human-induced floor vibrations are often normative. For the design of the
floors, three different timber floor types are considered. The manufacturer’s data is used to obtain the prop-
erties of the floors.

Kerto-Ripa floor
In Mjøstårnet, a system based on the Metsä Woods RIPA deck system is used. This floor system is an LVL
floor system, consisting of ribs, connected to a top flange. The spaces between the ribs can be used for pipes
or ducts, or for adding acoustic insulation or thermal insulation. In Mjøstårnet, Rockwool is used to obtain
the required 90 minutes of fire resistance. Floor spans up to 16 meters can be reached with this system. The
carbon footprint is 65 kg CO2/m2. The system can be used with steel or glulam trusses, CLT shear walls or
stabilizing concrete cores [8]. The weight is approximately 30 kg/m2.

KLH floor
KLH Massivholz floors are applied in the Murray Grove StadtHaus. These floors consist of CLT panels com-
bined with either a wet or dry screed. A minimum thickness of 6 cm of wet screed is required to meet the
acoustic requirements. The maximum span is 20 meters. Sufficient thickness of the CLT panels results in
an acceptable fire resistance. An advantage of using CLT panels is their two-way spanning capabilities. The
weight is at least 60 kg/m2.

Lignatur floor
This floor is considered to be the timber equivalent of a hollow core slab. The Lignatur LF floor element
consists of timber beams that are connected using glue to form boxes. These boxes have a width of 200 mm.
Four boxes form one LF floor element. These elements are either 514 mm or 1000 mm wide. This floor can
span up to 15 meters. The boxes can be used for adding pipes or ducts, or for adding acoustic insulation or
thermal insulation. A fire resistance up to 90 minutes is possible by adding a protective layer or increasing
the thickness of the bottom panel. The weight is 34-48 kg/m2.

Comparison
Each floor type has their own advantages and drawbacks. The floors are scored on seven categories which
is shown in Figure 4.20. The KLH floor is considered the least applicable, because of its higher weight and
lack of possibility of integration of ducts. The Kerto-Ripa floor and Lignatur floor show similar results. The
Kerto-Ripa floor is chosen because of the easier possibility of integration of ducts and insulation in the floor.
Furthermore, the Kerto-Ripa floor has already proved its qualities in Mjøstårnet. Based on the found results,
the Kerto-Ripa floor is used in the model.

Characteristics of the floor types
Characteristic Kerto-Ripa KLH Lignatur
Available dimensions + ++ 0
Mass ++ – +
Fire resistance 0 ++ 0
Sound insulation - 0 +
Ducts ++ - ++
Workability ++ 0 ++
Floor Thickness + - 0

Figure 4.20: Characteristics of the floor types.
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4.4.3. Beam
The glulam beams in the structure provide two main functions. Firstly, the beams help with transferring of
wind forces to the stability system. Secondly, the beams support the floors. For the Kerto-Ripa floor system,
supporting beams in one direction are required. The sizes of the beams are dependent on the weight of the
floor, the function of the building, the used connections and the grid sizes. To minimize the total height of
a floor, it is helpful to integrate the beams and the floor system. The Kerto-Ripa floor system provides this
possibility, since the top plate of the floor system can be connected to the beams.

The total floor height can also be minimized by creating a service penetration of the beams to distribute
services, see Figure 4.21a. Often, LVL is added to the beams to provide the possibility to create these openings,
see Figure 4.21b.

(a) Penetration of beams for service distribution in the International House in Sydney [27]. (b) LVL elements in the beams [85].

Figure 4.21: Beam penetration

4.4.4. Column
In a building stabilized using a braced tube system, two types of columns can be distinguished. The columns
in the braced tube, and the inner columns. Since the braced tube system transfers the horizontal forces, the
main contributor of force on the inner columns are the gravitational loads.

4.4.5. Diagonals
For the diagonal elements in the façade, various angles provide different results. In this research, the op-
timal diagonal angle was aimed to be obtained using three methods. Firstly, a simplified calculation was
performed, with the aim of maximizing the shear rigidity of the structural system. At an angle of 35◦, the
maximum shear rigidity was found, see Annex B.6. Secondly, Panchal et al. (2014) researched the optimal an-
gle for steel diagonals in a megabrace system. The displacement, inter-storey drift, shear force and material
usage were checked. An angle of the diagonal between 65◦ and 75◦ was found to show the most favourable
results. Lastly, when calculating the diagonals Mjøstårnet, an angle of 27.4◦ and 45.8◦ is found. So, different
optimal diagonal angles were obtained in these three analyses. So, no clear statement on an optimal angle
can be made based on this information.

4.4.6. Core
A core has multiple functions. Firstly, it provides a possibility for vertical transport of people, with stairs and
elevators. The core is often created as a fire compartment, to be able to function as a fire escape. Furthermore,
pipes and ducts are integrated in the core. Lastly, the core can help to provide lateral stability to the building.
In this research, the required core size is set by the user of the tool.
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4.5. Disciplines
Various disciplines are involved in high-rise building design, for example HVAC engineering, electrical en-
gineering, wind engineering, geotechnical engineering, vertical transport design, façade engineering, cost
estimation, environmental engineering, structural engineering, and architecture. Since all disciplines have
their own goals, a way of collaborative design is required to obtain an integral design. The possibility for col-
laborative design in the AEC industry is increasing with the increasing use of building information modelling
(BIM) tools. These tools provide the possibility of integrating different software into one integrated model.
All disciplines can use this model to analyse and improve the design. However, the changes made by one dis-
cipline can affect other disciplines significantly. If the trade-off between disciplines is not clearly established,
an assumed improvement by one discipline can reduce the value of the overall design. If these trade-offs are
clearly established, the consequences of design changes become comprehensible.

In this research, four disciplines are considered. This chapter gives some background per discipline, men-
tion the modelling choices for analysis and the optimization objective. In short, each discipline has objectives
conflicting with the objectives of the other disciplines:

• Structural Constraint: The building must meet all regulations defined in the Eurocode, see section 4.6.

• Architectural Constraint: The building must satisfy the architectural design requirements for acoustics,
building height, and daylight entrance. see section 4.7.

• Environmental Objective: Minimizing the shadow costs.

• Economical Objective: Minimizing the construction costs.

4.5.1. Structural
Introduction
The timber structure must be designed according to the constraints for structural systems in timber, as given
in Section 4.6. Section 4.3.2 concluded a braced tube system is most appropriate for a timber building be-
tween 50 and 70 meters.

Modelling
All structural calculations are shown in Figure 5.2. These calculations are performed using custom nodes
and the parametric engineering plug-in Karamba3D in Grasshopper. All calculations are performed for the
assumed normative ULS and SLS load combination, see Section 4.6.1.

Figure 4.22: Structural calculations performed in Grasshopper. Full calculations can be found in Annex B.

In order to simplify the calculation of the 3D stability system, it is analysed in 2D. So, two 2-dimensional
calculations of the lateral stability system are performed, see Figure 5.16. For these calculations, the Karamba3D
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component Optimize Cross Section is used, which obtains the optimal dimensions of elements in the façade.
This component is verified in Annex A.6.1. After all timber elements and all connections are dimensioned
and determined, some verification calculations are performed.

Optimization constraint
Each model must be designed according to the constraints for structural systems in timber, as given in Section
4.6.

4.5.2. Architectural
Introduction
A high architectural performance of a building increases the marketability of a building. Quantification of the
architectural performance of a building has been attempted in various research. However, these results are
controversial and methods are not applicable in this research. So, in this research the architectural discipline
is included solely by architectural constraints for acoustics, daylight, and storey height.

Modelling
To satisfy the architectural constraints for acoustics, the required thickness of floor elements for human-
induced vibrations is determined. For this calculation, the European standard EN 1995-1-1 combined with
the Dutch national annex [74] will not provide an accurate result. So, the calculations are based on two al-
ternative guidelines that provide more accurate calculations: the Austrian standard Önorm B 1995-1-1 [71],
and the HIVOSS design guidelines for calculation of floor vibrations [67]. This calculation will provide the
minimal required height of the ribs of the kerto-ripa plate that satisfy both the Austrian standard Önorm B
1995-1-1 and the HIVOSS design guidelines for calculation of floor vibrations, see Figure 5.11. To maximize
the amount of daylight entry, the core in the timber building designs, as generated in the tool, is placed such
that the amount of area close to a window is maximized. Lastly, the Dutch Building Code mentions a min-
imum floor-to-ceiling height of 2.6 meters. For all optimizations, a floor-to-ceiling height of 3.0 meters is
used.

Optimization constraints
Each model must be designed according to the constraints as given in Section 4.7.

4.5.3. Environmental
Introduction
The environmental impact of a design choice is often quantified using carbon emissions, which are related to
the energy use. The embodied and the operational energy consist of approximately 30% and 70% respectively
of the total energy consumption during the lifetime of a building, see Figure 4.23.

Figure 4.23: Embodied and Operational Energy.

This figure shows which design stages these factors impact. The implementation of a timber structure
impacts the embodied energy but does not affect the operational energy.
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Embodied energy The embodied energy consists of the energy required in the entire process of build-
ing construction. This embodied energy also consists of transportation. Transportation can have a huge in-
fluence on the total energy consumption if no reputable timber manufacturers are present near the building
site. Furthermore, the used timber in this research is assumed to originate from a sustainably managed forest.
Certain certifications such as the FSC certification provide the guarantee that the used timber finds it origin
in a sustainably managed forest. The embodied energy also consists of the recycling potential. The recycling
potential of building materials is estimated to be 37 to 42 percent of the embodied energy, assuming a 50-year
lifetime [140]. Only limited documentation is found on the recycling potential of timber buildings. However,
Richardson found in 2013 that the embodied CO2 savings for timber joists and beams is approximately 0.5 kg
CO2/kg [123].

Operational energy The operational energy consists of the energy consumed during the operational
phase of the building. Four design choices which have the biggest impact on the operational energy are:

• Overhang

• Shape

• Orientation

• window-wall ratio of façade

So, the used building material for the structure does not affect the operational energy.

Total energy Recently, considerable improvements have been made in the reduction of operational en-
ergy of buildings. More insulating materials, energy-efficient windows and high-efficiency HVAC systems
are used to reduce this operational energy [31]. A recent study on Dutch residential construction shows the
results of these changes. It reports that for standard homes, the operational energy accounts for 78 to 80 per-
cent of the total lifetime energy consumed. However, for advanced new homes, the operational energy only
accounts for 54 to 69 percent of the total lifetime energy consumed [91].

The increase of the impact of the embodied energy compared to the operational energy shows that the use
of sustainable materials is becoming increasingly more important in the future. Since we are moving toward
energy-neutral buildings, the part of the total impact caused by embodied energy is increasing.

The energy use as shown in Figure 4.23 consists of several phases. These phases and what parts are dis-
missed in this research are mentioned below.

• Production stage [A1-A3] The production stage consists of consecutively, tree growth and felling, trans-
portation to factory, and industrial processing, see Figure 4.24. This industrial processing differs per
required timber product.

• Construction stage [A4-A5] Since the environmental impact caused by transport is dependent on the
project, it is excluded from analysis in this research. Furthermore, Stage A5, the construction installa-
tion process, is excluded from the EPD calculation.

• Use stage [B1-B7] The potential environmental impact caused by replacement or maintenance is ex-
cluded from analysis in this research.

• End of life scenarios [C1-C4, D] Here C1-C4 consists of the demolition and processing phase, while
stage D analyses the environmental charges and benefits beyond the system boundary of the building.
In models calculating the environmental impact of a timber building, the correct consideration of the
carbon sequestration has major effects.

There are three analysis methods which are commonly used to determine the environmental impact of a
material, see Figure 4.23:

• Cradle-to-gate Which analyses stages A1-A3.

• Cradle-to-grave Which analyses stages A,and C.

• Cradle-to-cradle Which analyses stages A, C and D.
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Figure 4.24: Production stage [157].

Modelling
Shadow cost calculation To get a better understanding regarding the differences in sustainability be-

tween building materials, various factors must be taken into account. A Life Cycle Assessment (LCA) provides
a clear overview of these factors. An exact LCA should follow the ISO 14040 Guidelines [114]. Environmen-
tal Product Declarations (EPD’s) are used in this research to determine the LCA data of building elements.
These EPD’s are often provided by manufacturers of building elements. Based on this LCA data from EPD’s,
the shadow costs of a building can be determined. This is done using the Milieuprestatie Gebouwen (MPG)
methodology. This methodology uses the LCA data to record the material-related environmental perfor-
mance in several phases of the design process [22]. To accomplish this, eleven environmental cost indicators
(MKI’s) are defined. These environmental cost indicators consist of a shadow price per unit. By multiplying
the quantity of the unit of an impact category with the shadow price per unit, the environmental performance
is determined, see Equation 4.2.

Environmental Performance =
n∑

i=1
Quantity of building element ·EPD data of building element ·MKI (4.2)

Calculation of the environmental performance is affected greatly by the used EPD data. Two factors in-
fluence the EPD data enormously. Firstly, EPD data provided by manufacturers can vary greatly for the same
material. Therefore, it is crucial to assess this data thoroughly, and use EPD data which is independently
researched. For timber elements, this research uses the EPD data as obtained by Van Wijnen (2020) [157].
Van Wijnen researched EPD data from various manufacturers is for use in the Netherlands, according to the
rules as defined for a MPG calculation. All used EPD data is mentioned in Annex C.1. Secondly, the EPD data
of a building element is greatly affected by the used methodology considering carbon sequestration. An in-
troduction regarding carbon sequestration and the assessment methods used in this research are elaborated
below.

Carbon sequestration The growth of a three results in the storage of carbon dioxide outside of the atmo-
sphere during its lifetime. During the forming of the biomass, a process called photosynthesis takes place,
see Formula 4.3. During this process carbon dioxide, water and light are turned into C6H12O6, a simple sugar,
and oxygen. The carbon is stored in the form of C6H12O6 in the biomass, while the oxygen is emitted. Only
when the biomass is burned or rots, this carbon dioxide will be released into the atmosphere [21].

6 CO2 + 6 H2O + light C6H12O6 + 6 O2 (4.3)
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Additional information regarding carbon sequestration is found in Annex A.1.2.
Figure 4.25 shows a comparison between carbon storage in a commercially managed and an unmanaged

forest. An unmanaged forest eventually reaches a steady-state, while the carbon storage of a commercially
managed forest is a cyclic process which is harvested before reaching the steady-state. So, the depletion of
carbon storage in a commercially managed forest during harvesting will not affect the carbon storage poten-
tial of the forest. With the accumulation of timber products from a commercially managed forest, the carbon
sequestration for a commercially managed forest becomes greater than that of an unmanaged forest.

Figure 4.25: Changes in carbon storage between commercially managed and unmanaged forest [65].

Based on Figure 4.25, three different assessment methods for the inclusion of carbon sequestration are
defined, which will be used in this research, see Figure 4.26.

Figure 4.26: The cumulative embodied carbon emissions for a concrete, steel, and timber building. Showing three calculation methods
for timber buildings [65].
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1. Method 1: Exclusion of carbon sequestration In the Netherlands, the environmental impact is deter-
mined using the NEN-EN 15804 norm. In this norm, the process of carbon sequestration is excluded.
This can even lead to timber buildings being unfavourable over concrete buildings considering the cu-
mulative embodied carbon, see Figure 4.26.

2. Method 2: Inclusion of carbon sequestration with re-emitting [65] Hawkins, 2021, argues in the IStructE
guide, that simply adding the carbon sequestration as a negative emission would be an oversimplified
approach. Hawkins advices to include end-of-life values since typically most of the stored carbon is
re-emitted. By decreasing the re-emittance of stored carbon, the carbon emissions can be decreased.
The aim for circularity and recycling can help with this since it influences the amount of used tim-
ber building elements being re-used, and thus still sequestering carbon. Smart building design, by for
example using dry connections creates a possibility for re-use. Recycling could be done by chipping
the wood to create chipboards or other materials. So, A cradle-to-grave analysis is performed which
assumes a life-span of 50 years and a harvesting cycle of 50 years. Here, the carbon sequestration is
subtracted from the found cradle-to-grave EPD values. The end-of-life scenario greatly affects carbon
sequestration. There are several ways of modelling the carbon sequestration and the release of carbon
at the end-of-life scenario in the EPD. However, often EPDs only include carbon sequestration with no
release of carbon at the end-of-life scenario.

3. Method 3: Inclusion of carbon sequestration with BECCS. BECCS (Bioenergy with carbon capture and
storage) is a process where the carbon from biomass is captured and stored. This process ensures car-
bon sequestration in the end-of-life stage of a building. Stark (2019) argues that BECCS can potentially
capture up to 90% of combustion emissions [136].

Optimization objective
The environmental optimization objective is to minimize the environmental performance, expressed in shadow
costs which are determined according to the MPG methodology. The three carbon sequestration calculation
methods discussed above are used to determine the environmental performance.

4.5.4. Economical
Introduction
Van Oss (2007) and Ajouz (2018) argue that the total investment costs of a building can be divided as shown
in Figure 4.27 Van Oss states that the construction costs make up around 58% of the total costs of a building
[154], [13].

Figure 4.27: Investment costs according to Van Oss and Ajouz [154], [13].

These construction costs can be grouped into various categories. Watts (2010) researched the direct and
indirect construction costs of high-rise office buildings in London [161], see Figure 4.28a. Van Oss (2007)
researched the direct and indirect construction costs of several concrete and steel high-rise buildings in the
Netherlands [154], see Figure 4.28b.
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(a) Direct and indirect costs for high-rise office buildings in London [161]. (b) Direct and indirect costs for high-rise in the Netherlands[154].

Figure 4.28: Direct and indirect costs for high-rise

Cost influencers Some additional factors influence the construction costs which are not included in the
tool:

• Market The market is dependent on competition, supply,s and demand.

• Construction time A faster construction time results in a reduction of construction costs. Because of
the high running costs of construction, and since the building can be rented out earlier [47].

• Number of repetitions It should be aimed to use as many identical building elements as possible since
fewer errors are made by factory workers for repetitive tasks [59].

• Bulk Average prices drop when a greater quantity is bought.

• Availability The availability of sustainably harvested engineered timber fluctuates, which impacts the
costs.

Modelling
For the determination of the Economical performance, the MAMO (Materiaal, Arbied, Materieel, Onderaan-
neming) rules for budgeting are used. These rules divide all direct and indirect costs into four groups:

1. Materials

2. Labor

3. Equipment

4. Subcontracting

In this design problem, there are no subcontracting costs. Following these rules, the economical performance
of the timber elements and connections is determined separately and subsequently summed to find the total
economical performance of the building model.
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4.6. Structural design considerations
For the structural design of buildings, the Eurocode is used. Although the Eurocode is universally used in
Europe, each country has its own national annex. The NEN publishes this Eurocode in Dutch including the
national annex. These design requirements apply to high-rise buildings up to 70 meters. These structural
requirements can be grouped into two groups.

• Usability This includes the Serviceability Limit State (SLS).

• Safety This includes both the Ultimate Limit State (ULS) and the fire safety.

4.6.1. General
Safety factors
The structure should provide enough structural resistance to withstand the loads. But, for every structure the
structural resistance and the loads are approximations. So this structural resistance and loads (actions) are
normal distributions, see Figure 4.29. To ensure an acceptable resistance, partial safety factors (γG , γQ and
γM ) and the kmod factor are used. These factors transform the characteristic values to design values. These
design values are used for calculation. These factors increase the distance between both normal distributions.
This way, the probability of failure is reduced, see Figure 4.29.

Figure 4.29: Reducing the probability of failure using partial safety factors and the kmod factor [21].

These design values are calculated using

Xd = kmod · Xk

γM
(4.4)

γM = partial safety factor

SLS For SLS, the partial safety factors γM , γG and γQ are assumed to be equal to 1.0.

ULS For ULS, the partial safety factors γG and γQ are included in the load combinations, see Figure 4.31.
Furthermore, γM = 1.25 is used for punched metal plate fasteners. For all other connections and wood prod-
ucts, γM = 1.3 is used. The kmod factor is used for both the determination of the ULS and SLS. The kmod factor
is used to consider both the load duration and the moisture content of the material. The kmod factor can be
determined using Figure 4.30.

Consequence class
NEN-EN-1990-1-1 gives the consequence class of the building [80]. Consequence class 2 (CC2) is assigned
to residential and office buildings. The loss of human life, economic, social, or environmental consequences
are considered to be medium. For buildings above 70 meters, consequence class 3 (CC3) must be used.
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kmod factor for solid timber and glulam
Load-duration class Duration Examples for loads kmod for service class

1 and 2 3
Permanent More than 10 years Self-weight 0.60 0.50
Long-term From 6 months to 10 years Storage 0.70 0.55
Medium-term From 1 week to 6 months Imposed floor load 0.80 0.65
Short-term Less than one week Snow, wind 0.90 0.70
Instantaneous Accidental load Explosion 1.10 0.90

Figure 4.30: the kmod factor for solid timber and glulam [21].

Loads
There are five loads that are considered in the structural analysis of the structure.

• Dead load

• Live load

• Wind load

• Snow load

• Rain load

The calculations of these loads are given in Annex A.4.1.

Load combinations
All these different loads are combined using load combinations as given in NEN-EN-1990-1-1 to find the
normative load situation for both the ULS and SLS [80]. The load combinations for consequence class 2 are
used. Furthermore, an office building is considered, so the factors ψ0 = 0.5, ψ1 = 0.5 and ψ2 = 0.3 are used for
floor loads. For snow and wind loads, the factors ψ0 = 0, ψ1 = 0.2 and ψ2 = 0 are used.

As specified in NEN-EN 1991-1-1, when the leading variable action is the imposed load, which acts on
the columns or walls. The full imposed load can be applied to the two top floors of the building, while the
imposed load on the other floors is reduced by multiplying with the reduction factor ψ0. A reduction factor
αn can be used to calculate the remaining total load, see Equation 4.5 [72].

αn = 2+ (n −2) ·ψ0

n
(4.5)

αn = reduction factor
n = amount of floors above the position of the considered element
ψ0 = factor for combination value of a variable action

Serviceability Limit State In the Serviceability Limit State (SLS), the partial factors for action γG and γG are
equal to 1.0. The load combinations for SLS are determined using one of the three equations given below,
depending on the load duration. For irreversible limit states, Equation 4.6 is used. For reversible limit states,
Equation 4.7 is used. For long-term effects, the quasi-permanent combination given in Equation 4.8 is used.

Ed = ∑
j≥1

Gk, j +Qk,1 +
∑
i≥1

ψ0,i ·Qk,i (4.6)

Ed = ∑
j≥1

Gk, j +ψ1,1 ·Qk,1 +
∑
i≥1

ψ2,i ·Qk,i (4.7)

Ed = ∑
j≥1

Gk, j +
∑
i≥1

ψ2,i ·Qk,i (4.8)
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γG = partial factor for permanent actions
γQ = partial factor for variable actions
ψ0 = factor for combination value of a variable action
ξ = reduction factor
Gk = characteristic value of a permanent action
Gk, j = characteristic value of permanent action j
Qk = characteristic value of a single variable action
Qk,1 = characteristic value of the leading variable action 1

Ultimate Limit State The load combinations for Ultimate Limit State are determined for limit states for
static equilibrium, see Equation 4.9 and limit states of failures, see Equations 4.10 and 4.11.

Ed = ∑
j≥1

γG , j ·Gk, j +γQ,1 ·Qk,1 +
∑
i≥1

γQ,i ·ψ0,i ·Qk,i (4.9)

Ed = ∑
j≥1

γG , j ·Gk, j +γQ,1 ·ψ0,1 ·Qk,1 +
∑
i≥1

γQ,i ·ψ0,i ·Qk,i (4.10)

Ed = ∑
j≥1

ξ j ·γG , j ·Gk, j +γQ,1 ·Qk,1 +
∑
i≥1

γQ,i ·ψ0,i ·Qk,i (4.11)

γG = partial factor for permanent actions
γQ = partial factor for variable actions
ψ0 = factor for combination value of a variable action
ξ = reduction factor
Gk = characteristic value of a permanent action
Gk, j = characteristic value of permanent action j
Qk = characteristic value of a single variable action
Qk,1 = characteristic value of the leading variable action 1

Using the equations as given above, the normative load combinations for ULS and SLS are assumed, see
Figure 4.31. For all building elements, two or more load combinations are used for calculation in the tool.
These load combinations are assumed to be normative for the considered building element. It is assumed
that by using these load combinations in the tool, a structurally safe building is created.

Load combinations for ULS and SLS
Load combination Application

ULS1 0.9 · G + 1.5 · Qw i nd Tension in foundation
ULS2 1.2 · G + 1.5 · Qi mposed Beams, Floors
ULS3 1.2 · G + 1.5 · Qw i nd + 1.5 · 0.5 ·αn · Qi mposed Stability system, Core
ULS4 1.2 · G + 1.5 ·αn · Qi mposed Columns, Core
ULS5fire 1.0 · G + 1.0 · 0.2 · Qw i nd + 1.0 · 0.3 · Qi mposed Gravitational system
ULS6fire 1.0 · G + 1.0 · 0.5 · Qi mposed Beams, Floor
ULS7fire 1.0 · G + 1.0 · 0.5 ·αn ·Qi mposed Columns, Core
ULS8fire 1.0 · G + 1.0 · 0.2 · Qw i nd + 1.0 · 0.3 ·αn · Qi mposed Core
SLS1 1.0 · G + 1.0 · Qw i nd + 1.0 · 0.5 · Qi mposed Stability system
SLS2 1.0 · G + 1.0 · Qi mposed Beams, Floors

Figure 4.31: Load combinations for ULS and SLS
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4.6.2. Serviceability Limit State
When a structure satisfies the serviceability limit state, it is ensured the structure is serviceable and performs
its intended function throughout its lifetime. The following calculations are performed to cover the aspects
the structure must satisfy to ensure its serviceability.

• Horizontal deformation

• Vertical deformation

• Acceleration

• Inter-storey drift

The full calculation as defined in the Eurocode are given in Annex A.4.2

4.6.3. Ultimate Limit State
When a structure satisfies the serviceability limit state, it is ensured the structure can withstand all possible
load situations throughout its lifetime. The following calculations are performed to cover the aspects the
structure must satisfy to ensure its structural safety:

• Normal force

• Shear

• Bending moment

• Second order effect

• Global initial sway imperfections

• Buckling

• Robustness

• Internal wind pressure

The full calculation as defined in the Eurocode are given out in Annex A.4.3

4.6.4. Fire safety
Two fire safety strategies are mentioned, see Annex A.4.4

• Exposed fire safety strategy

• Gypsum encapsulated strategy

4.6.5. Scope
The following structural design considerations are out of the scope of this research, and thus not included in
the tool development.

• Torsional and cross-wind acceleration

• Earthquake resistance

• Deflection of the façade

• Wind suction on the façade

• Robustness.
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4.7. Architectural design considerations
4.7.1. Acoustics
The Netherlands does not have sound insulation requirements for offices [121]. However, Sound insulation
requirements for residential buildings are present. There are two main considerations when determining the
acoustic performance of a building: the Sound Transmission Class (STC) and the Impact Insulation Class
(IIC).

Sound Transmission Class The STC concerns how well a partition can absorb the sound waves hitting it on
one side, preventing vibrations on the other side. For residential buildings, NEN 5077 mentions a minimum
characteristic airborne sound level difference of 52 dB [82]. Green (2012) found that with a doubling of the
mass of a partition, the STC will increase by roughly 5 dB [60]. This clearly shows the challenge of sound
insulation for lightweight materials.

Impact Insulation Class The IIS concerns how well a partition can absorb the direct contact or impact on a
floor or wall on one side, preventing vibrations on the other side. NEN 5077 mentions a maximum difference
in sound pressure level for a residential building of 54 dB for wooden floors [82].

Kerto-Ripa insulation Acoustical tests performed by Metsa Wood on Kerto-Ripa floors indicated airborne
sound insulation between 59 and 67 dB, and an impact sound insulation between 47 and 55 dB [105]. For
residential buildings, this airborne sound insulation is sufficient, while the impact sound insulation might
not be sufficient. Thus, the Kerto-Ripa floor elements are dimensioned for each building design in the tool
according to the impact sound insulation requirements.

4.7.2. Storey height
The Dutch Building Code mentions a minimum floor-to-ceiling height of 2.6 meters. For all optimizations, a
floor-to-ceiling height of 3.0 meters is used.

4.7.3. Daylight
The amount of daylight entry in a space within a building is dependent on the floor-to-window area ratio and
the maximal floor depth. The Dutch Building Code states that for an office function the minimum floor-to-
window area ratio is 2.5% with a minimum of 0.5 m2 of window area. However, the Dutch health and safety
regulations for workspaces named the "ARBO", determined that the window area has to be at least 5% of the
floor area. The core in the timber building designs, as generated in the tool, is placed such that the amount
of area close to a window is maximized.
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Development of Multidisciplinary Design

Optimization Tool

5.1. Introduction
Chapter 1 to 3 outlines the design problem, while chapter 4 discusses the theoretical framework of the MDO
tool. Based on this information, the design problem is translated into logic, which is done in this Chapter.
To accomplish this, a relation between the determined parameters must be set. Next, the tool finds a certain
result based on these parameters. In this case this result consists of two optimization objectives: the environ-
mental performance and the economical performance. When the boundaries of the parameters are set, the
design space can be explored. This exploration is done using a Multi-Objective Genetic Algorithm (MOGA).
This MOGA optimizes the building design for the two optimization objectives. So, to accurately develop an
MDO tool, first the design problem must be clearly stated, with all assumptions. Next, based on this design
problem and the theoretical framework the tool can be developed.

5.1.1. Design problem
This tool aims to identify in which design situation timber high-rise can be competitive to a concrete design
alternative, considering the combination of properties for shadow costs and construction costs. The created
designs must satisfy all architectural and structural boundary conditions. So, the structural model and all its
separate building elements must be known thoroughly to be able to translate this logic correctly in the tool.

Structural model Figure 5.1a shows the structural system. This structural system is split into three separate
systems in the structural calculations in the tool. The gravitational system, shown in Figure 5.1b transfers
the gravitational and floor loads. It consists of floor plates, columns, beams, and a core. The floor system is
shown in Figure 5.1c. This floor system transfers the wind loads to the stability system through the floor plates
and the beams. The stability system provides lateral stability to the building using a braced tube system, see
Figure 5.1d. It carries both gravitational and lateral loads. All connections between elements in the braced
tube system are created using steel plate and dowel connections.

To provide maximum daylight in the used spaces and minimize the number of required beams, the tool
is developed such that the core is always placed between two beams in the center of the building. Custom
nodes are used to perform the required structural calculations of the building elements, these calculations
are elaborated on in Annex B. Figure 5.2 shows which calculations are performed per building element. The
floor plates span in one direction. The loads on the floor plates are transferred to the beams, using a screwed
connection. The beams transfer the loads to the core, or the columns using Knapp connectors. Lastly, the
wind forces are transferred through the columns, beams, and diagonals in the façade to the foundation. Steel
plates and dowel connections are used to connect these elements in the stability system.

45
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(a) Structural system.

(b) Gravitational system. (c) Floor system.
(d) Stability system.

Figure 5.1

Figure 5.2: Structural calculations performed in Grasshopper. Full calculations can be found in Annex B.

Building sequence The building sequence influences the structural and economical performance. Below,
a possible scenario for this building sequence is described.

• Using cranes, the CLT plates are hoisted in place. Metal brackets and angle brackets are used for the
connection between CLT plates. Knapp connectors are used to mount the CLT plates to the beams.

• Meanwhile, the columns, diagonals, and beams making up the braced tube system are installed using
steel plate and dowel connections. For the placement of the elements, a crane is used. Using a cherry
picker, the dowels are put into place to complete the connections.

• The inner columns are placed on the columns below, the carpentry connections and screws ensure
the stability of these columns. The Knapp connectors have been connected to the inner beams and
columns in the factory. These beams are connected to the columns and core elements by hoisting and
sliding the Knapp connectors together.

• The top parts of the floor plates are placed on the beams. Subsequently, the floor plates are connected
to floor plates and beams using screws.
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Assumptions

• The load combinations, as specified in Section 4.6.1 are assumed to be normative. It is assumed that
by using these load combinations, a building will be created which satisfies all load combinations. This
is a reasonable assumption since simple calculations indicate these normative load combinations are
never smaller than the non-regarded load combinations in this design problem.

• The CLT core hardly provides any possibility for transfer of horizontal forces. This is the result of the
lack of stiffness in the connections between the CLT plates in the core. So, it is assumed the braced
tube system provides all lateral stability. Horizontal forces are presented on the CLT core, caused by
internal wind loads. The floor system is assumed to transfer wind forces to this stability system through
diaphragm action.

• As mentioned in Section A.4.2, it is expected either an along-wind response, or the cross-wind response
will provide a critical acceleration of the building. So, the torsional response is not included in the
calculations, since this response is not assumed to be normative.

• An additional 10% of deflection is used to account for second-order effects. This is added in the SLS
calculation of the stability system. This 10% is according to the research on second-order effects of
timber high-rise structures as found by Slooten (2018) and Gijzen (2017) [57], [134].

5.1.2. Design choices
• The steel plate length input parameter determines the stiffness and strength of the steel plate and dowel

connections. The calculations performed to determine the stiffness and strength based on the steel
plate length are given in Annex B.1. The stiffness of these connections affects the required strength
of the connections in the braced tube system. To be able to obtain the optimal steel plate and dowel
connections in a building model, the strength and stiffness properties must be determined in an it-
erative process. Such an analysis provides an overly detailed result, which is not required in the con-
ceptual design phase as such an iterative process increases the computational time significantly. So,
it is chosen to not perform this iteration for each building model but to perform this iteration in the
Multi-Objective Genetic Algorithm. This is done by defining a maximum percentage of all connections
which may fail on strength, and a steel plate length for all steel plate and dowel connections. Since only
one universal connection is calculated, a significant part of the connections is over-dimensioned or
under-dimensioned. The defined maximum percentage of all connections which may fail on strength
accounts for this. Accordingly, it is aimed to obtain a structure that is neither over-dimensioned nor
under-dimensioned.

• Except for the corner columns, only square cross sections are used for optimization of the columns and
diagonals in the stability system. This will provide an accurate calculation compared to complete free-
dom in cross section dimensioning. This seems like a reasonable assumption because in Mjøstårnet,
the dimensions of these elements in the stability system are approximately square.

• The Optimize Cross Section component of the Karamba3D plug-in is used to dimension the columns
and diagonals in the stability system. This component is verified in Annex A.6. Although the Optimize
Cross Section component provides accurate results overall, there are two disadvantages regarding us-
ing this tool in timber building design. Firstly, the tool uses the requirements as specified in Eurocode
3 for steel structures for the determination of buckling. Secondly, this component is based on materi-
als for which the compressive and tensile design strength are similar. But, for engineered timber, the
maximum tension design strength of the material is roughly 80% of the maximum compression design
strength in the strong direction. To create a structurally safe structure, the compressive design strength
is set equal to the tensile design strength. This way, the compression design strength is smaller than in
reality, but this conservative assumption might be required since buckling is not accurately regarded.

• In Mjøstårnet, the inner beams and the beams in the façade have similar dimensions. Thus, it is as-
sumed an optimal stability structure can be created by assuming the same dimensions for inner beams
and beams located in the façade.

• The steel plate and dowel connection is dimensioned assuming a straight transfer of forces. However,
some steel plate and dowel connections transfer forces under an angle. The effect of this is not consid-
ered in the tool
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• Three simplifications are made in the structural model. Since the effect of these simplifications is small,
they are regarded as reasonable simplifications. Firstly, the concrete ground floor is not considered in
the tool. Secondly, Kerto-Ripa floor elements are used for the roof structure. Lastly, the uplift forces
caused by wind loads on the floors are not considered.

• For simplification reasons and due to their low impact, the column-foundation and core-foundation
connections are not regarded in the model.

• The core-core connections are included in the construction cost estimation of the CLT elements. For
the shadow cost calculation of these connectors, an estimated 1 kg of steel per m2 of CLT is used.
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5.2. Overview of modelling
Figure 5.3 shows a simplified schematization of the framework, the numbers reference the sections in this
chapter that elaborate on the corresponding part. Figure 5.4 shows a schematization of the framework of the
MDO tool, which follows the layout of the script in Grasshopper. The layout of the script in Grasshopper is
shown in Annex E.3.

• 5.3: The input is determined. Part of this input is set based on the design situation and part of this input
is what the tool optimizes for.

• 5.4: Using this input, and a minor structural calculation, the geometry of the building is obtained. This
geometry indicates the location of building elements and connections.

• 5.5, 5.6, 5.7: The cross section sizes of the elements in the structural system are determined using
custom node calculations and Karamba’s Optimize Cross Section component to determine the mini-
mum required cross sections and connections that fulfil the defined ULS and SLS requirements. Now,
a database with all required timber elements and connections is obtained.

• 5.8, 5.9: Using this database the economical and environmental performance can be determined.

• 5.10: A verification is executed which checks the structural system on acceleration, connection strength,
tension forces in the tension ties and wind friction. If the structural system is within the set constraints
of the verifications, the obtained results for economical and environmental performance are trans-
ferred to the optimization component.

• 5.11: Based on the optimization objectives, the optimization component determines the input of the
next generation of building elements, starting a new loop.

Figure 5.3: Simplified schematization of the framework
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Figure 5.4: Schematization of the framework
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5.3. Input parameters
The model consists of fixed input parameters, design situation dependent input parameters and optimization
parameters. The parameters to optimize for are shown in Figure 5.5. The tool aims to find the optimal values
for these parameters concerning all considered disciplines. The possible quantities per parameter might be
slightly altered based on the design situation. The design situation dependent input consists of a fixed and an
adaptable part, see Figure 5.6b. The fixed part is the direct translation of the design situation. The adaptable
part is the interpretation of the design situation by the operator. For the fixed design situation input some
assumptions are made. One of these assumptions is an additional floor mass of 160 kg /m2. This additional
floor mass consists of:

• 40 mm dry screed: 48 kg /m2

• Installations: 5 kg /m2

• 2 gypsum boards: 15 kg /m2

• Variable load · combination value: 3 · 0.3 = 0.9 kN /m2: 92 kg /m2

When this input is not specified in this research, the assumed values are used. The fixed model input
parameters are summarized in Annex E.1.

Parameters to optimize for
Parameter Unity Quantity
Grid X m Dependent on building dimensions
Grid Y m Dependent on building dimensions
N diagonals X Amount 1 2 3
N diagonals Y Amount 1 2 3
Diagonals X placement - 0 1
Diagonals Y placement - 0 1
length steel plate in steel plate and dowel connection in X Length 600 800 1000 1200 1400
length steel plate in steel plate and dowel connection in Y Length 600 800 1000 1200 1400

Figure 5.5: Parameters to optimize for.

Fixed design situation dependent input
Parameter Unity Assumption
BuildingSizeX m -
BuildingSizeY m -
Minimum required
floor area

m2 -

Floor-to-ceiling height m 3.0
Terrain category - 3
Wind zone - 1
Additional floor height m 0.4
Additional floor mass kg /m2 160
Imposed floor load kN /m2 3
Dead load façade kN /m2 2

(a) Fixed design situation dependent parameters

Adaptable design situation dependent input
Parameter Unity
Maximum percentage of failure of
steel plate and dowel connection

%

Maximum unity check -
Floor type -
Core size ratio %
Carbon sequestration calculation
method

-

(b) Adaptable design situation dependent parameters

Figure 5.6: Design situation dependent input parameters

Figures 5.7 and 5.8 explain the meaning of the input parameters. The exact position of the diagonals in the
façade is dependent on two input parameters: the "N diagonals parameter" and the "Diagonals placement
parameter". The "N diagonals parameter" determines the number of times the diagonal crosses the full width
of the façade back and forth. The "Diagonals placement parameter" determines if the diagonal crosses the
full width of the façade, or if it crosses the façade starting at the second columns up to the second last column.
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Figure 5.7: General input parameters

Figure 5.8: Input parameters of diagonals

In Figure 5.8, the "N diagonals parameter" and the "Diagonals placement parameter" are:

• N diagonals X = 2

• N diagonals Y = 1

• Diagonals X placement = 1

• Diagonals Y placement = 0

Figure 5.9: Input parameters of length of steel plate
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5.4. Building geometry
The building geometry is determined in two steps. First the required total storey height is determined. Using
the obtained storey height and several input parameters, the building geometry is found.

5.4.1. Storey height
The total storey height is found by determining the required thickness of floor elements and beams. To ac-
complish this, two custom components are used. Figure 5.10a shows the placement of floor elements on the
beam.

(a) Placement of floor element on beam [109]. (b) Gravitational loads on beams and columns.

Figure 5.10

So, either the thickness of the floor element or the height of the beam is normative in determination of
the floor thickness.

1. Determination of floor thickness. The required thickness of the Kerto-Ripa floor elements are deter-
mined by calculating the required thickness to satisfy the deflection, bending moment and human-
induced vibration requirements, see Annex B.3. The used design guidelines for determination of the
human-induced vibration are given in Annex B.3.1. For this calculation, the European standard EN
1995-1-1 combined with the Dutch national annex [74] will not provide an accurate result. So, the cal-
culations are based on two alternative guidelines that provide more accurate calculations: the Austrian
standard Önorm B 1995-1-1 [71], and the HIVOSS design guidelines for calculation of floor vibrations
[67]. This calculation will provide the minimal required height of the ribs of the kerto-ripa plate that
satisfy both the Austrian standard Önorm B 1995-1-1 and the HIVOSS design guidelines for calculation
of floor vibrations, see Figure 5.11.

Figure 5.11: Determination of height of floor element.
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2. Determination of unprotected beam dimensions. Using the found live and dead loads and the grid
sizes in X- and Y-direction, the beam dimensions are be determined, see Figure 5.10b. This calculation
is elaborated in Annex B.4. The beams are not fire protected and have the same dimensions. The
bending moment and shear resistance are determined in a standard and in a fire situation. Furthermore
the deformation is determined. This is done according to NEN-EN 1995-1-1 [74].

Now that the height of the floor elements and the height of the beam is found, the storey height can be
determined, see Equation 5.1.

Storey height = max(Height floor element, Height beam)+Additional floor height+Free floor height (5.1)

Storey height = total height of a single storey in the building.
Additional floor height = additional height of the floor as a result of gypsum plates, structural screed and installations.
Free floor height = desired height between floor and ceiling.

5.4.2. Geometry
The building geometry consists of the dimensioning of the building and the positioning of the structural
elements in the building.

Dimensions of building
The height, width, and length dimension of the building depends on the total storey height, minimum re-
quired floor area, and building size in X- and Y-direction. The amount of floors is calculated using Equation
5.2, see Figure 5.12. The roof is not included in the N f loor s - parameter.

Actual created floor area = SX ·SY ·N f loor s ≥ Minimum required floor area (5.2)

SX = building size in X-direction in m. Where SX = (NX −1) ·Gr i dX

NX = amount of columns in X-direction
Gr i dX = grid size in X-direction
SY = building size in Y-direction in m. Where SY = (NY −1) ·Gr i dY

NY = amount of columns in Y-direction
Gr i dY = grid size in Y-direction

Figure 5.12: Determination of the building geometry.
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Positioning of elements
The building geometry also determines the position of the following structural elements.

1. Determination of position of columns and beams The position of all columns and beams is deter-
mined based on the grid sizes and amount of columns in X- and Y-direction.

2. Determination of position of core To provide maximum daylight in the used spaces and minimize the
number of required beams, the tool is created such that the core is always placed between two beams in
the center of the building. Figure 5.13 shows a top view of the position of the core for all combinations
of even and uneven number of columns in X- and Y-direction.

Figure 5.13: Position of core for various building layouts.

3. Determination of position of diagonals in façade The exact position of the diagonals in the façade
is dependent on two input parameters: the "N diagonals parameter" and the "Diagonals placement
parameter". The "N diagonals parameter" determines the amount of times the diagonal crosses the full
width of the façade back and forth. The "Diagonals placement parameter" determines if the diagonal
crosses the full width of the façade, or if it crosses the façade starting at the second columns up to the
second last column. Together these two parameters determine the diagonal layout.

5.5. Gravitational system
Using the input parameters,the building geometry, and the load combinations for ULS and SLS as defined in
Section 4.6.1, the gravitational system can be dimensioned. To accomplish this, the following steps are taken.

1. Determining required core-beam connections The connection between the core and beams is real-
ized using Knapp connectors. By calculating the forces acting on the beams, the required Knapp con-
nector is found, this process is elaborated in Annex B.2. In the determination of the required Knapp
connector, only the 150 mm wide Knapp connectors are analysed.

2. Determining core dimensions and thickness. The core dimensions are determined using the formu-
las given in Section 4.4.6. Next, the thickness of the CLT core elements is determined. To accomplish
this, the compression and buckling resistance is determined in a standard and in a fire situation. Fur-
thermore, the local compression stress at the support location, and the required thickness to insert
the screws is checked. Since the required Knapp connector is found, the compression forces in the
supports can be determined. The full calculation of the core thickness is clarified in Annex B.7.

3. Determining initial sway imperfections. This is done according to NEN-EN 1993-1-1 [83], see Formula
A.53. The initial sway imperfections will provide additional horizontal forces on the structure. These
horizontal forces are multiplied with the height of a column, to find the bending moment which will
act on the columns. It is assumed the effect of these bending moments on the columns in the stabil-
ity system is negligible. So, these bending moments are only applied to the calculations of the inner
columns.

4. Determining unprotected inner column dimensions. Using the found live loads and dead loads, see
Figure 5.10b, and the bending moment created by the initial sway imperfections, the column dimen-
sions can be determined. The calculations implemented in the tool are elaborated on in Annex B.5.
The columns are not fire protected. Since the loads acting on a column differs over the height of the
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building, the columns are divided into four groups. The normative column sizes for each group is deter-
mined. To accomplish this, the compression, bending moment and buckling resistance are determined
in a standard and in a fire situation. This is done according to NEN-EN 1995-1-1 [74].

5. Determining required column-beam connections. The connection between the columns and beams
is realized using Knapp connectors. By calculating the forces acting on the beams, the required Knapp
connector is found, see Annex B.2.

6. Determining required column-column connections. The column-column connection is realized us-
ing a carpentry connection and screws, similar to the columns in the 25 King reference project, see
Figure A.7c. An average of 24 screws per column-column connection is assumed to ensure a safe con-
nection.

To execute these calculations, the "GHPython Script" component is used. This custom node is created
using python code. The output of these calculations consists of a list of cross section sizes and a number of
required connections. The custom node calculations are fully explained in Annex B.

5.6. Floor system
The wind loads on the model are calculated according to NEN-EN 1991-1-4 [73]. These calculations are elab-
orated in Annex B.3.2. The floor system transfers these wind loads to the lateral stability system in the façade,
see Figure 5.14.

For the transfer of forces in the floor system, the gravitational forces have no effect. So, 1.5 · Qwi nd is
assumed to indicate the normative load combination.

(a) Wind force in X-direction.
(b) Wind force in Y-direction.

Figure 5.14

Now the floor system can be dimensioned. This consists of four steps, which are performed by creating
custom nodes.

1. Determining the wind load on the building in X and Y direction. This is done according to NEN-EN
1991-1-4 [73]. The evenly distributed load on the façade of the building is obtained.

2. Determining the required amount of floor plates. Kerto-Ripa plates are produced with a 1.8 and 2.4
meter width. The grid is sized such that it can always be covered using these two plate types. For
simplicity reasons, it is assumed that all floor area’s can be covered using 2.4 meter wide floor plates
only.
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3. Determining the force in the tension ties and the shear between floor plates. Using the wind force in
X and Y direction and the floor layout, these forces can be calculated. If the beams are able to transfer
these tension forces is determined in the post optimization verification, see Section 5.10

4. Determining the amount of required screws between floor plates. Using the found shear forces be-
tween floor plates, the amount of required screws can be calculated. The full calculation is found in
Annex B.3.2.

5.7. Stability system
Lastly, the required elements in the stability system are calculated using the Karamba3D plug-in. The Karamba3D
Optimize Cross Section component is used for cross section optimization of the stability system. This compo-
nent provides a rapid evaluation of optimal cross sections in the structure. This accuracy of this optimization
is analysed using hand calculations. Based on this analysis it was concluded that the Optimize Cross Section
component works excellent for implementation in the conceptual design phase, see Annex A.6.1.

A wind force perpendicular to the façade is assumed to give the normative design situation. Since the
structure is not symmetrical in X-direction nor Y-direction, four wind directions can result in the normative
design situation. For these four wind directions, the stability system is checked on both SLS and ULS, see
Section 4.6.1. In the SLS calculation, the maximum horizontal deformation of h

825 is used, see Annex A.4.3. In
the ULS calculation, all elements are checked on bending moment, shear force, normal force and bending.
The Karamba3D plug-in requires the following input:

• Loads Gravitational loads and wind loads in X- and Y-direction are used. Figure 5.15 depicts the area
on which the floor loads and façade loads are summed to find the gravitational loads.

• Elements Here, the beams, columns, and diagonals are grouped. The cross sections of the columns
and diagonals are optimized. The cross sections of the beams in the stability system are set according
to the beam cross sections as found in the calculations of the gravitational system.

• Stiffness of connections Here, the translational and rotational stiffness of the steel plate and dowels
connection are used. The used calculations to obtain the translational and rotational stiffness of the
steel plate and dowel connection is elaborated on in Annex A.3.1.

• Material Concerning the material, CLT made using C24 lamellas and glulam GL30c are used. The used
properties of these materials are found in Appendix E.1.

• Cross sections Here, a list of available cross sections for which the stability system is optimized is given.

• Supports For all supports, fixed supports are assumed in the tool.

Figure 5.15: Gravitational facade loads.

Figure 5.16 shows the set-up of a model in Karamba3D including the loads, elements, stiffnes of connec-
tions, material and supports. Furthermore the figure shows the obtained structure including the cross section
sizes for these two load situation.
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(a) (b)

Figure 5.16: Stability system calculation

5.7.1. Grouping of members
In structural design, it is preferred to use as much identical cross sections as possible since costs of elements
are reduced when ordered in bulk. Furthermore, the design of connections is a repetitive process for identi-
cal cross sections which reduces costs. However, grouping of elements will result in the over-dimensioning
of elements, which results in increasing costs. So, for the grouping of elements a balance between these as-
pects must be found. The over-dimensioning of elements must be minimized, while the advantage of having
identical cross sections is still present.

The grouping of elements is done based on two observations:

1. The geometry of the structure results in large forces and moments in the corner columns (referred to
as the outer columns) under wind loads. So, the outer columns are grouped and the inner columns are
grouped.

2. Because of the increasing moment due to wind force and the higher gravitational loads, the columns
positioned at a lower level in the building require a bigger cross section compared to columns at a
higher level.

Four calculations for the grouping of members are performed using Mjøstårnet as a case study, see Figures
5.17 and 5.18. Mjøstårnet is modelled using the input as defined in Annex E.2. There are inner, and outer
columns, beams and diagonals which can be grouped in four sub-groups or be analysed as a whole group.
In option 1, all elements are analysed as a whole group. In option 2, the inner and outer columns are both
grouped into a sub-group, while the diagonals and beams are analysed as a whole group. In option 3, the inner
and outer columns and the diagonals are grouped into a sub-group and the beams are analysed as a whole
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group. In option 4, all elements are optimized individually. According to Figure 5.18, the amount of required
timber is more than halved for option 4, compared to option 1.Meanwhile, the total amount of different
glulam cross sections more than doubles, from seven to sixteen different cross sections. An optimal balance
for grouping of elements is found between these two extremes. Option 3, the inner and outer columns and
the diagonals are grouped into a sub-group results a reduction of 59% of total volume of timber required
compared to option 1. Furthermore, it requires 11 different glulam cross sections. It is concluded that option
3 is the most favourable approach for grouping of elements and will be used in the developed tool.

(a) Option 1 (b) Option 4

Figure 5.17: Two analysed options for grouping of elements.

Implementation timber types
Option 1 Option 2 Option 3 Option 4

Amount of groups 4 10 13 All
Columns grouped X X All individual
Diagonals grouped X All individual
Volume of diagonals and inner columns in facades in
X-direction [m3]

206.9 183.0 144.3 125.4

Volume of diagonals and inner columns in facades in
Y-direction [m3]

540.8 340.4 316.9 242.4

Volume of corner columns in facade in X-direction [m3] 234.1 115.6 121.6 107.0
Total volume [m3] 981.8 639.0 582.9 474.8
Percentage compared to 4 Groups of elements 100 65 59 48
Amount of different glulam elements 7 10 11 16

Figure 5.18: Effect of grouping of members on total volume of timber based on Mjøstårnet geometry.
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Figure 5.19 shows the result for this approach to the grouping of members. The cross section of the beams
are dimensioned according to the beam cross sections as found in the calculations of the gravitational system.

(a) Visualization of element groups. (b) Element groups and color indicator

Figure 5.19: Visualization of grouping of elements
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5.8. Economical performance
For the determination of the economical performance, the MAMO (Materiaal, Arbied, Materieel, Onderaan-
neming) rules for budgeting were recommended by Frehe, a cost expert at Arcadis, during an interview in
2021 [53]. According to these rules, the direct and indirect costs can be divided into four groups:

1. Materials

2. Labor

3. Equipment

4. Subcontracting

In this design problem, there are no subcontracting costs. Following these rules, the economical performance
of the timber elements and connections is determined separately and subsequently summed to find the total
economical performance of the building design. All cost estimations have been discussed with Frehe during
unstructured interviews [53].

Timber elements

• Materials For all timber elements, the dimensions are known. Based on these dimensions, the costs
of the materials are estimated. Based on an interview with Heko Spanten, CLT elements are estimated
to cost 1000 €/m3 including connections [141]. The costs for various glulam elements are based on an
interview conducted with de Groot Vroomshop and are mentioned in Annex C.2.1 [160]. The assumed
costs for Kerto-Ripa floor plates with different thicknesses are determined using an Arcadis datasheet
that provides the production costs. These calculations are given in Annex C.2.1.

• Labor The labor required for the installation of an element differs. Floor panels require five labor hours,
CLT panels require four labor hours, and columns and beams require two labor hours for installation.
An hourly wage of €44 is assumed, as mentioned by the "Bouwen met Staal" organization [116]. The
glulam elements must be prepared for connection. Sawing is required for installation of the steel plates.

• Equipment Every element is assumed to require 15 minute of crane usage. A crane with a capacity of
30 tons is estimated to cost €200 per hour. For the floor elements, concrete pumps are required for the
structural screed.

Connections

• Material To determine the material costs, the total amount of required steel in the steel plate and dowel
connections is multiplied by the steel price. These material costs are multiplied by 2.5 to account for
the costs for glue, fire strips, and preparation of the steel (cutting, drilling). For the Knapp connectors,
the prices specified on the Knapp website are used, see Annex B.2. [5]. For the screws, a price of 10
cents per screw is assumed. Installation of a Knapp connector is assumed to require 1 labor hour.

• Labor The indirect costs are determined by estimating the required time for manufacturing and instal-
lation of the connection. Then, this time is multiplied with the estimated hourly wage. The preparation
of the steel plates requires one labor hour. Furthermore, the installation of the steel plates, requires an-
other labor hour per connection. Per dowel, 108 seconds are required for installation. This is according
to the estimates by Johnsson (2001) [89]. The installation of a screw is estimated to require 36 seconds
[89]. Lastly, the installation of a Knapp connector is estimated to require one hour. Again, an hourly
wage of €44 is assumed [116].

• Equipment Using the Knapp connectors, a connection is made by sliding both parts of the connection
into eachother. This comes with the benefit that the connectors can be installed in the factory. So no
hoisting is required. Also for the screwed connections in the columns and floor elements, no hoisting
is required. For the steel plates and dowel connections, a cherry picker is required for installation, see
Figure A.12b

Annex C.2.2 provides an example of the budgeting as performed in the tool following the MAMO rules. A
worked-out calculation for Mjøstårnet is shown in Figure 5.24.
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5.9. Environmental performance
Figure 5.20 shows the determination of the environmental performance. The database containing all re-
quired timber elements and connections is the input of this calculation. The environmental performance
of the timber elements and connections is determined separately and subsequently summed in order to ob-
tain the total environmental performance. As is explained in Section 4.5.3, which provided Equation 8.1 for
calculation of the environmental performance.

Environmental Performance =
n∑

i=1
Quantity of building element ·EPD data of building element ·MKI (5.3)

Figure 5.20: Determination of environmental performance.

Timber elements A database is created containing the Environmental Product Declarations (EPD) of all
timber elements. These EPD’s contain the impact of the product regarding eleven impact categories. Next,
these impact categories are multiplied with the Environmental Costs Indicators (MKI). The sum of the found
result is the total shadow cost of the building. Which is the environmental performance of the building.

Connections To determine the environmental impact of the connections, the amount of steel in the con-
nection is determined. For this steel, the environmental impact regarding the eleven impact categories is
found. The found environmental impact is multiplied with a factor to account for the fire strips or glue de-
pending on the considered connection.

Carbon sequestration An interesting point for discussion is the assessment of the carbon sequestration in
the determination of the environmental impact. Three different assessment methods for the consideration
of carbon sequestration on the environmental performance are evaluated in this research, these methods are
elaborated on in Section 4.5.3.
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5.10. Post optimization verification
After calculation, each building design is verified based on four verification criteria.

• Acceleration limits The acceleration limits check is performed according to Section A.4.2.

• Tension forces in beams The beams work as tension ties in the transfer of wind forces to the stability
system in the façade. The unity check is calculated for these tension forces in the beams.

• Assumption of wind friction neglection. As mentioned in Section A.4.1, the wind friction can be ne-
glected if the total area of all surfaces parallel to the wind force direction is smaller than four times the
total area of all surfaces perpendicular to the wind force direction. This gives the following Equation,
see Figure 5.21.

d ≤ 400b

100+b
(5.4)

Figure 5.21: Wind Friction.

• Steel plate and dowel connection strength In both X- and Y-direction, only one universal steel plate
and dowel connection is created, see the first bullet point in Section 5.1.2. This verification determines
if the percentage of steel plate and dowel connections which fail on strength is smaller than the maxi-
mum percentage of failure of steel plate and dowel connection.
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5.11. Multidisciplinary Design Optimization
The Octopus plug-in is used to perform the multi-objective optimization. This plug-in is able to perform an
optimization for multiple objective functions, producing trade-off solutions between the extremes of these
objectives. The user interface is based on Galapagos, creating a user-friendly plug-in.

The Octopus plug-in requires genes and objectives. These genes are the input parameters for which the
model is optimized, see Section 5.3. The objectives contain the optimization objectives, see Section 5.8 and
5.9.

Furthermore, Octopus provides the possibility for hard constraints by choosing a boolean value as one of
the objectives. This provides the possibility to exclude all models which do not fulfil the verification checks
as mentioned in Section 5.10.

The multi-objective genetic algorithm in the Octopus tool is a mix of two algorithms SPEA-2 and HypE
from ETH Zürich [158]. SPEA-2 was proposed by Zitzler et al in 2001. It is the successor of SPEA (Strength
Pareto Evolutionary Algorithm). SPEA applies the elitism principles. It guarantees a handful of most fit indi-
viduals to be placed in the next generation. SPEA follows five steps in each cycle [171]:

1. Update operation In this step, All non-dominated individuals are copied to an archive while all domi-
nated members of the population are removed from this archive.

2. Deleting elements from archive Optionally, when the size of the archive surpasses a set limit, a clus-
tering technique is performed to delete individuals which do not contain characteristics of the non-
dominated front.

3. Assigning fitness values Next, fitness values are assigned to the population members and the archive
in the following manner:

• For each individual in the archive the strength value is determined. This strength value or fitness
depends on the number of population members which are dominated by the considered individ-
ual.

• A fitness value is determined for each individual in the population by summing all strength values
of the archive members which dominate the considered individual, adding one to the end.

4. Mating selection phase Using binary tournaments, individuals from the population and archive are
selected. Individuals from the archive have a greater chance to be selected than individuals from the
population. The selected individuals produce an offspring population.

5. Replacement of population in this step, the offspring population replaces the old population.

Since SPEA shows several weaknesses, an improved version was made: SPEA-2.
HypE is a hypervolume estimation algorithm which was created by Bade and Zitzler in 2008. This algo-

rithm is able to measure the set quality of a Pareto set approximation. Compared to other Multi-Objective
Genetic Algorithms, the HypE is considered highly effective for multi-objective problems [18].
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5.12. Tool verification
The tool is verified by analysing the comparison between Mjøstårnet and a modelled version of this building
which was created using the developed tool. For this modelled version, the input is chosen similarly to the
actual building. This used input is summed in Annex E.2. The structural system of the actual building and of
the modelled building are shown in Figure 5.22, which show a clear resemblance.

(a) Structural system of Mjøstårnet [8].
(b) Model of Mjøstårnet created using the tool

Figure 5.22: Mjøstårnet

There are three main differences between the modelled building and the actual building.

• Different positioning of the core Since the core does not provide lateral stability, this is assumed to
only create a significant difference in daylight entrance of the building.

• Mjøstårnet contains seven concrete floors and an architectural top. In Mjøstårnet, floors 12 to 18
are constructed using 300 mm thick concrete, cast in place. To account for the concrete floors, an
additional load is added to the gravitational loads. According to the model, the selfweight of the Kerto-
Ripa floor is 2.28 kN /m2. The selfweight for a 300 mm thick concrete floor is 23.5 kN /m3 · 0.3 m = 7.05
kN /m2. So, an extra dead load of 7.05-2.28 = 4.77 kN /m2 is acting on floors 12 to 18. So, an additional
load of 4.77 · 7 · 18 · 36 = 21636 kN is added in the calculations.

• The architectural top is not modelled. So, the wind force calculation is based on a 72 meter tall build-
ing. To account for the weight of the architectural top, it is assumed it consists of roughly 250 m of
300x300 glulam elements. The mean selfweight of a glulam element is 480 kg /m3 = 4.7 kN /m3. So, the
total selfweight of the architectural top is 4.7 kN /m3 ·250 ·0.3 ·0.3 = 105.75 kN.
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So, the addition of a load of 21636 + 105.75 = 21742 kN on the building accounts for these differences in
loads. Using this modelled building, a verification is performed. This verification consists of three parts. The
structural, economical, and environmental verification.

5.12.1. Structural
For the structural verifications, several comparisons are made. Figure 5.23 shows eleven properties for which
the results obtained using the model created in the tool are compared with the found values for Mjøstårnet.
These found values consist of the values mentioned for Mjøstårnet by Abrahamsen (2017), Madsen (2019),
and Tupenaite (2019) [8], [97], [145]. The accuracy is expressed in a percentage in which the obtained results
and given values differ. For the cross section dimensions, the total area of the cross section is used to calculate
the difference.

Structural comparison model and Mjøstårnet
Property Mjøstårnet model Normative load

combination
Difference [%]

Maximum tension force [kN] 5500 5463 ULS1 1
Maximum compression force [kN] 11.500 12.152 ULS3 5
Beam dimensions under timber
floor

395x585 383x574 ULS2, ULS6fire,
SLS2

5

Column dimensions 625x630 658x658 ULS4, ULS7fire 9
Corner column dimensions 625x1485 750x1100 ULS3, SLS1 13
Facade column dimensions 728x810 850x850 ULS3, SLS1 18
Diagonal dimensions 625x900 750x750 ULS3, SLS1 0
Amount of steel [kg] 106916 102031 - 2
Amount of glulam [m3] 1329 1358 - 2
Amount of CLT [m2] 5069 4604 - 10
Amount of total timber [m3/m2] 0.250 0.261 - 4

Figure 5.23: Structural comparison model and Mjøstårnet

Furthermore, two other verifications are performed:

• Acceleration check: with the damping coefficient of 0.019 as reported by Abrahamsen (2017), the build-
ing satisfies the acceleration limits for an office building [8].

• 33.3 % of steel plate and dowel connections fail on compression. The tool only creates one average steel
plate and dowel connection in X- and Y-direction, see the first bullet point in Section 5.1.2. Thus, it is
expected that a certain percentage of connections will be overdimensioned and underdimensioned. An
underdimensioning of 33% of all connections, and thus an overdimensioning of 67 % of all connections
is a reasonable result.

Based on these verifications and the accuracy as found in Figure 5.23, it can be concluded that the model
simulates the actual building as accurately as required in the conceptual design phase.

5.12.2. Economical
Tupenaite (2019) reported a total costs of Mjøstårnet of 4087 €/m2. The Gross Floor Area (GFA) of Mjøstårnet
is 37 ·17 ·18 = 11322 m2. So, the total investment cost of Mjøstårnet is €46.3 million [145]. Figure 4.27 shows
58% of the investment costs consist of construction costs. Furthermore, Van Oss (2007) reports the structural
system averagely amounts to 15.6% of the total construction costs in 74 meter high concrete and steel high-
rise [154]. This percentage is used for estimation of the costs for timber high-rise. So, the construction costs
for the timber structural system are expected to be roughly €46.3 million. · 58% · 15.6% = €4.19 million. Lastly,
timber is reported to costs 5-10% more than concrete. So, the construction costs for the timber structural
system for Mjøstårnet are expected to be between €4.4 and €4.61 million.
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Figure 5.24: MAMO calculation of Mjøstårnet model.
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According to the MAMO calculation, the total construction costs of the structural system in Mjøstårnet is
€4.53 million, see Figure 5.24. This result is in line with expectations, as the construction costs of the timber
structural system is estimated to cost between €4.4 and €4.6 million. Furthermore, the construction costs of
the structural system amount to £4.53mi l l i on

£46.3mi l l i on = 9.8% of the total investment costs.

5.12.3. Environmental
Madsen et al. (2019) performed an LCA analysis regarding the environmental impact of Mjøstårnet citemad-
sen2019miljovurdering. Figure 5.25 shows three properties for which the results obtained using the model
created in the tool are compared with the found values by Madsen et al. for Mjøstårnet. The accuracy is
expressed in a percentage in which the obtained results and given values differ.

Environmental comparison model and Mjøstårnet
Property Mjøstårnet model Difference [%]
tonnes of CO2 emissions excluding carbon sequestration 3393.8 3412.5 0
GWP including carbon sequestration [10−6 kg CO2 eq] -1.83 -1.476 24
ODP [kg CFK-11 eq] 0.0333 0.02582 29

Figure 5.25: Environmental comparison model and Mjøstårnet

*GWP and ODP both are environmental costs indicators (MKI’s) GWP considers the Global Warming Potential. ODP concerns the

Stratospheric Ozone Depletion Potential.

Since an LCA analysis and chosen EPD values are based on a lot of assumptions, a deviation in results is
anticipated. Thus, the comparison above shows that the order size of the performance calculation is within
reasonable boundaries.
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Case Studies

In this chapter, the tool is analysed and tested through two case-studies. This will provide insight in both
the tool and timber high-rise. Both case-studies are concrete buildings, for which the tool aims to find com-
petitive timber alternatives, considering the construction costs and shadow costs. First, the case studies are
introduced and the methodology for finding competitive timber building designs is elaborated, in Section 6.1.
To gain more insight, the genetic algorithm, the stability system and the timber high-rise is analysed in Sec-
tions 6.2, 6.3 and 6.4 respectively. These analysis are done to gain more insights regarding improvements of
the performance of timber buildings. Finally, using all data gathered in this analysis, in Section 6.5 a thorough
analysis is done where for both concrete case-studies, timber building design alternatives are created.

6.1. Introduction
6.1.1. Case studies
The case-studies are based on a current Arcadis project where several high-rise office buildings are created
above and next to the Amsterdam Sloterdijk train tracks, see Figure 6.1. A concrete core is used as the stability
system. One of these buildings is 28.8 meters long and wide and 60 meters high. This high-rise building is
referred in this research as "The Square", referring to its square floor plan.

Figure 6.1: Visualisation of the high-rise buildings above the traintracks [Courtesy of Arcadis].

The second design situation which is analysed is based on the high-rise building referred to as "The Rect-
angle". This building has a length of 43.2 meter, a width of 21.6 meters and a height of 50 meters. The design
is based on the design of "The Square". With the knowledge of Tom Borst, a senior structural engineer work-
ing at Arcadis, a realistic building design was created. For both buildings, the construction costs are based on
the calculation as performed by cost-experts from Arcadis. The shadow costs are calculated using MPG calc
1.2 [3]. The construction cost calculations are expanded on in Annex D.1. The shadow costs calculations are
elaborated on in Annex D.2.

69
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Figure 6.2 provides additional information regarding the concrete buildings.

Properties of The Square and The Rectangle* **
Property The Square The Rectangle
Dimensions 28.8x28.8x60 21.6x43.2x50
Gross floor area [m2] 12442 12131
Nett floor area [m2] 10575 10311
Construction costs including foundation [million €] 4.05 3.92
Construction costs excluding foundation [million €] 3.47 3.28
Construction costs excluding foundation per GFA [€/m2] 278.9 270.4
Shadow costs including foundation [€] 143.654 139.837
Shadow costs excluding foundation [€] 120.123 114.693
Shadow costs excluding foundation per GFA [€/m2] 9.7 9.5

Figure 6.2: Properties of concrete case studies.

*The ground floor is considered as part of the foundation in both the calculation of the concrete and timber buildings. **The

construction and shadow costs only concern the structural system.

The construction of a timber building might be extra beneficial in this design situation because of the low
self-weight. When building above traintracks, as presented by this case-study, the foundation becomes ex-
pensive, since loads have to be transferred to the foundation which can not be positioned below the buildings
where the traintracks are situated. Therefore, a lighter building has a big impact on decreasing of construc-
tion costs for the foundation. However, a critical note must be made regarding the vibration caused by the
trains as this can provide issues regarding the acceleration of a timber building. Therefore, it is chosen to
focus on the buildings which are not positioned above the traintracks.

Timber building designs
The developed tool generates timber building designs based on the concrete case study buildings. In this
research, Building A3 represents ’The Square’ and Building B3 represents "The Rectangle". The dimension of
the floor plan and the amount of floors is set for the building designs. One of the parameters for which the
timber building design is optimized concerns the grid size in X- and Y-direction.

In the 25King reference project, a 6 by 8 meter grid was implemented [85]. Metsa Wood mentioned in 2012
that a clear span of up to 9 meters is feasible using Kerto-Ripa floor panels [107]. To get the most information
out of the tool, a wide range of possible grid sizes is set, ranging from 4.32 meters to 9.6 meters, see Figure
6.27.

Possible case study grid sizes
Building A3 [28.8x28.8] Building B3 [43.2x21.6]

Grid X[m] NColumnsX Grid Y[m] NColumnsY Grid X[m] NColumnsX Grid Y[m] NColumnsY
4.8 7 4.8 7 4.32 11 4.32 6
5.76 6 5.76 6 4.8 10 5.4 5
7.2 5 7.2 5 5.4 9 7.2 4
9.6 4 9.6 4 7.2 7 X X
X X X X 8.64 6 X X

Figure 6.3: Grid sizes Building A3 and B3.

Additionally, the timber building designs are created and optimized based on the materials, connections,
stability system, floor elements, structural and architectural restrictions as discussed in Chapter 4.

Input parameters which are used in the tool and influence the timber design are summed in Annex E.1.
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6.1.2. Tool guideline
The developed tool generates timber building designs and use a genetic algorithm to obtain the most com-
petitive timber building design compared to the concrete case study buildings. A more exact description of
this process can be described in five steps:

1. The design situation dependent parameters in the tool are set such that they match the considered
design situation. These parameters can be split in a fixed and an adaptable part. The fixed part is the
direct translation of the design situation. The adaptable part is the interpretation of the design situation
by the operator. For the two case studies, The design situation dependent parameters used for the two
case studies are depicted in Figure 6.4b.

Fixed design situation dependent parameters
Parameter Unity
Building dimension in X-direction [m] X
Building dimension in Y-direction [m] X
Minimum required floor area [m2] 12000
Floor-to-ceiling height [m] 3
Terrain category 3
Wind zone 1
Additional floor height [m] 0.4
Additional floor mass [kg /m2] 160
Imposed floor load [kN /m2] 3
Dead load facade [kN /m2] 2

(a) Fixed design situation dependent parameters

Adaptable design situation dependent parameters
Parameter Unity
Maximum unity check 1.0
Maximum percentage of failure of steel
plate and dowel connection [%]

0.333

Floor type Box floor
Core size ratio [%] 0.15

(b) Adaptable design situation dependent parameters

Figure 6.4: Design situation dependent parameters

2. The possible grid sizes are defined in the Grasshopper script.

3. The input values regarding the genetic algorithm in the Octopus plugin are defined.

4. The optimization is run in Octopus.

5. When the optimization is completed, the Pareto front is obtained. Using this Pareto front, and the
data from the concrete building, it can be decided whether a timber building can be a competitive
alternative. Based on this result, it is determined if a timber building alternative is considered in the
following design stages.
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6.1.3. Methodology
The methodology of this research can be divided into four steps, where steps 1 to 3 gather information and
step 4 implements this information in an optimization for the case studies. This last step provides results
which answer the main research question.

1. In Section 6.2 the genetic algorithm is analysed. Here, the effect of input values in the genetic algorithm
on the computational time and on the accuracy of the results is analysed.

2. The stability system and the effect of its input is analysed in Section 6.3.

3. The timber buildings are analysed in Section 6.4. This is done by optimizing several timber building
designs with a different amount of floors and thus a different building height. Next, the effect of several
set building heights on the timber buildings is studied. This effect is analysed by considering unity
checks, comparing to reference projects, comparing to the two concrete case-studies and by checking
the effects of the individual building elements.

4. Using all data gathered in this analysis, in Section 6.5 a thorough analysis is done comparing the con-
crete case study buildings and the timber alternatives.

This full methodology is depicted in Figure 6.5.

Figure 6.5: Methodology

In the last step of the methodology, the optimization as defined in the tool guideline, see Section 6.1.2, is
performed for both case studies using three carbon sequestration calculation methods.
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6.2. Genetic Algorithm analysis
6.2.1. Computational time and accuracy
Input parameters The Octopus plug-in is used to perform the multi-objective optimization. The mech-
anism of this tool is explained in Section 5.11. Several input values can be altered in the Multi-Objective
Genetic Algorithm in the Octopus plugin. In this research, only the population and generation size are eval-
uated. The other input values are set as defined below in all optimizations in the research:

• Elitism: 0.5

• Mutation probability: 0.4

• Mutation rate: 0.9

• Crossover rate: 0.8

• Reduction: SPEA-2

• Mutation: HypE

When using a multi-objective genetic algorithm, there is a choice regarding the trade-off between compu-
tational time and accuracy of the results. A longer computational time implies more results are analysed, thus
increasing the accuracy of the obtained results. This accuracy can be measured by defining the amount of re-
sults which are Pareto optimal. In this research, this trade-off between computational time and accuracy of
the results is analysed by evaluating the population and generation size. This is regarded as a suitable assess-
ment method since the amount of evaluated verified building equals the population size times the generation
size.

The theoretical design space can be found by multiplying the number of possible input values per param-
eter. For building A3, the theoretical design space is:

4 ·4 ·3 ·3 ·2 ·2 ·5 ·5 = 14400 building designs (6.1)

For building B3, the theoretical design space is:

5 ·3 ·3 ·3 ·2 ·2 ·5 ·5 = 13500 building designs (6.2)

However, this number includes all building designs, the actual design space is considerably smaller depend-
ing on the design situation since buildings may not pass the verification requirements.

Analysis Building B3, with carbon sequestration calculation method 3, is used to determine the effect of
population and generation size. This design situation is chosen since it results in a multitude of Pareto opti-
mal points. An average evaluation time of 1.22 seconds per timber building design is found for the analysed
design situation using a computer with a 2.4 GHz processor.

(a) Pareto front for first generation with population size 120 (b) All results for generation 120 with population size 120

Figure 6.6

First, the Pareto front is obtained by evaluating all 14400 buildings. This requires a population and genera-
tion size of 120, see Figure 6.6b. Figure 6.6a shows the results of the 1st generation. From the first 120 random
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generated individuals, one result which is Pareto optimal is found, so it is clear that the genetic algorithm
moves closer to the Pareto front every generation.

In theory, the Pareto front contains an infinite amount of Pareto optimal points. However, due to the dis-
crete and finite amount of input parameters in this tool, a finite amount of Pareto optimal points is found. It
is assumed that Figure 6.6b shows all Pareto optimal building designs. So, for Building B3 and carbon seques-
tration calculation method 3, there are 24 Pareto optimal points. Based on this assumption, the accuracy of
evaluations with smaller population and generation sizes can be evaluated. On average, every 1.22 seconds,
a building design which meets the verification requirements is evaluated for this design situation.

(a) (b)

(c) (d)

(e) (f)

Figure 6.7: Found Pareto front for various generation and population sizes.

Figure 6.7 visualizes the obtained Pareto fronts for varying population and generation sizes. For every
analysed population and generation size, the computational time is obtained, and the amount of Pareto op-
timal building designs is calculated. These results are summarized in Figure 6.8.
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Accuracy vs. computational time
G20P20 G30P30 G40P40 G50P50 G60P60 G70P70

Generation size 20 30 40 50 60 70
Population size 20 30 40 50 60 70
Minimum evaluated building de-
signs

400 900 1600 2500 3600 4900

computational time [minutes] 8 18 32 50 72 98
Amount of Pareto optimal build-
ing designs found

4 12 16 18 20 20

Percentage of Pareto optimal
building designs [%]

16.7 50 66.7 75 83.3 83.3

Figure 6.8: Accuracy vs. computational time

To gain more insight in trade-off between computational time and accuracy of the results, the found re-
sults are plotted in Figure 6.9. This figure shows a clear relation between computational time and accuracy
of the results. The genetic algorithm tends to find Pareto optimal building designs faster at the start of the
optimization than when the optimization has been running for some time.

Figure 6.9: Relation between accuracy and computational time

Conclusion Based on Figure 6.9 it can be concluded that there is a clear relation between computational
time and accuracy of the results. The Multi-Objective Genetic Algorithm is able to quickly identify Pareto
optimal building designs. When only 6.25% of all possible building designs have been analysed, half of the
Pareto optimal building designs are found. Two critical notes must be made based on this analysis.

• The Octopus plug-in is based on the assumption of continuous input, not discrete input. Thus another
plug-in might provide accurate results more rapidly.

• The amount of possible building designs in a design situation depends on the verification criteria.
Thus, the design situation can have a big effect on the computational time, since more time is required
to obtain verified building designs.

It is found that for a generation and population size of 80, roughly 95% of the Pareto optimal points are
obtained. This generation and population size is used in the performed optimization in Section 6.5 where
timber building designs are created based on the two case studies.
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6.3. Stability system analysis
The goal of this chapter is to gain insight in the timber stability system through the exploration of stability
system sensitivities. A 150 meter tall building is chosen since it provides the possibility for analysis of ten
different diagonal layouts. However, for this height and forces, the defined steel plate and dowel connection
with the set input in this model is not a feasible choice. Thus, the structure will fail for all analysed steel plate
and dowel connections. Still, even though it fails for all analysed connections, the unity checks found for
these connections can improve understanding.

6.3.1. 150 meter tall building
To gain more insight in the effect of the diagonal placement and steel plate length in the stability systems, a
150 meter tall stability system is created. This stability system has a width of 43.2 meters and a grid size of
8.64 meters. It is similar to the stability system that is present in the façade in the timber building designs. 60
different stability systems are created with various steel plate length, number of diagonals and placement of
diagonals.

The "Ndiag" parameter determines the amount of times the diagonal crosses the full width of the façade
back and forth. The "Pdiag" parameter refers to the placement of the diagonals. If it is set to zero, the diagonal
crosses the full width of the façade. If it is set to one, it crosses the façade starting at the second columns up
to the second last column, Figure 5.8 visualizes the layout of diagonals for these two parameters.

Figure 6.10: Timber volume for different stability system structures for a 150 meter high building.

Timber volume Figure 6.10 shows a decrease in timber volume in the stability system for an increasing
length of the steel plate in the connection. A longer steel plate in the connection results in a stiffer connection.
This stiffer connection results in a stiffer structure. The stability system will act more as a moment frame
rather than a truss. This results in a decrease in cross section sizes of the timber elements, which decreases
the timber volume of the stability system. Furthermore, the Figure indicates that the length of the steel plate
has an effect on the preference of a stability system.
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Figure 6.11: Amount of steel for different stability system structures for a 150 meter high building.

Steel weight Figure 6.11 shows a linear increase in steel mass in the stability system for an increasing length
of the steel plate in the connection. The amount of steel is dependent on the amount of connections present
in the façade. This amount of connections depends on the positioning of the diagonals. If a diagonal inter-
sects with a column and beam, only one connection is required. When a diagonal intersects with a column
and a beam separately, two connections are required. So, an intersection of the diagonal with a column and
a beam is preferred since this reduces the total amount of required connections. Also, this can lead to a more
efficient transfer of forces. However, the connection design is more complex. The definition of placement of
diagonals as defined in the tool does not allow for adaptation of the layout of diagonals.

Figure 6.12: Connection unity check for different stability system structures for a 150 meter high building.
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Connection unity check Figure 6.12 shows a linear decrease for the connection unity check for increasing
steel plate lengths.

The steel plate length in the connections is defined as the average steel plate length in the model, see the
first bullet point in Section 5.1.2. A certain percentage of the connections present may fail on strength for this
steel plate length. This percentage is set to 33%, as was observed for Mjøstårnet in Section 5.12.1.

However, for this height and forces, the defined steel plate and dowel connection with the set input in
this model is not a feasible choice. Thus, the structure will fail for all analysed steel plate and dowel connec-
tions. Still, even though it fails for all analysed connections, the unity checks found for these connections can
improve understanding.

Deflection unity check Each building is designed based on the SLS and ULS requirements. The ULS check
assures all elements are dimensioned such that they can transfer all present forces and moments. This is
done by defining an utilization factor of 1.0. The SLS check is based on the maximum horizontal deflection of
the building. To gain insight into which unity check is normative, the ’deflection unity check’ is introduced.
First, the stability system is optimized based on the ULS requirements. Next, the horizontal deflection of this
stability is determined and using the maximum horizontal deflection of h

825 as specified in Annex A.4.3, the
’deflection unity check’ is determined.

Figure 6.13: Deflection unity check for different stability system structures for a 150 meter high building.

Figure 6.13 shows the deflection unity check for increasing steel plate lengths. Two statements can be
made based on this graph. Firstly, for all 60 defined stability systems, the deflection is not normative, with
a deflection unity check of roughly 0.8. Secondly, a slight increase in the deflection unity check is observed.
The deflection unity check indicates the unity check for the deflection regarding the stability system which is
optimized based on the ULS requirements. This increase in deflection unity check, is expected to be caused
due to the fact that the stability system which is optimized based on the ULS requirements requires smaller
elements for longer steel plate lengths. These smaller elements are assumed to effect the deflection of the
stability system.
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Diagonal angle Although these lines provide some insights regarding various stability systems, it is not
clear what parameter causes the most efficient design. It is expected the diagonal angle is the most important
parameter which influences the efficiency of a design. For the analysis of this statement, an average score is
calculated for the timber volume in ULS and SLS, the connection unity check and the deflection unity check
for all stability systems. This was done by calculating the average value found for all analysed steel plate
lengths per stability system. Subsequently, the diagonal angle is calculated and plotted with the obtained
average scores, see Figures 6.14 and 6.15. Also, two stability systems are added to increase the accuracy of
this analysis. The chosen parameters for these stability systems are: Ndiag=6, Pdiag=1 and Ndiag=7, Pdiag=1.

(a) Timber volume for ULS design for different diagonal angles for a 150
meter high building

(b) Timber volume for SLS design for different diagonal angles for a 150
meter high building

Figure 6.14

Figure 6.14 shows the timber volume the stability systems contain for a ULS and a SLS check. Two con-
clusions can be drawn based on this Figure. Firstly, for the analysed stability system, a diagonal angle of
roughly 45◦ will result in a structure with the smallest timber volume. Secondly, for this set geometry, diago-
nals which cross the full width of the stability system are favourable over diagonals which cross the stability
sytem between the second and second-to-last column.

(a) Unity check of connection for different diagonal angles for a 150 meter
high building

(b) Unity check of deflection for different diagonal angles for a 150 meter
high building

Figure 6.15

Figure 6.15 shows the connection and deflection unity checks for the analysed stability systems.
Figure 6.15a shows a linear relation between diagonal angle and unity check of the connections. This is

expected to be caused due to the fact that diagonals with a smaller diagonal angle have a better ability to
transfer the wind forces to the foundation, since the forces in the diagonals are smaller.

Figure 6.15b shows the unity check for deflection for the analysed stability systems. As expected, when
Pdiag=1, so when the diagonals cross the stability system between the second and second-to-last column, the
unity check for deflection is higher. Since the diagonals cross less width, the structure has a bigger tendency
to deflect. Since the timber volume in the stability system was found to be the smallest for a diagonal angle of
45◦, see Figure 6.14, it is expected that optimal buildings will have a deflection unity check between 0.75 and
0.8.
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6.3.2. Diagonal layout
The layout of the diagonals has an effect on the forces and moments in the elements and thus on the dimen-
sions of the cross section. Depending on the set input parameters, a diagonal may intersect with a column
and a beam in the same point, which reduces the total amount of required connections and may lead to
a more efficient transfer of forces. The effect of a different layout of diagonals is analysed by creating two
stability systems with a different layout:

• Diagonal layout 1: In this stability system, all diagonals cross all columns and beams in the same point,
see Figure 6.16c.

• Diagonal layout 2: In this stability system, the diagonals rarely cross the columns and beams in the
same point, see Figure 6.16d.

The analysis is performed for a 50 meter high, 30 meter wide stability system. The loads consist of grav-
itational loads and wind loads, as obtained using the tool. The wind loads are determined according to the
Eurocode, see Figure A.23. This results in a uniform wind load of approximately 35 kN/m.

(a) N, V, M and cross section for normative element

(b) N, V, M and cross section for normative element
(c) Visualization of element groups (d) Visualization of element groups

Figure 6.16: Effect of diagonal layout with wind force from the left.

The elements in these stability systems are grouped using Karamba3D’s Optimize Cross Section compo-
nent. All elements in an element group have the same dimensions of the cross sections. In the visualizations
of the stability systems, and in the Tables shown below, various colours are used to indicate the element
groups. Furthermore, a black line indicates the normative element in the visualization of a stability system.

Both stability systems are checked for a normative wind force from the left, see Figure 6.16 and the right,
see Figure 6.17. The two stability systems are analysed regarding normal force, shear force, moments, cross
section dimensions and the position of normative element per element group.

For diagonal layout 1, the bending moments are significantly smaller than the bending moment in diago-
nal layout 2. This is since an intersection of diagonals, beams and columns result in a more efficient transfer
of forces. Forces can be transferred mostly through normal forces, little bending moments are required to
transfer forces. These smaller bending moments result in smaller required cross sections per element group.
This reduction in timber volume is dependent on the analysed stability system and wind direction. For a wind
force from the left, as shown in Figure 6.16, the required timber volume is reduced with 14%. When the wind
force acts on the right side of the stability system, as is depicted in Figure 6.17, the timber volume is reduced
with 5%.
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(a) N, V, M and cross section for normative element

(b) N, V, M and cross section for normative element (c) Visualization of element groups (d) Visualization of element groups

Figure 6.17: Effect of diagonal layout with wind force from the right.

The position of the normative elements per element group for diagonal layout 1 are systematic for both
wind directions, see Figures 6.16c and 6.17c. For diagonal layout 2, The position of the normative elements
per element group show more randomness for both wind directions, see Figures 6.16d and 6.17d. This is ex-
pected to be caused since the diagonal layout may lead to suboptimal transfer of forces and thus unnecessary
big moments and forces in some elements. This is according to expectations, see Annex B.8.

Utilization factor For each group, one element is normative and has an utilization factor close to 1.0, see
Figure 6.18. The dimensions of the other elements in the group are similar to the normative element. These
elements are often over-dimensioned which is clear when regarding the average utilization factor per group,
see Figure 6.19. This average utilization factor is roughly 0.6.

(a) Normative utilization for diagonal layout 1 (b) Normative utilization for diagonal layout 2

Figure 6.18: Normative utilization factor with wind force from the left

Figures 6.18 and 6.19 indicate that for diagonal layout 2, a large part of the utilization factor is present in
the bending moment. This is most true for the elements positioned higher in the building. Elements higher
in the building transfer bigger wind loads and smaller gravitational loads. These wind loads are horizontal
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(a) Average utilization for diagonal layout 1 (b) Average utilization for diagonal layout 2

Figure 6.19: Average utilization factor with wind force from the left

and must be transferred in vertical direction to the foundation. For diagonal layout 2, this transfer is done
partly through bending moments, increasing their impact in the utilization factor.

As mentioned before, the sizes of the beams are similar in the stability system as in the gravitational sys-
tem. In the stability system, these beams are overdimensioned as can be seen when regarding their utilization
factor.

6.4. Timber buildings analysis
In this section, the effect of the height of a timber building on the obtained results is analysed. To accomplish
this, the tool is used to obtain the optimal building designs for various amount of floors, each representing
a design situation. The analysed buildings are based on building A3 and building B3, with the design situa-
tion dependent parameters as defined in Figure 5.6b. For both buildings, other design situations are created
containing less or more number of floors. A generation and population size of 30 is used in the optimization.
According to Section 6.2.1, this implies approximately half of the Pareto optimal building designs are found

In this analysis it was chosen to select the Pareto optimal design with the lowest construction costs for
each design situation. This way, a fair comparison can be made. The Pareto optimal design with the lowest
construction costs was chosen, since the construction costs are identified as the biggest obstacle in timber
building design.All these buildings are thoroughly analysed in order to gain more insight in dependencies
between the regarded property and the building height.
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Building types A

(a) Building A1
(b) Building A2

(c) Building A3

(d) Building A4

(e) Building A5 (f) Building A5, excluding
acceleration (g) Building A6, excluding

acceleration

Figure 6.20: Buildings A1 to A6: The Pareto optimal buildings with the lowest construction costs

Optimal buildings for various building heights
Including acceleration Excluding acceleration

A1 A2 A3 A4 A5 A5 A6
Amount of floors 11 13 15 17 19 19 21
Height 42.5 50.3 58.4 65.7 72.8 72.8 81.2
Grid size X-direction 5.76 5.76 5.76 5.76 4.8 4.8 5.76
Grid size Y-direction 5.76 5.76 7.2 5.76 5.76 5.76 5.76
Number of diagonals in X-direction 2 1 1 3 2 2 2
Number of diagonals in Y-direction 1 2 2 2 3 2 2
Positioning of diagonals in X-direction 1 0 0 1 1 0 0
Positioning of diagonals in Y-direction 0 1 0 0 0 0 0
Length of steel plate in X-direction 600 800 1000 600 1200 1200 1200
Length of steel plate in Y-direction 1000 1000 1400 1600 1000 800 1600

Figure 6.21: Found parameters for buildings A1 to A6, and A6 and A7 excluding acceleration criteria
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Building types B

(a) Building B1

(b) Building B2
(c) Building B3

(d) Building B4 (e) Building B4, excluding acceleration

(f) Building B5, excluding acceleration

Figure 6.22: Buildings B1 to B5: The Pareto optimal buildings with the lowest construction costs.

Optimal buildings for various building heights
Including acceleration Excluding acceleration

B1 B2 B3 B4 B4 B5
Amount of floors 9 11 13 15 15 17
Height 35.0 42.8 50.6 56.9 57.1 64.8
Grid size X-direction 5.4 5.4 5.4 4.32 4.32 4.32
Grid size Y-direction 7.2 7.2 7.2 4.32 5.4 5.4
Number of diagonals in X-direction 1 1 1 2 1 1
Number of diagonals in Y-direction 2 2 2 2 2 2
Positioning of diagonals in X-direction 1 1 0 1 0 0
Positioning of diagonals in Y-direction 0 0 0 1 0 0
Length of steel plate in X-direction 800 1000 1000 1400 800 1000
Length of steel plate in Y-direction 600 800 800 1400 800 600

Figure 6.23: Found parameters for buildings B1 to B4 and B4 and B5 excluding acceleration criteria.
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6.4.1. Unity Checks
As discussed in Chapter 5, the tool dimensions the generated buildings based on the SLS and ULS require-
ments. Subsequently, the generated building designs are verified by determining the unity checks for the
along-wind and cross-wind acceleration, connection strength, wind friction and the force in the tension ties.
If these unity checks are all below 1.0, the building design is verified and is accepted by the genetic algorithm
as an individual result. So, because of this MDO Architecture, a generated building design is always first op-
timized for ULS and SLS and thereafter checked based on the mentioned verification criteria. This MDO
architecture is based on the hypothesis that for timber buildings between 50 and 70 meters, the SLS and ULS
requirements are normative. This section analyses the unity checks of the verification criteria, to investigate
the consequences of the defined MDO architecture.

Acceleration
As mentioned in Section A.4.2, there is an along-wind response, cross-wind response and a torsional response
to wind which cause acceleration of the building. Van Oosterhout (1996) argues that the torsional response
is not normative for the considered building type [153]. So, only the along-wind response and the cross-wind
response are investigated further.

Along-wind Response The along-wind response is calculated in a custom node in the tool. The calculation
is based on the requirements set in the Eurocode. The total mass of the building consist of the dead load of
the building element, the dead load of the façade and the live loads times a factor ψ2 = 0.3

Figure 6.24: Unity checks for acceleration for Buildings A1-A5 and B1-B4

Figure 6.24 shows the unity checks for acceleration for nine analysed design situations. These results are
based on a wind force caused by a terrain category of 3 and a wind zone of 1. For buildings A5 and B4, the
unity check reaches 1.0. This indicates that the acceleration criteria for the along-wind response for these
building is normative. For buildings A1 to A4, B1 to B3 the acceleration criteria for the along-wind response
is not normative.

The along-wind response is calculated according to the requirements set in the Eurocode, see Section
A.4.2. According to this calculation the acceleration of the top level of the building can only be decreased by
increasing the total mass of the building. So, for buildings where the acceleration criteria for the along-wind
response are normative, the tool increases the total building weight to meet these acceleration requirements.
To accomplish this, the tool decreases grid sizes and increases the amount of diagonals. This is clearly visible
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for Building B4, in Figure 6.22d. The grid sizes are decreased to 4.32 in both X- and Y-direction, and the
number of diagonals is set to 2 in both directions. The structure of this obtained building is far from optimal.
So, to be able to gain more insight, optimal building designs are generated for buildings A5, A6, B4 and B5
where the acceleration unity check is excluded from the calculation. Figure 6.25 shows the results of this
analysis.

Figure 6.25: Unity checks for acceleration for Buildings A1 to A6 and B1 to B5, when the unity check for acceleration is excluded

Figure 6.25 shows a roughly linear relation between building height and unity check for acceleration. For
the building type A, the acceleration is normative for a building height over 71 meters. For building type
B, when the building is over 53 meters tall, the acceleration is normative. It is expected that acceleration
is normative for a different building height for these buildings because of the different slenderness of the
buildings. To investigate this statement, the relation between acceleration and slenderness is analysed, see
Figure 6.26

Figure 6.26: Unity checks for acceleration for Buildings A1-A6 and B1-B5 compared to the slenderness, when the unity check for
acceleration is excluded
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As Figure 6.26 shows, for building type A the acceleration is normative for a slenderness greater than 2.3.
For building type B this is the case for a slenderness greater than 2.35. Based on these graphs, it can be
concluded that there is a direct relation between slenderness and acceleration for this building type.

Design considerations When the along-wind response of the building is normative, some design alter-
ations can be made to reduce the acceleration.

• Increasing the total mass of the building This can be done by replacing timber floors with concrete
floors, as is done in the Mjøstårnet reference project.

• Decreasing the slenderness of the building. A decrease in slenderness of the building and thus the
stability system, increases the stiffness of the stability system.

• Accurate estimation of damping coefficient A more accurate analyses than the empirical formulas
given in the Eurocode might prove that the timber building is more resilient against acceleration. Var-
ious researches have proven that a damping coefficient of the building (D) of 0.01 as defined in the
Eurocode is a conservative assumption. The research of Feldmann et al. (2016) showed an average
structural damping ratio of 0.02 for tall timber structures up to 100m [49]. A damping ratio of 0.019 was
used for the design of Mjøstårnet[8].

The replacement of timber floors with concrete floors results in an increase in building mass. The self-
weight for a 300 mm thick concrete floor is 23.5 kN /m3 · 0.3 m = 7.05 kN /m2.The weight of a Kerto-Ripa floor
was found to be 2.28 kN /m2 in the Mjøstårnet verification. So, replacing a Kerto-Ripa floor with a concrete
floor results in an additional dead load of 7.05-2.28 = 4.77 kN /m2. For buildings A5, A6, B4 and B5 where
the acceleration criteria are excluded, an additional load is required to satisfy the acceleration criteria. The
required amount of concrete floors are calculated for these buildings, see Figure 6.27.

Required additional weight
Building A5 Building A6 Building B4 Building B5

Building mass present [kN] 46585 57255 39798 45407
Required building mass[kN] 47285 62077 42107 50553
Required additional building mass [kN] 710 4822 2309 5146
Required concrete floor area [m2] 149 1010 484 1079
Required levels of concrete floors 0.18 1.22 0.52 1.16

Figure 6.27: Grid sizes Building A3 and B3.

The premise that adding concrete floors results in a design which satisfies the acceleration criteria is based
on the along-wind calculation as mentioned in NEN-EN 1990-1-1 [80]. However, a modal analysis must be
performed on the model to verify the acceleration requirements more accurately. Here, adding some concrete
floors to a timber building might have a big impact on the analysis. However, if the total added mass is low, it
is expected to not cause big changes.

Based on these three design considerations, it is assumed that a building which exceeds the acceleration
limits slightly, can be adapted to satisfy the requirements. So, for buildings A5, A6, B4 and B5 a separate
optimization is done in the tool where the acceleration criteria are excluded from the analysis. The obtained
results are shown in following Figures, depicted using a triangle.

Cross-wind response The cross-wind response of the building is negligible. For building B5 in X-direction
the unity check is 0.032 and in Y-direction the unity check is 0.004. So, the cross-wind response is not further
analysed.

Tension tie
The forces in the tension ties can be transferred by the beams. For building B5 the utilization factor for the
tension ties for wind in X-direction is 0.0044. In Y-direction this utilization factor is 0.0194. The transfer of
these forces through the connections is not analysed in the tool.
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Connection strength
Figure 6.28 shows the unity check regarding the strength of steel plate and dowels connections in the stability
system.

Figure 6.28: Unity checks for connection strength for Buildings A1-A6 and B1-B5

Two statements can be made regarding Figure 6.28. Firstly, some unity checks are significantly lower than
the expected 1.0. This is expected to be caused by the discrete input of the length of the steel plate. Since
this input parameter is discrete, it can be the case that when choosing a steel plate length which is 200 mm
shorter, the unity check will be over 1.0. Secondly, for less tall buildings, the connection unity check is found
to be lower. This is expected due to the fact that an increase of steel plate length of 200 mm has a bigger effect
on the increase of the connection unity check. This statement was analysed for Building A1. The effect of a
reduction of length of steel plate in Y-direction from 1000 to 800 mm was analysed. This steel plate length
reduction caused the connection unity check to increase from 0.76 to 1.12 proving the statement.

Utilization factor
Figure 6.29 shows a Box-plot of the average utilization factor of the stability system X- and Y-direction for
buildings A1-A6 and B1-B5 excluding acceleration. This is based on the average of all element groups in ULS
design with a wind force from the left. As can be seen the average utilization factor of all elements is roughly
0.57. This is due to the discrete amount of element dimensions, and the grouping of elements.

Figure 6.29: Average utilization factor for buildings A1-A6 and B1-B5 excluding acceleration
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Deflection
Each building is designed based on the SLS and ULS requirements. The ULS check assures all elements are di-
mensioned such that they can transfer all present forces and moments. This is done by defining an utilization
factor of 1.0. The SLS check is based on the maximum horizontal deflection of the building. To gain insight
into which unity check is normative, the ’deflection unity check’ is introduced. First, the stability system is
optimized based on the ULS requirements. Next, the horizontal deflection of this stability is determined and
using the maximum horizontal deflection of h

825 as specified in Annex A.4.3, the ’deflection unity check’ is
determined.

Figure 6.30: Unity checks for deflection for Buildings A1-A6 and B1-B5

Figure 6.30 shows the unity checks for the deflection regarding building types A and B in X- and Y-direction.
This deflection is compared to the slenderness of the considered building. All unity checks are smaller than
1.0 indicating that the ULS is normative in all building designs. The linear trendline for all obtained points
seems to indicate a relation between deflection and slenderness. If indeed a linear relation is present, the SLS
check will be normative over the ULS check at a certain slenderness.

6.4.2. Angle of diagonals
In Section 6.3.1, it was concluded that a diagonal angle of roughly 45◦ will result in a structure with the small-
est timber volume. This analysis was based on a 150 meter tall building with a slenderness of 150

43.2 = 3.5.
For building A1-A6 and B1-B5, the diagonal angle of the Pareto optimal building is analyzed, see Figure

6.31. The diagonal angles for both building types in X- and Y-direction are visualized, each containing differ-
ent dimensions and loads.

Figure 6.31: Box plot of the found diagonal angle in X- and Y-direction
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Figure 6.31 shows the dependence of the stability system dimensions and wind forces on the optimal
diagonal angle. The optimal diagonal angle is found to be dependent on the dimensions of the stability
system and the wind forces on it. Thus, the floor plan influences the diagonal angle. For a square floor plan,
the optimal diagonal angle is roughly 36%. While for a rectangular floor plan with a ratio of 2:1, the optimal
diagonal angle is 33% in the long direction and 18% in the short direction. So, a lower optimal diagonal angle
is obtained when the forces are larger and the width of the stability system is smaller. This is also true for
Mjøstårnet, were the diagonals are positioned under an angle of 27.4◦ in the short dimension.

6.4.3. Comparison to reference projects
In this Section, the given properties for three case-studies are compared with the obtained properties for
the optimized timber building designs. Accordingly, conclusions can be made regarding the accuracy of the
tool, and the performance of the created designs. Tupenaite (2019) and Jackson (2019) analysed the total
investment costs, timber volume and steel mass of these three reference projects: Treet, Mjøstårnet and 25
King [85], [145].

Figure 6.32: Timber volume per m2 GFA compared to reference projects

Figure 6.32 show sthe relation between timber volume per m2 of gross floor area and building height. Ap-
proximately similar results are obtained for building types A and B and 25 King. A similar relation is expected
to be found between timber volume per m2 of gross floor area and building height for Mjøstårnet and the
optimized timber buildings, since their design approach is similar. However, this relation differs significantly.
This does not imply that the tool creates inaccurate results, since there are five possible factors which differ
regarding Mjøstårnet and the optimized timber buildings, that may influence the found results.

• The slenderness of Mjøstårnet, with a width of 17 meters and a height of 85.4 meters is 5, resulting in
extra glulam elements required for stabilisation of the building.

• Mjøstårnet contains concrete floors on the six top floors, which increase the total gravitational loads.
Thus, thicker columns and beams are required compared to the optimized timber buildings.

• Mjøstårnet is taller, and the effect of wind forces on a structure is not linear.

• The CLT core covers 25% of the floor area in Mjøstårnet. However, a value of 15% is assumed in the tool.

• The function of Mjøstårnet is residential, where the created buildings using the tool create an office
building. Acoustical and acceleration requirements are stricter for a residential function compared to
an office function
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Figure 6.33: Steel weight per m2 GFA compared to reference project

Figure 6.33 visualizes the steel weight per m2 gross floor area. Madsen (2019) mentions a steel weight of
106916 kg for Mjøstårnet, thus a steel weight per m2 gross floor area of 106916

11322 = 9.44 kg/m2 GFA [97]. This
value of steel mass per m2 of gross floor area for Mjøstårnet is slightly favourable over the timber buildings
obtained using the tool. Although the method for calculation of connections in the tool is questionable, the
obtained steel mass per m2 of gross floor area is shown to be reasonable.

Figure 6.34: Construction costs per m2 GFA compared to reference projects
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Figure 6.34 shows the comparison regarding construction costs per m2 of gross floor area and building
height for the optimized timber buildings and the reference projects. For the reference projects, the construc-
tion costs of the structural system is assumed to equal 9.8% of the total investment costs, as was found for
Mjøstårnet using the MAMO calculation in Section 5.12.2. The timber buildings which are created in the tool
best resemble Mjøstårnet. So, Mjøstårnet is expected to show roughly the same relation between construc-
tion costs per m2 of gross floor area and building height. However, Mjøstårnet is found to be more expensive
than expected. This is argued to be due to the fact that the timber volume in Mjøstårnet is significantly larger
than for the optimized building designs, as was shown in Figure 6.32.

The optimized building designs also show favourable results considering construction costs compared
to 25King and Treet. Thus, based on these results it can be concluded that this type of stability system is
the most favourable. However, it must be noted that direct cost comparison between buildings is difficult,
because of the varying boundary conditions. Hourly wages, quality of the building, transportation distances
and building norms are boundary conditions which differ for each building. Also, Treet and Mjøstårnet are
residential building, which implies stricter design regulations. Lastly, in Australia, where the 25King building
is located, the design restrictions regarding fire are much stricter.

6.4.4. Comparison to case studies
The tool obtains the shadow costs and construction costs for all analysed timber buildings. These results are
divided by the gross floor area to obtain the shadow costs per m2 of gross floor area and the construction costs
per m2 of gross floor area. In Figure 6.35 the construction costs per m2 of gross floor area are compared with
the results from "The Square" and "The Rectangle", on which building type A and B are respectively based.

Figure 6.35: Construction costs per m2 GFA for building types A and B

Figure 6.35 shows the relationship between construction costs per m2 of gross floor area and the building
height, when the acceleration is excluded from the analysis. The construction costs for building type B are
smaller than for building type A. But for building type A, higher buildings are attainable.

The construction costs per m2 of gross floor area for building type B is 4.5 % higher than the concrete
variant: The Rectangle. For building type A, the construction costs per m2 of gross floor area is 7.6% higher
than The Square.

The construction costs for buildings A4, A5 and B4 are significantly larger than the construction costs
for their counterparts where the acceleration is excluded from the analysis. For these three buildings, the
cheapest design can be created when the design is made excluding the acceleration from the analysis and
taking the correct design considerations. This will result in a cheaper building than including the acceleration
in the analysis and taking no additional measurements to decrease the acceleration.
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For the comparison of the shadow costs, carbon sequestration calculation method 1 is used. This method
excludes carbon sequestration in the shadow cost calculation. Figure 6.36 shows the comparison of the
shadow costs per m2 of gross floor area.

Figure 6.36: Shadow costs per m2 GFA for building types A and B, using carbon sequestration calculation method 1.

Two observations are made based on Figure 6.36. Firstly, for which building type the shadow costs per m2

of gross floor are favourable depends on the building height.
Secondly, carbon sequestration is not included in the calculation of the shadow costs of the timber build-

ings. Hence, the shadow costs per m2 of gross floor are found to be smaller for the concrete buildings than
the timber building designs. However, it could be the case that the shadow costs for timber buildings are
favourable if the Pareto optimal timber building designs were chosen which have the lowest shadow costs.

Figure 6.37: Building weight on foundation for Buildings A1-A6, B1-B5, The Square and The Rectangle.
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Figure 6.37 depicts the building weight on the foundation for the timber builings. The building weight
included in this calculation consists of the dead-loads of all the structural elements and the facade, and the
live-loads times a ψ2 factor of 0.3. For the facade a dead load of 2 kN/m2 is used. A clear linear relation is
found between building weight on foundation and building height.

The concrete buildings are found to be around 8 times heavier than the timber buildings. This weight
difference has an effect on the construction costs of the foundation. Calculation of the building weight of the
concrete case-study buildings is found in Annex D.3.

The construction costs of the foundation consists of water management and construction of the ground
floor and foundation piles. The weight difference only effects the costs of the foundation piles. According to
Tom Borst, a senior structural engineer at Arcadis, for a 8 times lighter building, the costs of the foundation
piles can be reduced with 60%. So for Building A3, this results in a reduction of construction costs of €160.000
· 0.6 = €96.000. For The Square, the construction costs of the foundation are €580.000. So, for building A3 the
construction costs of the foundation are €484.000

For Building B3, this implies a reduction of construction costs of €175.000 · 0.6 = €105.000. For The Rect-
angle, the construction costs of the foundation are €640.000. So, for building A3 the construction costs of the
foundation are €535.000. These construction costs of the foundation are used to compare the construction
costs of the concrete and timber building, see Figure 6.38.

Figure 6.38: Construction costs per m2 GFA for building types A and B including foundation.

The construction costs for Building B3 is comparable to The Rectangle, while the construction costs for
Building A3 and The Square differ with roughly 6%. This indicates that Building B3 is competitive with The
Rectangle for construction costs, while Building A3 is not competitive with The Square.
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6.5. Case study analysis
In this section, the Pareto optimal timber designs considering the shadow costs and construction costsare
obtained using the tool for the design situations which "The Square" and "The Rectangle" represent. The aim
of this section is to examine for what design situation, timber building design can be competitive compared
to concrete design.

6.5.1. Construction costs and shadow costs comparison
Figure 6.39 shows the comparison between building A3 and "The Square" for carbon sequestration calcula-
tion method 1.

(a) Excluding foundation.

(b) Including foundation.

Figure 6.39: Comparison of shadow cost and construction costs for "The Square" and Building A3 excluding and including foundation,
using carbon sequestration calculation method 1.
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Figure 6.40 shows the comparison between building B3 and "The Rectangle" for carbon sequestration
calculation method 1. In this method, the carbon sequestration is not included in the assessment of the
shadow costs.

(a) Excluding foundation.

(b) Including foundation.

Figure 6.40: Comparison of shadow cost and construction costs for "The Rectangle" and Building B3 excluding and including
foundation, using carbon sequestration calculation method 1.

Some conclusions can be made based on Figures 6.39 and 6.40. Firstly, for both design situations, a Pareto
front consisting of eight Pareto optimal building designs is found. Secondly, when regarding the visualiza-
tion of Pareto optimal designs, various diagonal layouts and grid sizes are found to be optimal. Next, when
the foundation is included in the calculations, the competitiveness of the timber building improves for both
shadow costs and construction costs. This is the case because the timber buildings are approximately eight
times lighter than the concrete buildings, see Section 6.4.4. According to Tom Borst, a senior structural en-
gineer at Arcadis, when a building weighs eight times less, 60% less foundation piles are required. However,
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in order to obtain a structurally safe building design, a check using load combination ULS1, see Section 4.6
should be performed to check the tensile forces in the foundation for the timber building. A decrease in the
amount of required foundation piles effects both the shadow costs and the construction costs. For Build-
ing B3, this inclusion of the foundation results in lower construction costs and shadow costs compared to
concrete alternative. Secondly, it was found that timber building design alternatives for the design situa-
tion which "The Rectangle" represents are more competitive than timber building design alternatives for the
design situation which "The Square" represents.

The cause of this competitiveness for timber buildings for the design situation which "The Rectangle"
over the design situation which "The Square" represents is argued to be caused by the width of the stabil-
ity system. For a stability system located in the façade with a smaller width, a stiffer stability system is re-
quired, thus resulting in more shadow and construction costs per meter length. Building A3 consists of four
medium-width-façades, while Building B3 consists of two short-width-façades and two long-width-façades.
It is expected that the decrease in shadow and construction costs for these long-width-façades is larger than
the increase in shadow and construction costs for these short-width-façades, compared to a façade with a
medium width. This effect is assumed to explain why Building B3 was found to be competitive with the anal-
ysed concrete design alternative, while Building A3 was found not to be competitive.

Based on the obtained results it is recommended to consider timber building design alternatives in the
design process for the design situation which "The Rectangle" represents. However, it must be noted that
marketability also plays a role and various boundary conditions lead to this conclusion. These factors makes
it incorrect to conclude that a timber building is a cheaper option than a concrete building for the design
situation which "The Rectangle" represents in reality.

Parallel coordinates plot
As is shown in Figures 6.39 and 6.40, various diagonal layouts and grid sizes are found to be optimal. To gain
more insight in these combination of input parameters leading to Pareto-optimal timber designs, parallel
coordinates plots are created building A3 and B3, see Figure 6.41. This parallel coordinates plot visualizes the
input parameters found for the Pareto optimal building designs using coloured lines.

(a) Building A3.

(b) Building B3.

Figure 6.41: Parallel coordinates plot of the input parameters of the Pareto optimal timber building designs for Building A3 and B3,
using carbon sequestration calculation method 1

*To make sure lines do not overlap, some lines do not intersect at the exact value. For example for the diagonals X placement, a line

intersects at around 0.82. This should be at 1.0.
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Figure 6.41a shows the parallel coordinates plot for the optimal building designs for Building A3. For
Building A3, the dimensions and load on the stability system are similar in X- and Y-direction. However,
the optimal parameters for grid sizes and steel plate length in X- and Y-direction differ. This difference in
steel plate length is caused by the methodology used for calculation of connection strength. The steel plate
length in the connections is defined as the average steel plate length in the model. A certain percentage of the
connections present may fail on strength for this steel plate length, see the first bullet point in Section 5.1.2..
This percentage is set to 33%, as was observed for Mjøstårnet in Section 5.12.1. This percentage accounts for
the connections in both X- and Y-directions, which can lead to a different optimal value in both directions.

Figure 6.41b shows the parallel coordinates plot for the optimal building designs for Building B3. The
results clearly show the increased stiffness that is required for the stability system in Y-direction compared
to the stability system in X-direction.It is found that the amount of times the diagonal crosses the full width
of the façade back and forth in X-direction is 1 for all designs. The amount of times the diagonal crosses the
full width of the façade back and forth in Y-direction is either 1, 2 or 3. Furthermore, the steel plate length in
X-direction is 600mm for all pareto optimal designs, while it varies between 800 and 1200mm in Y-direction.

For both Building A3 and B3 the optimal grid sizes in X-direction are smaller than the grid sizes in Y-
direction. This difference is assumed to be caused by the fact that the span of the beams is equal to the length
of the grid X, while the span of the floor elements is equal to the length of grid Y.

Building elements
This section evaluates how much each building element amounts to the total construction costs and shadow
costs. This is done for The Square, The Rectangle and the Pareto optimal timber building A3 and B3 with the
lowest construction costs, see Figure 6.39b and Figure 6.40b

Construction costs Figure 6.42 shows the construction costs per building element for the concrete case-
study buildings. Figure 6.43 depicts the construction costs per building element for the Pareto optimal timber
buildings A3 and B3 with the lowest construction costs.

(a) Construction costs per building element for the Square (b) Construction costs per building element for the Rectangle

Figure 6.42: Construction costs per building element for the concrete buildings: The Square and The Rectangle

(a) Construction costs per building element for Building A3. (b) Construction costs per building element for Building B3.

Figure 6.43: Construction costs per building element for the timber buildings: Building A3 and B3
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Figure 6.42 and 6.43 show the percentage of the total construction costs over the building elements. For
timber buildings, the construction costs for foundation and core walls together is 26% of the total construc-
tion costs. For concrete buildings this is roughly 30%. The percentage of total construction costs for the floors
are corresponding for both building materials. For the timber buildings, the construction costs for columns,
beams and diagonals in the stability system and the connections are roughly 18.5% of the total construction
costs. The inner columns are 17% of the total construction costs. For the concrete buildings, the beams and
columns consist of roughly 32.5% of the total construction costs.

Shadow costs Figure 6.44 shows the shadow costs per building element for the concrete case-study build-
ings. These shadow costs are calculated using the MPGcalc 1.2 software, see Annex D.2 [3]. Figure 6.45 de-
picts the shadow costs per building element for the Pareto optimal timber buildings A3 and B3 with the lowest
shadow costs. This calculation is performed following carbon sequestration calculation method 1, see Sec-
tion 4.5.3. In this method the effect of carbon sequestration is not included in the calculation of the shadow
costs.

(a) Shadow costs per building element for the Square (b) Shadow costs per building element for the Rectangle

Figure 6.44: Shadow costs per building element for the the concrete buildings: Thr Square and The Rectangle

(a) Shadow costs per building element for Building A3. (b) Shadow costs per building element for Building B3.

Figure 6.45: Shadow costs per building element for the timber buildings: Building A3 and B3

Again, the impact of the foundation is lower for the timber buildings than for the concrete buildings re-
garding their shadow costs. This is reasonable since 60% less foundation piles are required for a timber build-
ing, due to the low mass. Also, the shadow costs for the floors and core walls are lower for the timber building.
However, the stability system of the timber building amounts for one third of the total shadow costs due to
the large amount of steel and glulam.

Based on these results and the scope and assumptions of this research, it is suggested that a building with
a concrete core stability system and timber floors, beams and columns can result in a design which combines
the best parts of both building materials. This type of building is expected to show lower shadow costs than
the analysed buildings.

When carbon sequestration calculation method 2 or 3 is used, the shadow costs for all timber elements
will decrease. The shadow costs will drop significantly for the floors and the core walls. The shadow costs for
the stability system will also decrease, but less due to the shadow costs for the steel connections. Then, it is
expected that the shadow costs of fully timber buildings are much lower than for concrete buildings.
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6.5.2. Carbon sequestration calculation methods
For both Building A3 and Building B3, the effect of the calculation method of carbon sequestration as defined
in Section 4.5.3 are analysed. This concerns the following three methods:

• Method 1: Exclusion of carbon sequestration. This is according to NEN-EN 15804 guidelines, which
are used in the Netherlands to determine the environmental impact.

• Method 2: Inclusion of carbon sequestration and re-emittance. This is argued to be the most accurate
calculations method by Hawkins (2021) in the IStructE guide [65].

• Method 3: Inclusion of carbon sequestration and BECCS. This is a potential scenario in the future where
the carbon from biomass is captured and stored. Since the lifespan of a building is aimed at 50-years.
This might be implemented for the timber buildings which are constructed soon.

So, there will be six situations for which separate optimizations are ran, see Figure 6.46.

Figure 6.46: Analysed design situations

For every calculation method an independent optimization is ran using the tool. The results are shown in
Figure 6.47 and 6.48 for both Building A3 and B3.

Figure 6.47: Comparison of shadow cost and construction costs for "The Square" and Building A3*.

*Only a part of the Pareto front is depicted. The four Pareto optimal building designs with the lowest construction costs are shown

in order to increase the readability of the Figure.
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Figure 6.48: Comparison of shadow cost and construction costs for "The Rectangle" and Building B3**.

**Only a part of the Pareto front is depicted. The two Pareto optimal building designs with the lowest construction costs are shown

in order to increase the readability of the Figure.

Several conclusions can be made based on Figure 6.47 and Figure 6.48. Firstly, the obtained shadow costs
for the Pareto optimal timber designs for the three calculations methods accurately resembles Figure 4.26.
Secondly, regardless of the method for calculation of carbon sequestration, the same Pareto optimal building
design with the lowest construction is obtained. Lastly, the used method for carbon sequestration calculation
in the determination of the shadow costs has a massive impact regarding the comparison of the environmen-
tal impact between a concrete and timber building. Three different assessment methods for the inclusion of
carbon sequestration are defined in this research. The use of timber and concrete in the structural system
was found to provide comparable results when the effect of carbon sequestration is disregarded as is done in
carbon sequestration method 1. The inclusion of the effect of carbon sequestration in the calculation of the
shadow costs as is done in calculation method 2, results in a reduction of shadow costs of approximately 40%
compared to a similar concrete building. Latly, the inclusion of the effect of carbon sequestration in com-
bination with carbon capture and storage at the end-of-life stage of the building, as calculated using carbon
sequestration method 3, can even result in a negative carbon footprint of the structural system.
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6.6. Conclusion
• Multi-Objective Genetic Algorithm For both case studies, approximately 14.000 timber building de-

signs make up the design space. In Section 6.2.1 it is found that a full generation, evaluation, and
verification of a timber building design takes 1.22 seconds on average using a 2.4 GHz processor. Fur-
thermore, the Octopus plug-in is found to efficiently determine Pareto optimal building designs. As
half of the Pareto optimal building designs are obtained when only 6.25% of all possible building de-
signs have been analysed. No errors or unrealistic results were obtained when using the tool.

• Grid size For both Building A3 and B3 the optimal grid sizes in X-direction are smaller than the grid
sizes in Y-direction, see Figure 6.41a and Figure 6.41b. This difference is assumed to be caused by the
fact that the span of the beams is equal to the length of the grid X, while the span of the floor elements
is equal to the length of grid Y. Thus, the construction and shadow costs decrease more for short beam
spans than for short floor plate spans.

• Steel plate length A longer steel plate in the steel plate and dowel connections in the stability system
results in a stiffer connection. Due to this stiffer connection, the stability system will act more as a mo-
ment frame rather than a truss system. This results in a decrease in cross section sizes of the timber
elements, which decreases the timber volume of the stability system, see Figure 6.10. Since the cross
section sizes of timber elements decrease for the ULS check, the influence of the SLS check increases
compared to the ULS check, see Figure 6.13. The definition of an average steel plate length in millime-
tres and using the obtained strength and stiffness properties of this connection in the calculations of
the structural system was found to provide accurate results. This approach for the determination of re-
quired steel plate length was found to provide a steel weight which is in line with the steel weight found
in the reference project Mjøstårnet.

• Diagonal angle The optimal diagonal angle is found to be dependent on the dimensions of the stability
system and the wind forces on it. Thus, the floor plan dimensions influence the optimal diagonal angle.
For a square floor plan, the optimal diagonal angle is roughly 36%. While for a rectangular floor plan
with a ratio of 2:1, the optimal diagonal angle is 33% in the long direction and 18% in the short direction,
see Figure 6.31 . So, a lower optimal diagonal angle is obtained when the forces are larger and the width
of the stability system is smaller. This is also true for Mjøstårnet, were the diagonals are positioned
under an angle of 27.4◦ in the short dimension.

• Diagonal layout Based on the analysis in Section 6.3.2 it is concluded that a diagonal layout where the
diagonals cross the columns and beams in the same point is preferred over a diagonal layout where
the diagonals, beams and columns do not cross in the same point. A more efficient transfer of forces
is obtained if the diagonals, beams, and columns cross in the same point. A more efficient transfer
of forces leads to small bending moments in the structure leading to smaller required cross sectional
dimensions and thus a cheaper structure.

• Utilization factor The average utilization factor for a structural system grouped in 12 element groups
was found to be around 0.6, disregarding the beams. No relation was found between this average uti-
lization factor and the slenderness, positioning of diagonals or the steel plate length. The normative
utilization of the beams in the stability system is found to be below 0.25 for all analysed stability sys-
tems, see Section 6.3.2. This is due to the design choice to dimension the beams in the stability system
similarly as the beams in the gravitational system.

• Deflection Each stability system is optimized based on the SLS and ULS requirements. To gain insight
into which unity check is normative, the ’deflection unity check’ is introduced. First, the stability system
is optimized based on the ULS requirements. Next, the horizontal deflection of this stability is deter-
mined and using the maximum horizontal deflection of h

825 , as specified in Annex A.4.3, the ’deflection
unity check’ is determined. For the analysed Pareto optimal buildings, the deflection unity check was
never found to be over 1.0, See Figure 6.30. So the horizontal deflection is never normative. Based on
Figure 6.30, this research suggests the presence of a linear relation between slenderness and deflection
unity check. This implies that the deflection becomes normative, instead of the utilization factor, at a
certain slenderness. This is suggested to occur at a slenderness of approximately 4.5, by extrapolating
the linear trend-line.
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• Acceleration According to Figure 6.26, the along-winds acceleration is normative for a slenderness
greater than 2.35 for a timber office building with a braced tube structure. This result is based on a
terrain category of 3 and a wind zone of 1. The slenderness of building B3 is slightly below this limit.
When acceleration becomes normative, the results created by the tool become infeasible. The tool will
use small grid sizes and big cross sections to create a model with sufficient mass to satisfy the accel-
eration criteria. This results in infeasible building designs. It is argued that increasing the total mass
by replacing Kerto-Ripa floors with concrete floors is a feasible design choice to satisfy the acceleration
requirements as given in NEN-EN 1990-1-1.

• Normative design criteria For both Building A3 and Building B3 the ULS check and the connection
unity check are found to be normative in Pareto optimal building designs. The effect of the Cross-wind
response and the tension forces in the tension ties are found to be negligible.

• Building weight and foundation For the obtained Pareto optimal timber buildings, there is a linear re-
lation found between the building weight and building height. The mass of the Pareto optimal timber
building designs is approximately 8 times smaller compared to concrete design alternatives, see Figure
6.37. This mass includes the live-loads times a ψ2 factor of 0.3 and the dead-loads of all the structural
elements and the façade. Tom Borst, a senior structural engineer at Arcadis argues that this lower build-
ing weight on the foundation results in a reduction of required foundation piles of 60%. Including this
reduction of foundation piles in the construction costs calculation results in a comparable construction
costs per m2 of gross floor area for Building B3 and the concrete design alternative.

• Construction costs The construction costs per m2 of gross floor area for building type B are found to be
more competitive to its concrete alternative than building type A is to its concrete alternative, see Fig-
ure 6.35. Including the reduction of foundation piles in the construction costs calculation results in a
comparable construction costs per m2 of gross floor area for Building B3 and the concrete design alter-
native. The construction costs per m2 of gross floor area for the Pareto optimal design with the lowest
construction costs for Building A3 are 2.7% higher than the concrete design alternative, see Figure 6.38.

• Shadow costs The following statements are made for carbon sequestration calculation method 1. The
shadow costs per m2 of gross floor area for Pareto optimal timber building designs are approximately
5 to 10 % higher than for concrete design alternatives when disregarding the foundation, see Figure
6.36. When the foundation is included in the shadow costs calculation, the shadow costs per m2 of
gross floor area for Pareto optimal timber building designs are found to be similar to concrete design
alternatives.

• Carbon sequestration calculation methods The obtained shadow costs using the three defined car-
bon sequestration calculation methods are comparable with the expectations as proposed by Hawkins
(2021) [65]. Figure 4.26 shows Hawkins expectations. When comparing these expectations to Figures
6.47 and Figures 6.48 the order sizes are found to be comparable. The use of timber and concrete in the
structural system was found to provide comparable results when using carbon sequestration method
1. The inclusion of carbon sequestration in the calculation of the shadow costs as is done in calcula-
tion method 2 results in a decrease in shadow costs of approximately 40% as is seen in Figure 6.47 and
Figure 6.48. The usage of carbon sequestration method 3 results in a negative carbon footprint of the
structural system for the analysed buildings.

• Building elements The percentage of construction costs per building element are approximately sim-
ilar for timber and concrete building designs. For carbon sequestration calculation method 1, the per-
centage of shadow costs per building element are smaller for the foundation, core walls and floors for
the timber building. The stability system of the timber building encompasses one-third of the total
shadow costs. It is suggested that a building with a concrete core stability system and timber floors can
result in a design that combines the best parts of both building materials, see Section 6.5.1.
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Discussion

This research aims to identify design situations where timber high-rise design can be competitive to con-
crete design alternatives using a Multidisciplinary Design Optimization approach. This is accomplished by
developing a tool within Rhinoceros, using Grasshopper software. This tool aims to indicate in which design
situations timber high-rise can be competitive to a concrete design alternative, considering the combination
of properties for shadow costs and construction costs. The tool is tested using a case study, which provides
insights required to answer the research questions. The optimal timber building designs referred to as Build-
ing B3 were found to be competitive with the analysed concrete design alternative. For Building A3 this was
not the case. Based on this result, two conclusions can be made considering all boundary conditions of this
tool as discussed below. Firstly, it can be concluded that a design situation with a rectangular floor plan is
favourable over a design situation with a square floor plan. Secondly, it can be concluded that a design sit-
uation with a building height of 50 meter is favourable over a design situation with a building height of 60
meter.

In this approach, several design choices and assumptions are made which can influence the results. These
possible influences on the results, limitations, and general findings are reported below. This is done consid-
ering the developed tool in Section 7.1. Next, in Section 7.2 the results are discussed.

7.1. Discussion of tool
MDO Tool

• The tool optimizes a timber building considering the combination of properties for shadow costs and
construction costs, taking into account the structural and architectural constraints. Because of the
scope of this approach, a Pareto-optimal building design according to the tool might not be optimal
in reality. Since the tool does not consider certain effects such as the optimization of other building
elements, the building physics, maintenance, and implementation of installation.

• As discussed in Chapter 5, the tool dimensions the generated buildings based on the SLS and ULS re-
quirements. Subsequently, the generated building designs are verified by determining the unity checks
for the along-wind and cross-wind acceleration, connection strength, wind friction, and the forces in
the tension ties. The tool excludes the building designs which do not meet the verification criteria from
further analysis. However, an approach including an iterative process, where the design is adapted until
it meets the verification criteria, might increase the number of obtained Pareto optimal designs. How-
ever, this approach is expected to increase computational time significantly, since an iterative process
requires a new calculation for each iteration.

• The tool is verified in Section 5.12, by comparing Mjøstårnet to a model version using the tool. This
comparison is performed regarding the structural, economical, and environmental discipline. Based
on this comparison the tool is concluded to be accurate for a design in the conceptual design phase.
The tool is verified for one reference project since only one reference project exists for which a fair com-
parison can be made. However, since the verification is based on one reference project, the certainty of
this verification is limited. To add certainty, some individual elements of the building are verified. This
is done for the connections, the core and the stability system, in Annex B.1, B.7, and B.8 respectively.
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• While the columns, beams, and diagonals in the stability system are grouped into thirteen groups, only
one connection is defined to represent all connections in the stability system in each direction. Defini-
tion of only one average connection results in inaccuracies in building design. Grouping connections
and designing the connection based on their location in the stability system and their required strength
and stiffness results in a more accurate design.

• The tool positions the diagonals according to the "number of diagonals" and "placement of diagonals"
parameter. This approach does not take into account the intersection of diagonals with beams and
columns, which does influence the results according to Section 6.3.2.

• The tool optimizes the timber buildings based on their gross floor area as opposed to their net floor
area. This results in a preference for smaller grid sizes. The effect of smaller grid sizes on the mar-
ketability of a building is not considered but can be an incentive to set additional requirements in the
tool.

Structural discipline

• For all building elements, two or more load combinations are used for calculation in the tool. These
load combinations, as defined in Section 4.6.1, are assumed to be normative for the considered building
elements.

• The Optimize Cross Section component of the Karamba3D plug-in is used to dimension the columns
and diagonals in the stability system. This component is verified in Annex A.6. Although the Optimize
Cross Section component provides accurate results overall, there are two disadvantages regarding us-
ing this tool in timber building design. Firstly, the tool uses the requirements as specified in Eurocode
3 for steel structures for the determination of buckling. Secondly, this component is based on materi-
als for which the compressive and tensile design strength are similar. But, for engineered timber, the
maximum tension design strength of the material is roughly 80% of the maximum compression design
strength in the strong direction. To create a structurally safe structure, the compressive design strength
is set equal to the tensile design strength. This way, the compression design strength is smaller than in
reality, but this conservative assumption might be required since buckling is not accurately regarded.

• All columns, beams, and diagonals in the structural system are grouped in thirteen different groups.
Elements for which the optimal cross sections are expected to be comparable are grouped. The norma-
tive element in each group is found and the required cross section is calculated. Then, this cross section
is applied to the full group. This results in an over dimensioning of building elements, but increases the
modularity and buildability, thus providing realistic results.

• Only square cross sections are considered for dimensioning of columns and diagonals in the stability
system, excluding the corner columns. This may result in over dimensioning of building elements.

• The steel plate and dowel connection is dimensioned assuming a straight transfer of forces. However,
some steel plate and dowel connections transfer forces under an angle. The effect of this is not consid-
ered in the tool.

• A wind force that acts on the building under an angle compared to the façade is not analysed in the
calculation of the stability system. Only wind forces that act orthogonally on the building surface are
considered.

• Some structural design considerations are not analysed in this tool. This includes torsional and cross
wind acceleration, earthquake resistance, façade deflection, the wind suction on the façade, and ro-
bustness.

Architectural discipline

• All floor elements are dimensioned such that they satisfy the acoustical requirements for vibrations.
However, the acoustical requirements for connections are not analysed. This may affect the construc-
tion costs since acoustical damping of connections is a big challenge in timber buildings.
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Environmental discipline

• Generally, the embodied energy and the operational energy consist of 30% and 70% respectively of the
total energy consumption during the lifetime of a building. However, with the rise of energy-neutral
buildings, the emissions caused by operational energy decreases, thus increasing the relative impact of
embodied energy. The impact of the usage of sustainable materials is thus increasing. In this research,
only the embodied energy of the structural system is considered. So, the optimization of the shadow
costs only considers a small part of the total energy consumption during the lifetime of a building.

• Calculation of the environmental performance is affected greatly by the used EPD data. EPD data pro-
vided by manufacturers can vary greatly for the same material. Therefore, it is crucial to assess this data
thoroughly, and use EPD data that is independently researched. The used EPD data is mentioned in
Annex C.1.

Economical discipline

• The economical discipline considers the construction costs using the MAMO (Materiaal, Arbied, Ma-
terieel, Onderaanneming) rules for budgeting. Accordingly, the construction costs are calculated by
summing the costs for materials, labor, equipment, and subcontracting. However, the following cost
influencers are not considered in this calculation.

– Market The market is dependent on competition, supply,s and demand.

– Construction time A faster construction time results in a reduction of construction costs. Because
of the high running costs of construction, and since the building can be rented out earlier [47].

– Number of repetitions It should be aimed to use as many identical building elements as possible
since fewer errors are made by factory workers for repetitive tasks [59].

– Bulk Average prices drop when a greater quantity is bought.

– Availability The availability of sustainably harvested engineered timber fluctuates, which impacts
the costs.

• For the calculation of indirect costs in the concrete buildings, three categories are included. For each
category, a percentage is set, which is multiplied by the total direct costs, to obtain the indirect costs.
These categories and their percentage are mentioned below:

– General implementation costs: 10%

– General costs, profit, and risk: 9%

– risk further plan elaboration: 5%

So, the total indirect costs are equal to the total direct costs multiplied by 24%. It is debatable if the
inclusion of these factors provides a fair comparison between the concrete and timber buildings.

• This research only analysis the construction costs of the structural system. The structural system con-
siders only a small part of the total investment costs. For Mjøstårnet the construction costs of the
structural system were found to amount to 9.8% of the total investment costs, see Section 5.12.2.

7.2. Discussion of results
For the design situation based on the concrete building "The Rectangle", the Pareto optimal timber building
designs, referred to as Building B3, are found to be competitive with "The Rectangle". This is a questionable
result since timber buildings are usually mentioned to be 5 to 10% more expensive compared to concrete
buildings. The optimization process is expected to decrease these construction costs for timber buildings,
but not up to this extent. It is argued that the assumptions made for the economical discipline as mentioned
above are inaccurate.
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Market value Apart from the construction costs, a difference in market value between the two buildings
might influence economical considerations. Market value differences are expected to be caused by the fol-
lowing factors.

• The obtained Pareto optimal designs for Building B3 with lower construction costs compared to The
Rectangle, have a grid size of 5.4m and 7.2m, see Figure 6.41b. The Rectangle has grid sizes of 7.2m and
8.6m. This lack of open space decreases the market value of a timber building.

• A timber building is regarded as sustainable and might increase the public opinion regarding the sus-
tainability of a company, thus increasing the market value.

• Several studies have shown exposed timber has several health benefits for occupants, such as reduced
heart rate, blood pressure, and stress levels, and improvement of emotional state and level of self-
expression of inhabitants [14]. This increases the market value.

Optimal buildings The obtained Pareto optimal buildings using the tool might not prove to be the most
optimal in practice for several reasons:

• The tool concerns four disciplines while the Architecture, Engineering, and Construction industry con-
sists of various disciplines. Furthermore, the tool only concerns the structural system, not all building
elements present in a building.

• While the elements in the stability system and all columns are grouped, the steel plate and dowel con-
nections in the stability system are not grouped. Grouping of connections increases the accuracy of the
model.

• Several design considerations are outside the scope of this research: the acoustical requirements for
connections, marketability, additional cost influences, torsional and crosswind acceleration, earth-
quake resistance, façade deflection, wind force under an angle, the wind suction on the façade and
the robustness.

• In timber design, some building regulations are still missing or are very conservative causing overdi-
mensioning of timber structures. These consist of the damping coefficient of the building, the regula-
tions for floor vibrations, and the regulation disregarding the exclusion of carbon sequestration in the
assessment methods for shadow costs.

Case-study results The accuracy of results obtained using the tool is decreased due to:

• The buildings which are created using the tool are based on discrete input parameters, limiting the
accuracy and size of the design space.

• The developed tool provides results satisfactory for design in the conceptual design phase when verified
by modelling Mjøstårnet and comparison of this model to the actual building, see Section 5.12. So, the
tool is only verified based on one reference project.

• The complete Pareto front is only found when performing a brute force calculation, so there is always
the possibility that some Pareto optimal buildings are present but not identified

• The building designs used in Section 6.3 are based on an optimization with generation and population
size of 30. According to Section 6.2, this implies approximately half of the Pareto optimal building
designs are found. This decreases the accuracy of the analysis performed in Sections 6.3 and 6.4.

• The stiffness of connections are included in the ULS and SLS check of the stability system. So, the
stability system will act as something between a truss system and a moment frame.

• The beams in the stability system are set to have the same dimensions as the beams in the stability
system. This is found to result in overdimensioning of the beams in the stability system, as found in
Section 6.3.2.

• The obtained thickness’s of the CLT plates in the core sizes are smaller than the thickness found in the
25King and Mjøstårnet reference projects. For 25King this is expected to be caused due to the stricter
fire regulation norms in Australia. The cause for this in Mjøstårnet is unclear.
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Conclusion

This research aims to identify timber high-rise designs that can be competitive to concrete design alternatives
using the Multidisciplinary Design Optimization method. A tool is developed in Grasshopper, which gener-
ates, validates, and optimizes timber building designs. Using this tool, it can be determined in which design
situation timber high-rise can be competitive to a concrete design alternative, considering the combination
of properties for shadow costs and construction costs. The tool is verified using a reference project and tested
using two case studies, which provides insights required to answer the research question and sub-questions.

In this chapter, the conclusions based on the conducted research are presented. These conclusions pro-
vide an answer to the research questions.

8.1. Answer to research questions
First the sub-questions are answered, which provides knowledge, data, and conclusions. Conjointly, these
sub-questions answer the main research question.

8.1.1. Sub-questions
1. (a) How can the MDO method be applied to this design problem?

For the development of the MDO tool, four separate layers are created, as proposed by Jansen
(2014) tool [86]. The Grasshopper visual programming language, which runs within the Rhinoceros
CAD application forms the basis for the tool development. Since the start of the development of
the tool, the trade-off between accuracy and computational time was considered. The following
design choices were made to decrease the computational time:

• The building model is simplified. This is done by grouping building elements, taking average
values for connection design, and setting verification requirements that prevent the need for
an iterative process for the design of one building.

• The building simulation methods are simplified. The building simulation methods for the
environmental and economical performance are calculated using simple formulas. The sta-
bility system is calculated in 2D using the Karamba3D plug-in. The dimensioning of the other
parts of the structural system is done using custom nodes based on Python.

• Reducing design variables. The number of design variables are reduced by using discrete
variables. Furthermore, the chosen input for which the tool optimizes the building is carefully
selected.

• Simplifying the MOGA. In Section 6.2.1 the effect of chosen generation and population size
and accuracy of the results is analysed. It was found that half of the Pareto optimal building
designs are obtained when only 6.25% of all possible building designs have been evaluated.

All these design choices decrease the computational time of the developed tool, while the accu-
racy remains acceptable for design in the conceptual design phase. It was found that a full gen-
eration, evaluation, and verification of a timber building design requires 1.22 seconds on average
using a 2.4 GHz processor.
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(b) What are the limitations of the use of MDO for this design problem?

The use of MDO for this design problem is limited by the simplifications required to create a
generic model which can be optimized. Furthermore, these simplifications decrease the com-
putational time and complexity of the tool. The most significant simplifications are:

• Discrete input is used for optimization of the building.

• Building elements are grouped to decrease the complexity of the building design. Elements
in such groups are optimized for the most normative case in the group.

• All steel plate and dowel connections in the stability system have similar properties, for which
the tool optimizes.

• For the diagonals and columns, except the corner columns, only square cross sections are
considered in the optimization.

(c) Which design considerations require thorough examination when designing a timber build-
ing?

• Timber is an anisotropic material The strength perpendicular to the grain is significantly
smaller than parallel to the grain.

• Acoustics Main challenges are the human-induced vibrations in floors and connections

• Low self-weight This can result in problems with wind-induced acceleration.

• Connection design Several design considerations must be made considering changes in mois-
ture content, shear strength, tensile strength perpendicular to the grain, fire design, and costs.

(d) What type of structural system is appropriate for a 50 to 70 meter high fully timber building? A
braced tube structure, as is used in the only three fully timber buildings which reach a height over
45 meter: Treet, Mjøstårnet, and 25 King.

(e) How can the optimization goal of each discipline be defined and modelled?

The architectural and structural disciplines are defined as constraints in this research. The build-
ing must meet all regulations regarding daylight, storey height, acoustics, and structural safety.

The environmental discipline only considers the embodied energy. An environmental perfor-
mance is calculated, see Equation 8.1, based on the Milieu Prestatie Gebouwen (MPG) calcu-
lation. Furthermore, three calculation methods for the assessment of carbon sequestration are
defined, see Section 4.5.3. These calculation methods affect the Environmental Product Deceler-
ation (EPD) data which is used to determine the environmental performance.

Environmental Performance = EPD data ·Material quantity ·Shadow price per unit (8.1)

Regarding the economical discipline, only the construction costs are considered. For the determi-
nation of the economical performance, the MAMO (Materiaal, Arbied, Materieel, Onderaannem-
ing) rules for budgeting are used. Accordingly, the construction costs are calculated by summing
the costs for materials, labor, equipment, and subcontracting.

2. (a) How can an integrated MDO tool be developed which provides accurate results for this design
problem? Using Grasshopper, timber building designs are generated, evaluated and optimized.
This process starts with the definition of a set of design situation dependent input and input for
which the tool optimizes. Using this input, and a minor structural calculation, the geometry of
the building is obtained. This geometry indicates the location of building elements and connec-
tions. Next, the cross section sizes of the elements in the structural system are determined using
custom node calculations and Karamba3D’s Optimize Cross Section component. This results in a
database with all required timber elements and connections. Using this database, the economical
and environmental performance can be determined. After the building is checked for several ver-
ification criteria, the obtained results for economical and environmental performance are trans-
ferred to the optimization component. For this optimization component, the Octopus plug-in is
used. This plug-in uses the SPEA-2 Multi-Objective Genetic Algorithm to predict the input which
creates an optimal timber building design. By defining this new input, a new iteration starts. This
cycle of creating new generations stops when the solution reaches the convergence criteria, or
after a set amount of iterations, called the maximum iteration number.
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3. (a) Which assumptions and design choices affect the comparison between timber and concrete
building design and how significant are the resulting differences? The exclusion of carbon se-
questration from the calculation of shadow costs has a big effect on the comparison between tim-
ber and concrete building design. The chosen generation and population size can have a huge
effect on the accuracy of the obtained Pareto optimal timber building designs.

(b) What design criteria are normative for timber building design? Considering the boundary con-
ditions and scope of this research the ULS is found to be normative for a slenderness up to 2.35.
The along-wind acceleration becomes normative for a slenderness greater than 2.35. If the ac-
celeration is disregarded, and if the assumption of a linear relation between deflection and slen-
derness is correct, the SLS is found to be normative over ULS for a slenderness of approximately
4.5

8.2. Research question
The main research question is:

"For which design situation can a timber braced tube system be economically and environmentally
competitive with a concrete design alternative for a 50 to 70 meter tall building?"

For the design situation based on the concrete building "The Rectangle", the Pareto optimal timber build-
ing designs, referred to as Building B3, were found to be competitive with "The Rectangle". For the other
analysed design situation, the Pareto optimal timber building designs referred to as Building A3, were not
found to be competitive with the concrete building "The Square". Considering the boundary conditions and
scope of this research, it can be concluded that a design situation with a rectangular floor plan is favourable
over a design situation with a square floor plan and a design situation with a building height of 50 meter is
favourable over a design situation with a building height of 60 meter.

The conclusion presented above includes the foundation of the building. The mass of the Pareto optimal
timber building designs is approximately eight times smaller compared to the concrete design alternative,
which results in a reduction of required foundation piles.

Considering the boundary conditions and scope of this research, the ULS is found to be normative for
a slenderness up to 2.35. The along-wind acceleration becomes normative for a slenderness greater than
2.35. If the acceleration is disregarded, and if the assumption of a linear relation between deflection and
slenderness is correct, the SLS is found to be normative over ULS for a slenderness of approximately 4.5

The following structural aspects influence the design of the braced tube stability system:

• A longer steel plate in the steel plate and dowel connections in the stability system results in a stiffer
connection. Due to this stiffer connection, the stability system acts more as a moment frame rather
than a truss system. This results in a decrease in cross section sizes of the timber elements, which
decreases the timber volume of the stability system.

• The building elements in the stability system are grouped into thirteen groups. The required cross
section is calculated for the normative element in the group and this cross section is applied to the full
group. An average utilization factor of 57% is found for the building elements in the stability system,
excluding the beams.

• The optimal diagonal angle is dependent on the dimensions of the stability system and the wind forces
acting on it. Thus, the floor plan influences the diagonal angle. For a square floor plan, the optimal di-
agonal angle is roughly 36%. While, for a rectangular floor plan with a ratio of 2:1, the optimal diagonal
angle is 33% in the long direction and 18% in the short direction.

• A diagonal layout where the diagonals cross the columns and beams at the same point is preferred as it
will lead to a more efficient transfer of forces. A more efficient transfer of forces leads to smaller bending
moments in the structure resulting in smaller required cross sectional dimensions and thus a cheaper
structure. A more optimal diagonal layout is found to reduce the timber volume between 5% and 14%
when analysed for two stability systems.
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The shadow costs for the Pareto optimal timber building design and the concrete alternatives are approxi-
mately equal. There are two possibilities for the reduction of shadow costs:

• The stability system of the timber building encompasses one-third of the total shadow costs. This is
mostly due to the steel present in the connections. It is suggested that a building with a concrete core
stability system and timber floors can result in a design that combines the best parts of both building
materials.

• The used method for carbon sequestration calculation in the determination of the shadow costs has a
considerable impact regarding the comparison of the environmental impact between a concrete and
timber building. Three different assessment methods for the inclusion of carbon sequestration are de-
fined in this research. The use of timber and concrete in the structural system was found to provide
comparable results when using carbon sequestration method 1. The inclusion of the effect of carbon
sequestration in the calculation of the shadow costs as is done in calculation method 2, results in a re-
duction of shadow costs of approximately 40% compared to a similar concrete building. The inclusion
of the effect of carbon sequestration in combination with carbon capture and storage at the end-of-life
stage of the building, as calculated using carbon sequestration method 3, can even result in a negative
carbon footprint of the structural system.
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Recommendations

9.1. Recommendations for future research
To be able to answer the research questions within the timeframe as set for a graduation thesis, some scope
limitations and assumptions have been made. This leads to possibilities for future research which are summed
below:

• In this research a braced tube system is used as the stability system. The effect of different stability
systems on the results is interesting to analyse. In Section 6.5.1, it is suggested that a building with
a concrete core stability system, and timber floors, beams and columns can result in a sustainable
design with low shadow costs. This combination is argued to combines the best parts of both building
materials.

• In this research, one connection is defined for all connections in the stability system. Grouping con-
nections and designing the connection based on their location in the stability system and their required
strength and stiffness is expected to result in a more optimal and accurate design. Future research can
regard these effects of the grouping of connections and the effect of their stiffness and strength on the
stability system.

• In this research Kerto-Ripa floor plates are used. The implementation of CLT plates as floors will provide
other results, because of the two-way spanning capabilities of CLT plates.

• In this research four disciplines have been considered. The addition of other disciplines using the de-
veloped tool as a basis may provide new insights as to what designs are favoured.

• In this research the tool positions the diagonals according to the "number of diagonals" and "place-
ment of diagonals" parameter. This approach does not take into account the intersection of diagonals
with beams and columns. In future research, another approach can be defined which aims to find solu-
tions where the diagonals intersect with beams and columns. This will result in a decrease of required
connections and a more efficient transfer of forces.

• In this research the stiffness of connections was included in the ULS and SLS check of the stability
system. Future research can analyse the results of this methodology for designing as opposed to not
considering the stiffness of connections in the ULS and SLS check.
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9.2. Recommendations for policy makers
This research assumes the presence of a feedback loop that causes a lack of implementation of timber high-
rise, see Figure 9.1.

Figure 9.1: Feedback loop preventing consideration of timber high-rise design alternatives in the conceptual design phase.

It is argued that the created tool can aid with identifying design situations where timber high-rise design
can be competitive with concrete high-rise design. However, additional measures might be required to sig-
nificantly increase the implementation of timber high-rise design. Policy makers have a key role in this, so
special recommendations are made for policy makers.

Dutch Government The construction industry is considered to be supplier-driven, highly fragmented, and
risk-averse. Furthermore, most firms invest little in research and development and absorptive capacity [17].
An incentive is required for the construction industry to take the risk associated with constructing using tim-
ber. The Dutch government can create a financial incentive, as it has done for electric cars. According to the
"Algemene Rekenkamer" (2019), the Dutch government spends €2000 to emit a ton of CO2 less, by promoting
electric cars [122].

For building B3, when using carbon sequestration calculation method 2, a reduction of 100 tons of CO2

emissions is found. If the Dutch government also spends €2000 to emit a ton of CO2 less in the building indus-
try, a cost reduction of €200.000 is found for Building B3, reducing the total construction costs of the structural
system by approximately 6 percent. This can be the incentive required for an increase in the implementation
of timber buildings.

Regulation revision In timber design, some building regulations are still missing or are very conservative
causing overdimensioning of timber structures. These regulations limit the design in timber and are arguably
too conservative. It is recommended to research these regulations further and revise them if required.

• Damping coefficient of the building The Eurocode defines a damping coefficient of the building D of
0.01. Various researches have proven that this is a conservative assumption. The research of Feldmann
et al. (2016) showed an average structural damping ratio of 0.02 for tall timber structures up to 100m
[49]. A damping ratio of 0.019 was used for the design of Mjøstårnet [8].

• Floor vibrations The European standard EN 1995-1-1 combined with the Dutch national annex [74]
does not provide an accurate calculation of the human-induced vibrations in the floor. This research
uses two alternative guidelines that provide more accurate calculations: the Austrian standard Önorm
B 1995-1-1 [71], and the HIVOSS design guidelines for the calculation of floor vibrations [67].

• Exclusion of carbon sequestration In the Netherlands, the environmental impact is determined using
the NEN-EN 15804 norm. In this norm, the process of carbon sequestration is excluded from the cal-
culation of the shadow costs. In the tool, this generally leads to the shadow costs of timber buildings
being unfavourable over concrete buildings. The inclusion of the effect of carbon sequestration during
the lifetime of a timber building results in a reduction of shadow costs of approximately 40% compared
to a similar concrete building.
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Theory

A.1. Properties and costs of timber
A.1.1. Structural properties
As already mentioned, timber is an an-isotropic material. The material properties of an an-isotropic material
are different in the three axes. For a timber log, these three axes are the axial, radial and circumferential axes.

For example, when looking at C50 softwood. The characteristic value of the compression stresses are
fc,0,k
fc,90,k

= 29
3.2 = 9 times higher parallel to the grain compared to perpendicular to the grain. For tensile stresses, the

characteristic value is
ft ,0,k
ft ,90,k

= 30
0.4 = 75 times higher parallel to the grain compared to perpendicular to the

grain [74]. Isotropic materials have the same material properties in all three axes. Isotropic materials are
preferred as building materials, because of the more diverse application possibilities and easier prediction of
behaviour.

d

Figure A.1: Comparison between compression strength normalised by density and modulus of elasticity normalised by density, for
various building materials [119].

Timber is a competitive building material when the timber properties parallel to the grain are normalized
by density. Figure A.1 shows the strength-to-weight and elastic modulus-to-weight ratio’s for the most com-
mon building materials. It can be concluded that when loads are resisted only by compression and tension,
timber shows equal performance to traditional building materials. Timber is an efficient solution for appli-
cation in the gravitational load resisting system in buildings, because of the lower self weight than steel and
concrete.

Timber even shows favourable results over concrete and steel when comparing the weight to bending
strength ratio parallel to the grain, see Figure A.2.

125
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Material Properties of different materials
Material Bending strength fm(N /mm2) Density ρ(kg /m3) Ratio ρ/ fm

Glulam GL30C 30 390 13
Steel S235 235 7850 33.4
Reinforced concrete 40 2400 60

Figure A.2: Material properties of different materials

A.1.2. Sustainability
To determine the sustainability of timber, the greenhouse gas CO2 will be used as a comparison between
building materials. Considering the CO2 emissions., timber is regarded as a sustainable material compared to
other common building materials. Two reasons can be named for this. To begin with, a relatively low primary
energy consumption is needed to produce a cubic meter of timber compared to other building materials.
Secondly, the construction of a timber building will result in carbon sequestration.

Primary energy consumption
The primary energy consumption is the energy needed in the full process of production of the building ma-
terial. This primary energy consumption can be converted to a primary CO2 consumption.

Carbon sequestration
The growth of a three results in the storage of carbon dioxide outside of the atmosphere during its lifetime.
During the forming of the biomass, a process called photosynthesis takes place, see Formula A.1. During this
process carbon dioxide, water and light are turned into C6H12O6, a simple sugar, and oxygen. The carbon is
stored in the form of C6H12O6 in the biomass, while the oxygen is emitted. Only when the biomass is burned
or rots, this Carbon dioxide will be released in the atmosphere [21].

6 CO2 + 6 H2O + light C6H12O6 + 6 O2 (A.1)

By dividing the primary CO2 consumption of timber with the carbon sequestration, the total emission
per m3 of timber can be found. Finding one exact value is difficult, since the both production of timber
and the determination of carbon sequestration are a complex processes. Different research papers produce
different results. In this research, the results as reported by the European Commission (2018) are used [138].
The European Commission bases their results on the research conducted by Hurmekoski (2017) [70]. This
research concludes an average reduction of 2.1 tons of CO2 emissions per ton of used timber compared to
non-wood products. However, the estimation vary greatly between an increase of 2.33 to a reduction of 15
tons of CO2 emissions per ton of used timber. Assuming the use of spruce, with a density of 0.45 ton/m3, a
reduction of 0.95 tons per m3 of timber is found. This value is corresponding to values reported by various
sources.

Figure A.3: Carbon emission effects over 200 years for a sustainably harvested forest [165].
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One of the mentioned preconceptions concerning timber construction is the notion that harvesting of
trees will reduce the forests and thus the total potential for CO2 sequestration by the forest. Figure A.3 shows
the tonnes of carbon per hectare of forest over a 200 year period when the forest sustainably managed. The
first years a reduction of stored carbon in the forest can be identified. However, the stored carbon per hectare
of forest and in the created timber products is 4 times higher after 200 years.

Comparing environmental impact of a building solely on CO2 emission is an oversimplification of this
problem. To thoroughly examine the environmental impact of a building, a Life Cycle Analysis (LCA) should
be done following the ISO 14040 guidlines [114] for all building materials. In such a LCA, 11 environmental
cost indicators (MKI’s) are mentioned. The global warming potential for 100 years is one of these impact
categories which is base on emissions of CO2 and other greenhouse gases [159].

A.1.3. Durability
Another preconception concerning timber is a limited potential lifespan. However, various studies have
shown that the same lifespan can be achieved for timber as for traditional building materials [120], [125].
Special attention must be given to the following aspects to assure a high potential lifespan of timber:

• The effect of moisture content on timber Important concerning the durability of timer is the moisture
content. Since the properties of timber vary with a varying moisture content. Proper design is necessary
to prevent the possibility of wetting of the timber. When timber elements are exposed to wetting, the
correct preservatives protection can create a durable material.

• Termite and insect damage Treated CLT can withstand termite damage perfectly: [52]. The European
standard DIN 68800-2 (6.3b) states that "the exclusive use of glued laminated timber, cross laminated
timber, artificially dried building timber or wood-based panels with a moisture content u above 20
percent in service is sufficient to avoid structural damage by insects". Thus it can be assumed that CLT
is invulnerable to insect attacks. [14]

• Corrosion resistance of metallic fasteners in timber connections. The corrosion resistance of metal-
lic fasteners in timber connections must be considered to ensure a durable connection design [21].
Hidden steel connections can provide both a protections against corrosion and against loss of strength
caused by fire [102].

• Creep of the material The biggest worry in durability or life-time expectancy of timber is creep. When
not properly considered in design, it will cause the building to warp. Especially when the core is from
concrete and the rest of the building is made from timber. Differences in creep must be carefully con-
sidered.

• Adhesives The durability of PUR and PRF adhesives have been tested showing sufficient durability
compared to timber[133].

• Direct sunlight Direct sunlight must be minimized since it might result in a faster degradation of timber
[119].

The Pagoda of Fogong Temple shown in Figure 4.6 best shows the durability of timber construction. Even
without most of these design considerations, this temple is still intact after almost a thousand years.

A.1.4. Fire safety
Another major preconceptions concerning timber high-rise is the fire safety. To provide sufficient fire safety,
the structural integrity of the building must be ensured for a sufficient amount of time for the occupants to
be evacuated. Providing fire safety consists of two main principles. At first the reaction to fire of the material
and secondly the fire resistance of the material.

Reaction to fire
This concerns the ignitability, heat release, burning droplets, smoke production an flame spread of the build-
ing material. Untreated timber is a combustible material and produces smoke when burning. When timber
materials are properly treated, a non-smoke producing material can be created. (B-s1,d0 rating)
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Fire resistance
The fire resistance can be described by the amount of time a building element exposed to fire can guarantee
its required structural and separating function.

The charring process that occurs when a timber element is burning helps provide this fire resistance.
During a fire, the outside of a timber element begins to char, and this charring layer provides insulation to
the fire to the inner part of the timber element. This inner part of the timber element will then provide the
structural integrity of the building. The strength loss of this inner part is considerably small when compared
to the strength loss of steel in a fire, see Figure A.4.

Figure A.4: Percentage of initial strength during a fire [14].

The charring happens from the outside to the inside of the material. For structural calculations during a
fire, a charring rate is given in the Eurocode. Eurocode 5 gives a charring rate of 0.7 mm/minute for glulam,
LVL and CLT [76]. This charring process starts at temperatures of 300 degrees Celcius for CLT.

Self-extinguishing of timber

Figure A.5: Timber beam supporting melted steel beams after a fire in American factory
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Figure A.5 shows the aftermath of a fire in an American factory. A timber beam is shown which supports
two melted steel beams. This picture clearly shows the self-extinguishing behaviour of timber. When the
fire has run out of fuel, the timber will extinguish itself. Although timber is combustible, it will not provide
sufficient fuel for the fire to keep burning. Meanwhile, the steel beams heat up due to their high thermal
conductivity and loses its strength.

A.1.5. Acoustics
Because of the low self-weight of timber, often additional measurements must be taken to comply with the
acoustical requirements. These acoustic issues are most challenging in timber floors, specifically at low fre-
quencies [103]. Several possibilities of improvement of the acoustic properties of floors showed their benefits
in different studies:

• Increasing stiffness of the floors [88].

• Concrete toppings or floating screed[129].

• Increase mass of floor [28].

• Suspended ceilings [130].

There are several suppliers that supplies timber floor systems which use one or multiple of these afore-
mentioned techniques for improving the acoustic properties. Various methods are used to increase the mass
of the floor. For example, foam concrete or a honey-comb system using special grains or sand to add mass
to the floors. When the building has a residential function, acoustic damping of the walls is also required.
Drywalls are often used to guarantee this required acoustic damping.

A.1.6. Additional properties
Heat conductivity
The heat conductivity λ of timber is between 0.13 and 0.20 W/(m·K) for steel this is λ = 60 W/(m·K) [21].

Effect on well-being
Several studies have shown exposed timber has several health benefits for occupants, such as reduced heart
rate, blood pressure and stress levels. Furthermore, it improves the emotional state and level of self-expression
of inhabitants [14].

Impact resistance
In 2016, the U.S. Department of Defense researched the resistance to impact of CLT and other building ma-
terials. Blast tests were conducted which showed the bowing of absorption of the materials. CLT showed
excellent properties, it absorbed most of the energy of the blast, causing only limited damage of the material
[42].

Earthquake Resistance
Timber shows favourable properties in earthquake design because of its high ductility. Furthermore, Feld-
man et al. (2016) did various vibration tests on buildings and concluded that the damping ratio of a timber
structure has superior capacities to dissipate vibration compared to concrete or steel structures

Creaking
Another concern regarding timber is the creaking noise it might produce. Again this is a preconception based
on unprocessed timber materials. Working on various timber projects in Australia Armstrong did not experi-
ence problems with creaking in timber design using processed timber materials [16].

Nitrogen emissions
Recently in the Netherlands, the government started taking measures to reduce nitrogen emissions. The con-
struction sector was one of the industries where measurements where taken, although it only accounts for
2.4 percent of the total emissions. According to van den Dobbelsteen, timber buildings can create a nitrogen
positive construction, resulting in the storage of nitrogen. Furthermore, the increase in prefabricated build-
ings will help reduce the amount of transportation, and the amount of diesel-powered equipment. This will
both aid with the reduction of nitrogen emissions [32].
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Construction process
The construction process of timber buildings provides several benefits.

• Building with timber simplifies the prefabrication.

• When using CLT panels, erection is easier, quieter and safer. This reduces the amount of personnel for
erection of the superstructure by 50 to 70 % [14].

• Less on-site waste is created, see Figure A.6.

Figure A.6: The total collected waste after a week of erection of the CLT frame at Murray Grove [14].

A.1.7. Costs
The construction costs for timber design are often assumed to be between 5% to 10% higher than building de-
sign using traditional building materials. Ahmed found in a research conducted in 2020 that the construction
cost for a hybrid timber building is 6.43% higher compared to a traditional concrete building. The consid-
ered hybrid timber building has 18 floors and consists of a timber superstructure with a concrete core [10].
One reason for these higher costs is the higher costs per building volume for timber products. The costs for
production of CLT is around 30-40% higher by building volume than traditional building materials [14]. How-
ever, other factors improve the construction costs using timber materials, such as the lightness, accuracy and
workability of the timber. Lastly, when comparing a CLT structure to in-situ concrete frames, 80-85% less
deliveries are required [14].

Putting costs in perspective
An increase in timber building industry can help the development of infrastructure, manufacturers and knowl-
edge of timber, resulting in a decrease in construction costs. Furthermore, sustainability goals set by govern-
ments may result in economical stimulation for sustainable designs, increasing the incentive to construct
using timber. Moreover, a timber structure will result in a light building, which might decrease foundation
costs. Lastly, the construction time of a CLT building is approximately 20% faster than for a comparable rein-
forced concrete building [14]. Because of this reduction in construction time, the building can begin earning
back the construction costs sooner.
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A.2. Reference projects

A.2.1. Introduction

Various timber high-rise buildings have been completed, these completed buildings can provide information
and insight. This section will cover a comparison between five completed timber high-rise buildings projects.

A.2.2. 25 King

25 King is a 47 meter high office building in Australia. The stability of this full timber building is provided
by the core and diagonals in the façade. Since the building site is a declared termite area, the ground floor
does not contain timber elements. Connectors similar to Knapp connectors are used to connect the beams
and columns, see Figure A.8. The columns are connected by placing them on top of each other, and screwing
the timber parts together, see Figure A.7c. For connection of the columns and diagonals in the facade, a steel
plate and dowel connection is used, see Figure A.7b. The timber elements are fully exposed in the building.
To provide sufficient fire safety, a sprinkler system is present in the building.

(a) Section [85].

(b) Steel plates and dowel connection of diagonals [85].

(c) Connection [85]. (d) Construction [85].

Figure A.7: 25 King
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Figure A.8: Beam-column connection [85].

A.2.3. Treet
The Treet building in Norway is a 14-storey high timber building. It makes use of a power storey. This power
storey essentially functions as an outrigger. Every fourth level a power storey is constructed composed of
glulam trusses. For the glulam trusses, GL30c and GL30h is used. This Power level takes the loads of the floors
above it. For the connection in these glulam trusses, a steel plate and dowel connection is used. The building
is composed of a CLT core and walls, but these have no load-bearing function [9].

(a) Exterior [9]. (b) Structure [9].

Figure A.9: Treet
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A.2.4. Murray Grove Stadthaus
Murray Grove is considered the first fully timber high-rise building in the world. The building has a residential
function and is constructed using CLT panels. KLH CLT panels used for the core, floor slabs, load bearing
walls, stairs and lift cores. For the walls, 128 mm thick CLT is used. For the floors, 146 mm thick CLT is used.
The CLT elements are connected using angle brackets, mechanical fixings and steel ties. The timber structure
is encapsulated using gypsum panels. This increases the fire resistance with 30 minutes [145].

(a) Exterior [15]. (b) Structure [15].

Figure A.10: Murray Grove Stadthaus

A.2.5. Mjøstårnet
Mjøstårnet is a 18-storey high timber building in Norway that was completed in March 2019, see Figure A.11a.

(a) Mjøstårnet [127].

(b) Structural system of Mjøstårnet [8].

Figure A.11: Mjøstårnet

Now, in 2021, Mjøstårnet is considered the world’s tallest timber building, with a height of 85.4 meters. The
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main structural system consists of glulam elements, making up the trusses along the façade, the columns and
the beams of the building. CLT walls are also used for vertical transfer of forces, see Figure A.11b. However,
they do not contribute to the horizontal stability of the building [8]. For the diagonals, steel plates and dowel
connections are used, see Figure A.12a. In this connection, intumescent fire strips are used in gaps and slots.

(a) Connection of diagonals [8]. (b) Realising connections in diagonals [7].

Figure A.12: Connection of diagonals in Mjøstårnet

The first ten floors are constructed using prefab glulam, floor and façade elements. The higher floors are
created using concrete to provide the necessary comfort criteria [145].

The maximum horizontal deflection at the top of the building is 140 mm. The glulam elements are con-
nected by use of slotted-in steel plates and dowels. This is a high capacity connection which is commonly
used in bridges and large buildings. Glulam with strength class GL30c and GL30h is used. The used CLT
plates have a bending strength of fmk = 24 MPa. For the connections, powder coated S355 steel is used to-
gether with acid-proof steel dowels[8].

A.2.6. Brock Commons Project
The Brock Commons Project is a 18 storey hybrid residential high-rise building. The complete building was
erected within 70 days [145].

(a) Installation of glulam Columns [25]. (b) Exterior [95].

Figure A.13: Brock Commons Project

This building consists of two concrete cores and a concrete base. From the third floor up, glulam and PSL
collumns and CLT panels are used. For the glulam columns, GL24h is used. The CLT panels are connected to
the core using steel angles screwed to the CLT and bolted to the concrete walls. CLT panels are used for the
floors. Because of their twoway spanning abilities, no beams are required. For the connection between the
columns and the floors, steel is used which is adhered to the columns using epoxy resin and bolted between
each floor slab. The completely structure is encapsulated using gypsum panels. Furthermore, a sprinkler
system is present [47].
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A.3. Connection types
A.3.1. Steel plate and dowels
This connection type is based on the mechanical fastener technique. One or multiple steel plates are inserted
in the center of the timber element. Steel dowels are placed through these steel plates in pre-drilled holes in
the timber [155].

Strength
This connection has three main failure mechanisms:

1. Failure of dowels

Pedersen (2001) gives seven failure modes for the dowels in a steel plates and dowel connection [115],
see Figure A.14. It is assumed the timber and the steel can reach plasticity. The dowel is assumed to be
rigid-plastic.

Figure A.14: Failure modes steel plate and dowel connection [115].

These failure modes can be calculated using:

Ffailure = min
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t = wood thickness in mm
d = dowel diameter in mm
fh,k = embedment strength in N/mm, calculated using Formula A.2.
My = plastic yield moment of the dowel in N /mm2. For a circular dowel it can be calculated using Formula A.3.

fh,k = 0.082(1−0.01d) ·ρk (A.2)

ρk = wood density
d = dowel diameter

My =Wy fy = 1

6
d 3 fy (A.3)
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d = dowel diameter
fy = yield strength of steel dowel

Only a part of the dowel columns is effective. This effective number of dowel columns can be found
using:

ne f = min(ncolumns ;n0.9
columns · (

α1

13d
)1/4) (A.4)

ncolumns = number of dowel columns parallel to the grain

Using this, the maximum force in the dowels is determined using:

Fmax,dowels = ne f ·4 ·Ffailure ·nrows (A.5)

2. Failure in tension or compression of net timber area

Since steel plates and dowels are placed in the timber, the timber area is reduced. This net timber area
still must resist the tension and compression forces. The following equations are used:

Fmax,c = fc,0,k · Anet ,t i mber (A.6)

Fmax,t = 0.4 · ft ,0,k · Anet ,t i mber (A.7)

3. Failure of steel plate

Another possible failure is failure of the steel plate. For this, there are various failure mechanisms

(a) Steel plate reaches yield strength.

Fmax,plates,1 = fy · tsteel plates ·bsteel plates (A.8)

tsteelplates = total thickness of the steel plates
bsteelplates = width of the steel plates

(b) Block shear and plug shear failure, as given in the Eurocode [74], see Figure A.15:

Figure A.15: Block shear failure lv,i and lt ,i [74].

Fmax,blockplug = max

{
1.5Anet,t · ft ,0,k

0.7Anet,v · fv,k
(A.9)

Lnet ,v = =
∑

i lv,i

Lnet ,t = =
∑

i lt ,i

Anet ,t = =Lnet ,t · t
Anet ,v = =Lnet ,v · t
t = thickness of timber element, perpendicular to steel plate
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(c) Net area of steel plate fails in tension.

Fmax,plates,2 =
0.9 · fu · Anet

γM ,2
(A.10)

fu = ultimate tensile strength
Anet = net section

Distancing
For the placement of dowels in the steel plate, the requirements mentioned in the Eurocode must be met. The
Eurocode gives minimum end distances, edge distances, and spacings for steel plates and dowel connections.
These differ based on the diameter of the dowels and the direction of the load, see Figure A.16 and Figure A.17.

(a) minimum end distances and spacings under tension force. (b) minimum end distances and spacings under compression force.

Figure A.16: minimum end distances and spacings.

Minimum end distance and spacing
Considered end distance or spac-
ing

Angle Minimum end distance or
spacing

α1 (parallel to grain) 0◦ ≤α≤ 360◦ (3+2|cosα|) ·d
α2 (perpendicular to grain) 0◦ ≤α≤ 360◦ 3 ·d
α3,t (loaded end) −90◦ ≤α≤ 90◦ max(7 ·d) ;80)
α3,c (unloaded end) 90◦ ≤α≤ 150◦ max

(
α3,t |sinα|) ;3d

)
90◦ ≤α≤ 150◦ 3 ·d
210◦ ≤α≤ 270◦ max

(
α3,t |sinα| ·d

)
;3d

)
α4,t (loaded edge) 0◦ ≤α≤ 180◦ max((2+2sinα) ·d) ;3 ·d)
α4,t (unloaded edge) 180◦ ≤α≤ 360◦ 3 ·d

Figure A.17: Minimum end distances and spacings under compression force.

Stiffness
Slip modulus The stiffness of the connections depends on the properties of the timber and the diameter of
the dowel. The total stiffness of the dowels can be determined by summing the stiffness’s of a single dowel.
By calculating the slip modulus Kser the stiffness of a single dowel can be determined, see Formula A.11.

Kser = ρ1.5
m ·d/23 (A.11)

Kser = slip modulus per shear plane of a single dowel
ρm = mean density value of timber
d = diameter of a dowel

The following Formula calculates the design value of the instantaneous slip modulus for timber-to-timber
connections.

Ku = 2

3
·Kser (A.12)

An important aspect to consider is the initial slip of a connection. The hole diameter in the steel and
timber is equal to the dowel diameter and a tolerance. This tolerance will result in initial slip. Figure A.18a
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(a) Load-slip response of three steel-timber composite bolted connections
[64].

(b) Load-slip response of three post-tensioned steel-timber composite
bolted connections [64].

Figure A.18

shows an load-slip response of a bolted steel-timber connection. Here, the initial slip is a negligible fraction
of the total slip under load. So, in this research it is assumed Formula A.11 can be used to determine the slip
of a connection. However, it must be noted that according to Dubas (1981) initial slip found in laboratory
research is often smaller than in practice, due to higher precision [39].

There are two options to decrease initial slip:

1. Post-tensioning the bolts. This post-tensioning force in the high-trsnegth bolts, increases the initial
stiffness of the connections. Thus increasing the required load for initial slip in the connection, see
Figure A.18b.

2. Using Computer Numerical Control (CNC) machinery. This CNC machinery can be used to drill the
holes in wood and steel. This way, the tolerances and thus the initial slip in the connection can be
minimized or even be absent. In CNC implementation, self drilling dowels are used.

Translational Stiffness According to Eurocode 5, timber-to-timber connections can be calculated using
Formula A.12. For timber-to-steel connections, this value for Kser may be multiplied with 2 to obtain the in-
stantaneous slip modulus per steel dowel in the connection. The translational stiffness is found by summing
this slip modulus with all dowels, see Formula A.13.

Kt,u = 2 ·n ·Ku (A.13)

Kt,u = translational stiffness
Ku = design value of instantaneous slip modulus
n = number of dowels

Rotational Stiffness According to Johanides et al. (2021), the rotational stiffness can be obtained by obtain-
ing the translational stiffness of dowel i multiplied with the square of the radial length of dowel i to the center
of mass of all dowels, see Formula A.14 [87].

Kr,ser =
n∑

i=1
Kser · r 2

i (A.14)

Kr,ser = rotational stiffness
Kser = slip modulus of a single dowel
ri = radial length of dowel i to the center of mass of all dowels
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A.4. Structural design considerations
A.4.1. Loads
Four types of loads are elaborated on in this Section: wind loasd, dead loads, live loads, and snow loads.

Wind load
The wind load is determined according to NEN-EN 1991-1-4 [73]. Assumed: Flat roof, No round corners.

For determination of the extreme wind load on the façade, Formula A.15 is used.

Qw = cs cd · c f ·qp (ze ) (A.15)

cs cd = building factor
c f = force coefficient for the structure
qp (ze ) = peak velocity pressure at height ze

For buildings consisting of bracing and stability walls under 100 meters tall. If the height is smaller than
four times the building depth in the direction of the wind, a value of 1.0 can be used for cs cd [73]. If this
requirement is not met, the building factor is assumed to equal 1.1.

The force coefficient can be determined using the external pressure coefficients for suction and pressure.
For the calculation of the main load bearing system, the external pressure coefficient cpe,10 is used. Figure
A.20 shows these external pressure coefficients for the zones depicted in Figure A.19.

Figure A.19: External pressure coefficients [73].
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External pressure coefficients cpe,10 and cpe,1 for different building zones
Zone A B C D E
h/d cpe,10 cpe,1 cpe,10 cpe,1 cpe,10 cpe,1 cpe,10 cpe,1 cpe,10 cpe,1

5 -1.2 -1.4 -0.8 -1.1 -0.5 +0.8 +1.0 -0.7
1 -1.2 -1.4 -0.8 -1.1 -0.5 +0.8 +1.0 -0.5

Figure A.20: External pressure coefficients cpe,10 and cpe,1 for different building zones [73].

For values of h
d between 1 and 5, linear interpolation can be used to find the correct value. Furthermore,

because of a lack of correlation of wind suction and pressure, for values of h
d ≤ 1 , the resulting forces must be

multiplied with 0.85. For values of h
d ≥ 5, a multiplication factor of 1 is used. A linear interpolation is applied

for intermediate values.
The peak velocity pressure, qp (ze ), is calculated with

qp (z) = (1+7 · Iv (z)) · 1

2
·ρ · v2

m(z) (A.16)

ρ = air density = 1.25 kg/m3.
Iv (z) = turbulence intensity, found using Formula A.17
vm(z) = mean wind value at height z above the terrain, determined using Formula A.18

Iv (z) = kl

c0(z) · ln
(

z
z0

) (A.17)

kl = turbulence factor = 1.0

vm(z) = cr(z) · c0(z) · vb (A.18)

cr (z) = terrain roughness factor, calculated using Formula A.19
c0(z) = orography factor = 1.0
vb = basic wind speed, determined in Formula A.21

Roughness length for different terrain categories.
Terrain
category

Terrain type z0 zmi n

0 Sea or coastal environment 0.005 1
I Lakes or flat horizontal environment without obstacles 0.01 1
II Environment with some obstacles 0.05 2
III Environment with regular obstacles 0.3 5
IV Environment where at least 15% of the environment is covered

with buildings with an average height above 15 meters.
1.0 10

Figure A.21: Roughness length for different terrain categories [73].

cr is calculated using:

cr (z) = kr · ln

(
z

z0

)
(A.19)

kr = terrain factor, calculated using Formula A.20
z0 = roughness length found in Formula A.21

kr = 0.19 ·
( z0

0.05

)0.07
(A.20)
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z0 = terrain roughness length, given in Figure 4.30

The basic wind speed vb , required in Formula A.18 is determined using:

vb = cdi r · cseason · vb,0 (A.21)

cdi r = directional factor = 1.0
cseason = seasonal factor = 1.0
vb,0 = as found in Figure A.22

(vb,0) for different wind zones
Wind zone I II III
(vb,0) (m/s) 29.5 27.0 24.5

Figure A.22: vb,0 for different wind zones [73].

Figure A.23a applies if the height is larger than twice the width of the building.

(a) If the height is larger than twice the width of the building (b) If the height is smaller than twice the width of the building and larger than the width of
the building.

Figure A.23: Distribution of the peak velocity pressure over the building.

Wind friction The friction on surfaces parallel to the wind force direction must also be taken into account.

F f r = c f r ·qp (ze ) · A f r (A.22)

F f r = wind friction force in kN
c f r = friction coefficient, see Figure A.24
qp (ze ) = peak velocity pressure at height ze in kN /m2

A f r = area of surface parallel to wind force direction in m2

Friction coefficient c f r for exterior surfaces
Surfaces Friction coefficient c f r

Smooth (e.g. steel) 0.01
Rough (e.g. rough concrete) 0.02
Very rough (e.g. wrinkled facade elements) 0.04

Figure A.24: Friction coefficient c f r for exterior surfaces [73].

This wind friction can be neglected if the total area of all surfaces parallel to the wind force direction are
smaller than four times the total area of all surface perpendicular to the wind force direction.

Accordingly, see Figure A.25, the wind friction can be neglected if:

2hd +db ≤ 8hb (A.23)
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Figure A.25: Wind Friction.

The lowest height will be normative. A minimum height of 50 meters is assumed in this research paper. So, a
height of 50 meters will be used. This gives:

100d +db ≤ 400b (A.24)

So,

d ≤ 400b

100+b
(A.25)

Assuming the width of the building is minimally 20 meters. It is found that the wind friction can be ne-
glected if the length of the building d ≤ 66.7 meters. It is assumed such a building shape will not be optimal,
so the wind friction is neglected in the calculations.

Dead load
The dead load on the structure consists of the self-weight of the load-bearing structure and skin of the build-
ing. This self-weight is multiplied by the gravitational constant g to find the dead load. g = 10 m/s2 is used for
simplification of the calculations.

Live load
The live loads are defined in the Eurocode. These live loads are determined according to the function of the
considered space. This live load is 1.75 kN /m2 for residential use and 2.50 kN /m2 for office spaces [72]. The
use of light partition walls can be added to this live load. Depending on the used partition wall, a different
live load is used. For this research a load of 0.50 kN /m2 is used to take these partition walls into account. For
the upper two floors, this full live load is added. For the other floors, the factor ψ0 is used to determine the
live loads.

Snow load
For the snow load, a load of 0.56 kN /m2 is used applied to the roof of the building [81]. This snow load is
assumed to be larger than the maximum rain load on the roof of the building.

A.4.2. Serviceability Limit State
When a structure satisfies the serviceability limit state, it is ensured the structure will serviceable and perform
its intended function throughout its lifetime. The following subsections will cover the aspects the structure
must satisfy to ensure its serviceability.
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Horizontal deformation
The maximum horizontal deformation of the total building is given in the national annex of EN 1990:

umax = h

500
(A.26)

h = building height

Part of the horizontal deformation is caused by the rotational stiffness of the foundation. However, the
rotational stiffness of the foundation is not considered in the structural model. Therefore a stricter equation
for determination of the maximum horizontal deformation is determined [62], see Formula A.27. Second-
order effects, as discussed in Annex A.4.3 also effect the horizontal deformation.

umax = h

750
(A.27)

Vertical deformation
For the floors, a maximum vertical deformation is specified.

wi nst = l

300
(A.28)

wi nst = deflection due to permanent load immediately after permanent load is applied.
l = length of floor

wnet , f i n = l

250
(A.29)

wnet , f i n = long term deflection under permanent loading

See Figure A.26.

Figure A.26: Determination of total vertical deformation [75]

The creep factor kde f is 0.6 for glulam, CLT and LVL. The creep is taken into account by calculating the
final modulus of elasticity, using the following equation:

Emean, f i nal =
Emean

1+kde f
(A.30)

u f i n = u f i n,G +u f i n,Q1 +
∑

u f i n,Qi (A.31)

For the permanent load:
u f i n,G = ui nst ,G

(
1+kde f

)
(A.32)

For the leading variable load:
u f i n,Q,1 = ui nst ,Q,1

(
1+ψ2,1kde f

)
(A.33)

For the other variable loads:
u f i n,Q,1 = ui nst ,Q,1

(
ψ0,i +ψ2,1kde f

)
(A.34)
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Acceleration
Because of the relatively low structural weight of timber high-rise, accelerations caused by wind are important
to analyse. These accelerations can cause nausea to the users of the buildings. Various vibrations and their
effects are listed in Figure A.27.

Human perception levels
Range Acceleration

(m/s2)
Effect

1 < 0.05 Humans cannot perceive motion.
2 0.05-0.10 Sensitive people can perceive motion; hanging objects may move slightly.
3 0.10-0.25 Majority of people will perceive motion, level of motion may effect. desk work,

long-term exposure may produce motion sickness.
4 0.25-0.40 Desk work becomes difficult or almost impossible, ambulation still possible.
5 0.40-0.50 People strongly perceive motion, difficult to walk naturally, standing people may

lose balance.
6 0.50-0.60 Most people cannot tolerate motion and are unable to walk naturally.
7 0.60-0.70 People cannot walk or tolerate motion.
8 > 0.85 Objects begin to fall and people may be injured.

Figure A.27: Human Perception Levels [166].

The maximum allowed acceleration for buildings is given in the NEN-EN 1990-1-1 [80], see figure A.28.

Figure A.28: Maximum allowed acceleration for a building as specified in NEN-EN 1990-1-1 [84].

Van Rhijn (2020) determined the acceleration for timber high-rise using various lateral stability systems.
All found results were within the maximum acceleration limits for office buildings, without needed alterna-
tions. So, it can be concluded that the maximum allowed acceleration for office buildings is often achievable
without additional adjustments. However, Van Rhijn found that all 70 meter high buildings did not satisfy the
acceleration requirements for residential buildings. For residential buildings with a building height of less
than 50 meters, roughly all buildings did satisfy the requirements [155]. A critical note must be made on this
research, since it does not include torsional vibration of the building.

A building can have three types of responses when exposed to wind loads. Van Oosterhout (1996) anal-
ysed these responses and found three different possible responses, see Figure A.29, each being normative
depending on the structural shape [153].

• Along-wind response: Normative when the building width is considerably larger than the building
depth.
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• Cross-wind response: Normative for cylindrical or square buildings

• Torsional response: Normative for asymmetrical shapes regarding mass and stiffness of the building.

Figure A.29: Possible building response caused by wind load.

Based on this, the along-wind response, or the cross-wind response is assumed to be normative depend-
ing on the design situation.

Torsional response To accurately account for the total vibrations in a building, the bending vibration in
X- and Y-direction must be calculated and both must be added to the torsional vibration of the building to
obtain the total vibration of the building. For buildings below 70 meters, the 1990-1-1 does not include the
calculation of the torsional vibration in the calculation of the total vibration, if the mass of the building is
equally distributed over the height. For buildings over 70 meters, the NTA 4614-3 provides additional in-
formation for high-rise buildings over 70 meters [77]. It includes guidelines on correctly determining the
torsional vibration.

Along-wind response

n1,x = 46

h
(A.35)

n1,x = first natural frequency of the building
h = height of the structure

awi nd = 1.6 · φ2 ·ρνw,1 · cpe ·bm

ρ|
(A.36)

awi nd = acceleration of top level of the building.
φ2 = dynamic factor for vibrations caused by wind, calculated using Formula A.37.
ρνw,1 = value for varying part of the wind pressure, determined using Formula A.38.
cpe = sum of external wind pressure coefficients.
bm = width of the building perpendicular to the direction of the wind.
ρ| = total mass of the building.
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φ2 =

√√√√ 0.0344
(
n1,x

)−2/3

D
(
1+0.12n1,x h

)(
1+0.2n1,x bm

) (A.37)

φ2 = dynamic factor for vibrations caused by wind
D = damping coefficient of the building
n1,x = first natural frequency of the building
h = height of the structure
bm = width of the building perpendicular to the direction of the wind.

ρνw,1 = 100 · ln

(
h

0.2

)
(A.38)

ρνw,1 = value for varying part of the wind pressure.
h = height of the structure

For D, the damping coefficient of the building, the Eurocode gives a value of 0.01 for buildings with a nat-
ural frequency lower than 1 Hz. However, this damping coefficient is considered to be on the conservative
side. It is expected that due to the weak soil in the netherlands and the use of pile foundations will result in
higher damping coefficient in dutch buildings [142]. Furthermore, timber connections influence the damp-
ing of the structure. According to Stathopoulos (2007) the damping ratio for timber frame towers is higher
than for solid timber towers, because the connection enable small movements between the elements [137].

The research of Feldmann et al. (2016) showed an average structural damping ratio of 0.02 for tall timber
structures up to 100m [49]. A damping ratio of 0.019 was used for the design of Mjøstårnet [8]. So, the 0.01
structural damping ratio as given in the Eurocode is a conservative assumption.

Cross-wind response The Eurocode does not specify a calculation of the cross-wind response of a building.
However, it does elaborate on a calculation of the vortex shedding effect, and whether this effect must be
taken into account. This vortex shedding effect is caused by wind turbulence, and will be used to account for
cross-wind response in this research.

vcr i t ≥ 1.25 · vm(z) (A.39)

vm(z) = mean wind velocity at the top of the building.
vcr i t = critical wind velocity for vortex shedding, determined using Equation A.40

vcr i t =
b ·n1,x

ST
(A.40)

b = building width
n1,x = first natural frequency of the building, calculated using Equation A.35

ST = Strouhal number, equal to 0.15 · Bui ldi ng depth
Bui ldi ng wi d th

To calculate the Strouhal number, for simplification reasons, the normative factor of 0.15 is used.

Inter storey drift
The inter-storey drift gives a maximum horizontal displacement between two subsequent floors. The inter-
storey drift is defined as:

δ= (∆2 −∆1)/h ≤ · 1

400
(A.41)

∆1 = horizontal displacement of a specific floor
∆2 = horizontal displacement of floor above floor ∆1

h = storey height
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A.4.3. Ultimate Limit State
Normal force
Normal force parallel to the grain.

σc,0,d = NE d

A
≤ · fc,0,d (A.42)

σt ,0,d = NE d

A
≤ · ft ,0,d (A.43)

Normal force perpendicular to the grain.

σc,90,d ≤ kc,90 · fc,90,d (A.44)

σt ,90,d ≤ kt ,90 · ft ,90,d (A.45)

Shear

τd = 3

2

Vd

A
≤ · fv,d (A.46)

kcr = reduction factor caused by cracks, for prismatic cross sections kcr = 1.0

Bending moment

σm,d = Md

W
≤ · fm,d (A.47)

Where Md is the design bending moment, W is the moment of resistance, and fm,d is the design bending
strength.

Combined moment and axial tension

σt,0,d

ft,0,d
+ σm,y,d

fm,y,d
+km

σm,z,d

fm,z,d
≤ 1 (A.48)

σt,0,d

ft,0,d
+km

σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1 (A.49)

Combined moment and axial compression(
σc,0,d

fc,0,d

)2

+ σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
≤ 1.0 (A.50)

(
σc,0,d

fc,0,d

)2

+km
σm,y,d

fm,y,d
+·σm,z,d

fm,z,d
≤ 1.0 (A.51)

km = Factor for re-distribution of stresses and the effect of inhomogeneities in the cross section.

For solid timber, glulam and LVL km = 0.7. For other timber products or when h/b > 4, km = 1.0.

Second order effect
The second order effect accounts for the combination of wind loads and gravitational loads. When, a wind
load causes horizontal deflection of the building, the center of gravity of the building will shift relative to the
foundation. This shift of the center of gravity of the building will result in a displacement of the gravitational
loads relative to the base of the building. This leads to an additional moment in the base of the building, see
Figure A.30. This effect is known as the second order effect or the P-∆ effect. Slooten (2018) and Gijzen (2017)
both analysed timber high-rise structure and reported an additional 10% of deflection caused by second-
order effects [57], [134].

These second-order effects influence the horizontal deflection. The maximum horizontal deflection was
determined to be h

750 , see Equation A.27. To account for this additional 10% of deflection caused by second-
order effects, the maximum horizontal deflection is given in Equation A.52.

umax = h

825
(A.52)
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Figure A.30: Simple model of second order effects [68].

Global initial sway imperfections
Imperfections in the materials can create an initial skew of the frame. This skew of the frame will provide
additional horizontal forces on the structure in the façade of the building. NEN-EN 1993-1-1 is used to deter-
mine the global initial sway imperfection [83].

(a) (b)

Figure A.31: Global initial sway imperfection [83].

φ=φ0 ·αh ·αm (A.53)

φ0 = basic value, φ0 = 1
200

αh = reduction factor for height h applicable to columns: αh = 2p
h

, but 2
3 ≤αh ≤ 1.0

h = height of the structure

αm = reduction factor for the number of columns in a row
√

0.5 · (1+ 1
m )

m = number of columns in a row which carry a vertical load NE d ≥ 50% of the average vertical load

The additional horizontal force on the structure in the façade of the building is equal to the vertical force
on the considered column multiplied by φ.

Buckling
In the case of a compression force, buckling can occur.

σc,0,d ≤ kc · fc,0,d (A.54)

kc = instability factor, determined by:
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kc = 1

k +
√

k2 −λ2
r el

(A.55)

k = 0.5 · (1+βc · (λrel −0.3)+λ2
rel ) (A.56)

βc = factor. For glulam and LVL βc = 0.1
λrel = relative slenderness, determined by:

λrel =
λ

π

√
fc,0,k

E0.05
(A.57)

E0.05 = 5% value of the modulus of elasticity
λ = slenderness of the column, determined using:

λ= le f f

i
(A.58)

le f f = buckling length
i = radius of gyration, given in:

i = I

A
(A.59)

I = moment of inertia
A = cross sectional area

The moment of inertia for CLT can be calculated using:

Inet = b ·
n∑

i=1

(
t 3

i

12
+ ti ·a2

i

)
(A.60)

n = number of lamella in loaded direction
b = one meter wide strip
ti = thickness of the lamellae i
ai = distance of the middle of the lamellae to the centre of gravity of the cross section

The following unity check is done when λrel ≤ 0.3

u.c. =
(
σc,0,d

fc,0,d

)2

+ σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
≤ 1.0 (A.61)

u.c. =
(
σc,0,d

fc,0,d

)2

+ σm,z,d

fm,z,d
+km · σm,y,d

fm,y,d
(A.62)

For the used columns, a square cross section is assumed, so

u.c. =
(
σc,0,d

fc,0,d

)2

+ (1+km) · σm,d

fm,d
(A.63)

If λrel > 0.3:

u.c. = σc,0,d

kc,y · fc,0,d
+ σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
(A.64)

u.c. = σc,0,d

kc,z · fc,0,d
+ σm,z,d

fm,z,d
+km · σm,y,d

fm,y,d
(A.65)

For the used columns, a square cross section is assumed, so

u.c. = σc,0,d

kc · fc,0,d
+ (1+km) · σm,d

fm,d
(A.66)
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Robustness
The Eurocode NEN-EN 1991-1-7 gives design guidelines for creating sufficient robustness in a structure in
case of local structural failure. This local structural failure can be cause by vehicle impact or an explosion.
There are two strategies to guarantee sufficient global strength of a structure in case of local structural failure.

• tension ties

• secondary load paths: The structure is designed in such a way that neighbouring structural elements
are able to take the additional forces caused by the local failure. A secondary load path is created.

The verification of the robustness of the structure is outside the scope and is not verified in the tool.

Internal wind pressure
Apart from wind loads on the building, the internal wind pressure must also be considered. This internal
wind pressure acts on walls inside the building. For determination of these internal wind loads, Formula
A.15 is used. Here, the force coefficient is found by summing the internal pressure coefficient for suction and
pressure. This gives 0.2 - -0.3 = 0.5 according to NEN-EN 1991-1-4 [73].

A.4.4. Fire safety
As section A.1.4 discusses, when properly designed, a timber structure can provide sufficient fire safety. This
is the result of the charring process that occurs when a timber element is burning. The outside of this timber
element begins to char, and this charring layer provides insulation to the fire to the inner part of the timber
element, see Figure A.32.

Figure A.32: Charring of timber [2].

Providing fire safety consists of two main principles. At first the reaction to fire of the material and sec-
ondly the fire resistance of the material.

"Bouwbesluit 2012" gives the required fire resistance for structural elements. For this building, the main
load baring system must maintain its structural function at least 120 minutes. The secondary load bearing
system, such as floors, must maintain their structural function for at least 90 minutes.
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Furthermore, if the fire load in a fire compartment is below 500 M J/m2, the fire resistance can be re-
duced with 30 minutes. Since timber is combustible, it is assumed this fire load below 500 M J/m2 can not be
achieved, So, the reduction will not be used. In other timber buildings, for example in Mjøstårnet, a sprinkler
system is used to decrease the fire load below 500 M J/m2.

Fire safety strategy The reduced cross section method is used to assure structural safety during a fire. When
a timber element is burning, it begins charring. This charring layer provides insulation to the fire to the inner
part of the timber element. This inner part of the timber element that is protected is called the effective cross
section. Using the reduced cross section method, the dimensions if this effective cross section is determined,
see Figure A.33.

Figure A.33: Reduced cross section method [74].

This effective cross section must be able to fulfil its structural function. There are two strategies to make
sure this effective cross section has sufficient dimensions to fulfil its structural function.

• Exposed fire safety strategy The dimensions of the timber element are increased to increase the di-
mensions of the effective cross section.

• Gypsum encapsulated strategy Gypsum boards is added to the timber element to increase the dimen-
sions of the effective cross section.

Exposed fire safety strategy To determine the effective cross section for unprotected timber the following
formula is used:

de f = dchar,n +k0 ·d0 (A.67)

de f = effective charring depth
k0 = factor for unprotected surfaces. When t ≥ 20 min, k0 = 1.0
d0 = 7 mm
dchar,n = Notional charring depth, determined using:

dchar,n =βn · t (A.68)
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βn = notional charring rate in mm/min
t = time in minutes

For glulam with a characteristic density ≥ 290kg /m3, a notional charring rate βn of 0.7 mm/min can be
used. For CLT a notional charring rate βn of 0.65 mm/min can be assumed.

Gypsum encapsulated strategy Gypsum boards are used to protect the timber. The time until the timber
starts to char can be determined using:

tch = 2.8 ·hp −14 (A.69)

hp = thickness of the cladding
t = time after which the timber starts to char in minutes

When the protected timber starts to char, a multiplication factor k3 is used. This factor is equal to 2 and
increases the charring rate.

ta = min

{
2 · t f

25
k3·βn

+ t f
(A.70)

hp = time after which notional charring rate βn will be used
t = time in minutes the timber is protected

The difference in charring speed between the two strategies with unprotected and protected timber is
shown in Figure A.34.

Figure A.34: Charring rates for unprotected (A) and protected (B) timber [46].

This reduced cross sections needs to be verified.

Rd ,t , f i = η · R20

γM , f i
(A.71)

Rd ,t , f i = design value for load bearing capacity under fire conditions
η = conversion factor used when verifying connections
R20 = 20% fractile value of the resistance, calculated using Formula A.73.
γM , f i = partial safety factor of material during fire. γM , f i = 1.0 for timber
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R20 = k f i · fk (A.72)

R20 = 20% fractile value of the resistance
k f i = factor which is 1.15 for laminated timber
fk = characteristic resistance

The total loads on the structure can be reduced in a fire situation. For this, the following formula is used:

Ed , f i = η f i ·Ed (A.73)

Ed = design value of the loads under normal conditions
η f i = 0.45

A.5. Level Of Development
The Level of Development and estimating (LOD) determines the exactness of a design, from estimated ap-
proximation to exact representation[96]. The LOD defines what geometric and non-geometric data is in-
cluded in the BIM model. The LOD also helps desribing the usability and limitations of this data [94]. The
American Institute of Architects (AIA) was the first to define the LOD in 2008 [11]. These definitions where
extended by the BIMForum in 2018 [20]. The definition of LOD is still unclear, as a result of the vague terms
used in the LOD definitions [149]. For this project, the LOD specifications as defined by BIMForum in 2018
are used [20], see Figure A.35.

Figure A.35: Levels of Development [20].

According to Svalestuen et al. (2018), a LOD of 100 or 200 is sufficient in the conceptual design phase
[139]. So, in this research, a LOD of 200 will be used. According to BIMForum, at LOD 200, elements are
generic placeholders, and results are considered approximate. Elements can be identified as the components
they represent or can be volumes of spaces [20].
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A.6. Optimize Cross Section
Figure A.36 shows the Karamba3D’s Optimize Cross Section component. This component aims to size each
member for axial forces, bending moments, shear, local buckling and torsion through an iterative process.
It does so through a finite element analysis and is based on the requirements as specified in Eurocode 3 for
steel structures.

Figure A.36: Karamba3D’s Optimize Cross Section component.

The Optimize Cross Section component requires the following input:

• The Karamba3D model.

• The identifiers of the members. These members can be individual or grouped. When members are
grouped, all members will have the same cross section as the normative member of the group. Section
5.7.1 mentions how the grouping of members is done.

• A list of cross sections. This list contains the material properties of the cross sections.

• A maximum utilization and maximum displacement value. Two components are required, one for
the ULS check where the maximum utilization equals the maximum unity check. And one for the SLS
check where the maximum displacement is set to the total height of the building divided by 750.

• A set amount of iterations.

• gammaM0 and gammaM1 These values account for the kmod and the γm factor. kmod = 0.8 and γm =
1.25. This gives a factor of gammaM0 of

γM 0 = 1 ·γm

kmod
= 1 ·1.25

0.8
= 1.5625 (A.74)

So gammaM0 and gammaM1 are set to 1.5625 to

One cycle of this iterative process can be divided into three separate steps.

1. Using the initial cross section, the forces and moments at a number of points along all elements are
determined.

2. For these elements of group of elements, the first sufficient cross section is selected which satisfies all
requirements for axial forces, bending moments, shear, local buckling and torsion

3. If the cross sections as determined in step 1 and step 2 are identical or the maximum number of itera-
tions is reached, the algorithm stops. Otherwise, the found cross sections in step 2 are set as the input
cross sections in step 1.

Generally, five of these cycles are sufficient to obtain the required cross sections which satisfy the maxi-
mum displacement requirements. However, there is no guarantee that the iteration converges.
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A.6.1. Verification
Karamba3D’s Optimize Cross Section component is tested by creating four simple models, which can easily
be verified with hand calculations, see Figure A.37. In this picture, a red arrow indicates a force, and a purple
area a bending moment. The component is created for isotropic materials. The verification is performed by
analyzing the optimal cross sections as obtained using the component for the four simple models. This cross
section is compared to the cross section as required using a hand calculation. This way, the component is
verified for several failure mechanisms, see Figure A.38

Figure A.37: Verification of Karamba3D’s Optimize Cross Section component.

(a) Model 1: Compression force check.

(b) Model 2: Deflection check.

(c) Model 3: Tension force check.

(d) Model 4: Bending moment check.

Figure A.38: Verification of four failure mechanisms
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Figure A.38 clearly shows the accuracy of the component for determining optimal cross sections for four
failure mechanisms, which confirms the feasibility for implementation of the component for orthotropic ma-
terials. However, two disadvantage are found for implementation of this component. Firstly, The component
uses a yield strength in strong and weak direction, thus assuming the compressive and tensile design strength
are similar. However, for engineered timber, the maximum tension design strength of the material is roughly
80% of the maximum compression design strength in the strong direction. Secondly, the component analysis
the elements on buckling based on the design using steel elements in NEN-EN 1993-1-1. These calculations
differ compared to the buckling calculations for timber structures. To account for these two disadvantages,
the yield strength is assumed to equal the maximum tensile design strength. This way, the compression de-
sign strength is smaller than in reality, but this conservative assumption might be required since buckling is
not accurately regarded.
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B.1. Steel plate and dowel connection
B.1.1. Custom node calculation

Figure B.1: Steel plate dowel connection general calculation

Figure B.2: Net timber area failure calculation

Figure B.3: Steel plate calculation
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Figure B.4: Steel plate failure calculation

Figure B.5: Dowel failure calculation

Figure B.6: Connection failure calculation

Figure B.7: Block and plug shear failure calculation
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Figure B.8: Fire failure calculation

Figure B.9: Member failure calculation

Figure B.10: Normative failure calculation

Figure B.11: Translational stiffness calculation

According to Johanides et al. (2021), the rotational stiffness can be obtained by obtaining the translational
stiffness of dowel i multiplied with the square of the radial length of dowel i to the center of mass of all dowels,
see Formula B.1 [87].

Kr,ser =
n∑

i=1
Kser · r 2

i (B.1)

Kr,ser = rotational stiffness
Kser = slip modulus of a single dowel
ri = radial length of dowel i to the center of mass of all dowels

For every connection, in the custom node, the center of all dowels is obtained, and the distance in X- and
Y-direction to this center point is determined for all dowels. By using Pythagoras, the radial length of each
dowel is determined. Using this approach the rotational stiffness of the steel plate and dowel connection is
found.
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B.1.2. Verification
The verification of the steel plate and dowel connection is performed by checking the compressive stress.

Reference
Using the case presented in the presentation "Materialen met Toekomst: Hout in Utiliteit" by Walter van
Adrichem [148], see Figure B.12.

Figure B.12: Checked steel plate and dowel connection [148].

The following assumptions are made

• Diameter dowel = 20 mm

• Thickness steel plate = 12 mm

• Dowel rows = 11

• Dowel columns = 4

• Number of steel plates = 3

• width of timber element = 600 mm

Additional input parameters

• ft ,0,k = 24 N /mm2

• fc,0,k = 30 N /mm2

• fv,k = 3.5 N /mm2

• ρk = 430 kg /m3

• ρmean = 460 kg /m3

• γm = 1.25

• kmod = 0.8

• fy = 460 N /mm2

• fu = 560 N /mm2

• tr es = 120 min

• η f i =0.45 Fire reduction factor
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Custom node calculation
A compressive stress of 4.9 N /mm2 is found, see Figure B.13.

Figure B.13: Steel plate and dowel connection calculated in Grasshopper using GHPython component.

Hand calculation
Figure B.14 and B.15 show sections of this steel plate dowel connection with 3 columns and 5 rows of dowels.

Figure B.14: Steel plate dowel connection cross section
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Figure B.15: Steel plate dowel connection notations.

Figure B.16: Steel plate dowel connection general calculation

Figure B.17: Net timber area failure calculation



B.1. Steel plate and dowel connection 163

Figure B.18: Steel plate calculation

Figure B.19: Steel plate failure calculation

Figure B.20: Dowel failure calculation

Figure B.21: Connection failure calculation
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Figure B.22: Block and plug shear failure calculation

Figure B.23: Fire failure calculation

Figure B.24: Member failure calculation

Figure B.25: Normative failure calculation

Figure B.26: Translational stiffness calculation
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1764000

600 ·600
= 4.9N /mm2 (B.2)

The hand calculation, the Python node and the presentation by Walter van Adrichem all find a compres-
sive stress of roughly 5.0 N /mm2. So, the calculation for the steel plate and dowel connection is verified.

B.2. Knapp connection
For the determination of the required Knapp connectors, the strength, dimensions and prices as specified
on the Knapp website are used [5]. Using this data, formula’s can be determined for price and surface area
estimation based on the required characteristic strength of the connection, see Figure B.27 and Figure B.28.

(a)

(b)

Figure B.27: Characteristic strength and costs of Knapp connection [5].

(a)

(b)

Figure B.28: Characteristic strength and surface area of Knapp connection [5].



166 B. Calculation of Building Elements

B.3. Floors
The design of the floors is based on calculations of vibrations, shear and tension.

B.3.1. Vibrations
The European standard EN 1995-1-1 combined with the Dutch national annex [74] does not provide an ac-
curate calculation of the human induced vibrations in the floor. There are two alternative guidelines that
provide more accurate calculations: the Austrian standard Önorm B 1995-1-1 [71], and the HIVOSS design
guidelines for calculation of floor vibrations [67].

Eigen frequency
The HIVOSS design guidelines gives a calculation method for floor plates and for beams. For these floor
plates, a two-way spanning capability is assumed. Because of the one-way spanning capabilities of a Kerto-
Ripa floor, the calculation method for beams is used.

According to the HIVOSS design guidelines, the eigenfrequency is determined using:

f1 = 2

π

√
3E I

0.49µl 4 (B.3)

f1 = first eigenfrequency in Hz
E = modulus of elasticity about an axis perpendicular to the span in N /mm2

I = second moment of inertia about an axis perpendicular to the span in m4

µ = divided floor mass in kg /m
l = span in m

According to the Austrian standard Önorm B 1995-1-1, the eigenfrequency is determined using:

f1 = π

2l 2

√
E I

µ
(B.4)

The parameters in these two formulas are the same. However, the factor with which the formula is multi-
plied is different. By rewriting both formulas, the factor k can be found:

f1 = k

√
E I

µl 4 (B.5)

For the HIVOSS guidelines this factor k = 1.575. For the Austrian standard Önorm B 1995-1-1 this factor k =
1,571. Since the Austrian standard Önorm B 1995-1-1 gives the most conservative result, the eigenfrequency
will be determined using Formula B.4.

Criteria minimal eigenfrequency
Austrian standard Although both guidelines for calculation give roughly the same first eigenfrequency, the
criteria for minimal eigenfrequency differ. Tabelle NA 7.5 is used in the Austrian standard Önorm B 1995-1-1,
for determination of the minimum value of the eigenfrequency, see Figure B.29. For floors in offices, floor
class I must be used, so a minimum eigenfrequency of 8 Hz is required.

Eigenfrequency and deflection criteria according to Austrian standard Önorm B 1995-1-1
Floorclass I Floorclass II

Eigenfrequency f1 ≥ 8 Hz f1 ≥ 6 Hz
Deflection wst at ≤ 0.25 mm wst at ≤ 0.5 mm

Figure B.29: Austrian standard Önorm B 1995-1-1, Tabelle NA 7.5 [71].
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HIVOSS guidelines The HIVOSS guidelines uses the ES −RMS90 value. This value shows the 90 percentile
upper limit of a step RMS value of the speed of a significant step. It gives a maximum value of ES −RMS90 of
3.2 for an office function. Furthermore it gives a damping D, which is 7 % for an office with open spaces and
a timber floor. By calculating the eigenfrequency and the modal mass, the value of ES −RMS90 can be found
using Figure B.30. The modal mass can be calculated using:

Mmod = 0.5µl (B.6)

Mmod = modal mass
µ = divided floor mass in kg /m
l = span in m

Figure B.30: Determination of ES −RMS90 [67].

By combining the two Criteria for the eigenfrequency, a conservative result can be found. This implies
that the eigenfrequency will be determined using Formula B.4. The eigenfrequency must be greater than 8
Hz, and furthermore, the modal mass of the floor must have a ES−RMS90 smaller than 3.2, determined using
Figure B.30.
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Maximum immediate deformation
Furthermore, the floor must also fulfil the requirement set for the maximum immediate deformation caused
by walking as the The Austrian standard Önorm B 1995-1-1 gives, see Figure B.29. This maximum immediate
deformation is 0.25 mm. For determination of this value a footstep is modelled as a point load of 1 kN:

wstat = F l 3

48(E I )l br
(B.7)

wstat = maximum immediate deformation in m
F = immediate vertical displacement due to a point load in N
E = modulus of elasticity about an axis perpendicular to the span in N /mm2

I = second moment of inertia about an axis perpendicular to the span in m4

l = span in m
br = effective width

Assuming the floor has no transversal stiffness, the factor br can be assumed to be equal to the centre to
centre distance of two floor plates.

B.3.2. Shear and tension
The floor system transfers the wind forces to the stability system. This creates tension forces in the tension
ties and shear between floors and between floors and beams. The forces in the tension ties are checked in the
Post Optimization Verification, see Section 5.10. The shear forces are transferred using screws. These screws
are included in the model in calculation of the construction costs and shadow costs. Using the wind force in
X and Y direction, these forces can be calculated, see Figure B.31.

(a) Wind force in X-direction.
(b) Wind force in Y-direction.

Figure B.31: Calculation of maximum shear force and tension force.

The forces F in Figure B.31 in Y-direction are obtained using Formula B.8. For this, the known q-load in
Y-direction and N1 is used. N1 is calculated using Formula B.9. This same procedure is used to calculate the
force F in X-direction.

F = qy

N1
(B.8)

N1 =
Buildinglength

GridY
(B.9)

The shear force between floor plate and beams is largest in X-direction, while the shear force between
floor plates is largest in Y-direction. Calculations for these two forces are shown below. Furthermore, the
calculation of tension forces in the tension ties are given for both X- and Y-direction.
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Shear force between floor plate and beam in X-direction When the wind direction is along the X-axis, the
forces in the floor can be modelled according to Figure B.31a.

The wind force creates shear forces between floor plate and beam. The location of the maximum shear
force are shown in Figure B.31a. All forces over W i d the f f ,x must pass as a shear force through the lowest
floor plates to the beam. So, the maximum shear force in X-direction is:

Shearmax,x = Widtheff,x ·qx (B.10)

These shear forces are transferred between floor plate and beam using screws. 7 x 100 VGZ full threaded
cylindrical head fastener screws by Rothoblaas are used in the design. A shear resistance per screw of Rv,k =
2.68 kN is given. The design shear resistance can be found using:

Fv,d = Rv,k ·kmod

γm
(B.11)

Using Formula B.11, a design shear resistance of 1.7 kN is found.
The maximum shear force is found in the outer floor plate connection to the beam. A linear distribution

is assumed to find the total amount of required screws in the normative floor. To find the total amount of
required screws for all floors, the required amount of screws in the normative floor is multiplied with the
number of floors

Shear force between floor plates in Y-direction The wind force creates shear forces between the floor
plates. The maximum shear forces are shown in Figure B.31b. All forces over Widtheff,y must pass as a shear
force through the left-most plate. So, the maximum shear force in Y-direction is:

Shearmax,y = Widtheff,y ·qy (B.12)

These shear forces are transferred using screws. 7 x 100 VGZ full threaded cylindrical head fastener screws
by Rothoblaas are used in the design. These screws are diagonal placed, because this ensures a more rigid
connection, see Figure B.32.

Figure B.32: Diagonal placed screws vs vertical screws [126].

The resistance of the 7 x 100 VGZ is proportional to the threaded length. Per screw, the shear resistance
Rv,k is 1.99 kN. So per two screws, the shear resistance is:

Fv,d = 2 · Rv,k ·kmod

γm
(B.13)

So, for two screws Fv,d = 2.5 kN.
Next, the maximum required amount of screws can be calculated:

Screwsmax =
Shearmax,y

Fv,d
·2 (B.14)
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The outer most floor plates will require the maximum amount of screws. A linear distribution is assumed
to find the amount of required screws in all floor plates. For all floors the required amount of screws in the
normative floor is used.

Tension tie in X-direction In X-direction the only tension tie is situated in the beam in the façade.

Figure B.33: Tension force in tension tie.

Figure B.33 shows the distribution of forces to the tension tie. This gives:

TensionX =
Buildinglength

4 ·Buildingwidth
·F (B.15)

Tension tie in Y-direction The wind force is distributed to the tension tie according to Figure B.34. So, the
force in the tension tie can be calculated using Formula B.16

Figure B.34: Force in tension tie.

TensionY = Buildingwidth −GridX

2 ·Buildinglength
·F (B.16)
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B.4. Beams
B.4.1. Custom node calculation

Figure B.35: Beam bending check.

Figure B.36: Beam deformation check.

Figure B.37: Beam shear check.

Figure B.38: Beam bending during fire check.
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Figure B.39: Beam shear during fire check.

B.5. Columns
B.5.1. Custom node calculation

Figure B.40: Column compression check.

Figure B.41: Column buckling check.
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Figure B.42: Column compression during fire check.

Figure B.43: Column buckling during fire check.
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B.6. Diagonals

Figure B.44: Simplified model

For the calculation of the diagonals, it is assumed that the gravitational loads do not influence the forces
in the diagonals. A simplified model is used to determine the forces in the diagonals as a result of the wind
forces, see Figure B.44. In this model, the following assumptions are made:

• All connections are hinged connections, thus there are only axial forces in the members

• Only the outer columns are modelled.

• The diagonals are not connected to the beams at intermediate floors

• All members consist of linear elastic material

• The extensional strain in the diagonal caused by rotation ∆β is neglected, see Figure B.45.

Figure B.45: Deformation caused by shear and bending

Fw = Fd cosθ (B.17)

Fd = Adσd = Ad Edεd (B.18)

Extensional strain caused by relative lateral motion between neighbouring nodes, see Figure B.45, is found
using:
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εd = ed

Ld
= ∆h ·cosθ

h
sinθ

= ∆h cosθ sinθ

h
(B.19)

The transverse shearing strain γ is approximated using:

γ≈ ∆h

h
(B.20)

So,

εd ≈ γcosθ sinθ ≈ γsin2θ

2
(B.21)

Fw = Ad Ed sin2θcosθ

2
γ (B.22)

So, for the maximum value of sin2θcosθ gives the angle for which the shear rigidity of the system is
maximal, see Figure B.46. The maximum shear rigidity is found for an angleΘ of approximately 35◦.

Figure B.46: Graph of sin2θcosθ

B.6.1. Force estimation
Formula B.17 can be rewritten to find the axial force in the diagonal. When the simplified model, see Figure
B.44, is used, this force in the diagonal increases for every additional diagonal.

Fd = n · Fw

cosθ
(B.23)

n = nth diagonal counting from top to bottom.

However, this assumption is very conservative.
Furthermore, the axial forces in the outer two columns can be calculated using this simplified model.

The wind loads are transferred through the diagonals to the columns where they result in a compression and
tension force. This compression and tension force together create a moment balancing with the moment
created by the wind loads.

This compression and tension forces increase from top to bottom. Since the forces in the diagonals in-
creases from top to bottom, the compression and tension forces in the columns also increase is exponentially

Fc = n · n +1

2
(B.24)

n = nth diagonal counting from top to bottom.
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B.7. Core
B.7.1. Custom node calculation
Loads The core must withstand gravitational loads and internal wind loads. The gravitational loads consists
of loads transferred through beams or floors to the core referred to as outer loads, and loads which are caused
by live loads and dead loads transferred through the stairs to the core, referred to as inner loads. The outer
loads transferred through the beams, are transferred using Knapp connectors resulting in point loads on the
core. The outer loads transferred through the floor elements result in two line loads, which are depicted
using black arrows in Figure B.47. The inner loads are assumed to be transferred to the core as a uniformly
distributed line load. Furthermore, it is assumed the stairs cover half of the core area. The transfer of the
inner loads are shown with red arrows in Figure B.47.

Figure B.47: Transfer of forces to the core

According to the Stora Enso design guide for CLT stairs, CLT stairs with an average thickness of 150 mm
is sufficient [44]. Using a selfweight of CLT of 470 kg /m3, a deadload of 0.7 kN /m2 is obtained. Stairs are
placed in the category of congregation areas. Thus, a live load of 5 kN /m2 is used. In case of a calamity, the
stairs may be loaded heavily, to account for this, a factor ψ0 = 0.6 is used.

Calculations Six failure mechanisms are checked to determine the thickness of the CLT plates in the core.
First, two buckling checks are performed, in a normal and a fire situation. For these calculations, the inner
loads are included:

• Buckling (Compression + wind load on inner walls) using Nd ,M and Md , see Figure B.48.

• Buckling (Compression + wind load on inner walls) using Nd , f i ,M and M f i ,d , see Figure B.49.

Three calculations are performed regarding the point loads. Here the inner loads are excluded in the
calculation, since their effect is negligible:
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• Compression (ULS4) using Nd , see Figure B.50.

• Compression (ULS4) using Nd , f i , see Figure B.51.

• Local compressive stress at the Knapp connection (ULS2) using Vd , see Figure B.52.

Lastly, CS 8x160 screws are used in the assumed Knapp connector. These screws have a length of 160mm.
The thickness of the steel plate in the connector is 50 mm. 20mm additional depth is used to prevent the
screws from fully penetrating the CLT. So, a minimal thickness of CLT of 160-50+20 = 130 mm is found, see
Figure B.53

Figure B.48: Core buckling check.
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Figure B.49: Core buckling during fire check.

Figure B.50: Core compression check.

Figure B.51: Corecompression during fire check.
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Figure B.52: Core support compression check.

Figure B.53: Knapp connector depth of screws.

B.7.2. Verification
Verification is performed using the Calculatis tool by Stora Ensa. A model of Mjøstårnet is created using the
developed tool for this calculation. First, Buckling (Compression + wind load on inner walls) Using Nd ,M =
64.3kN and Md = 1.8kN m.

• The custom node gives a minimal required thickness of a C24 CLT panel of 74.9 mm

• Calculatis gives a unity check of 0.84 for a C24 CLT L3s panel with a thickness of 80mm, see Figure B.54.

So, the core calculation is verified.

Figure B.54: Buckling check performed in Calculatis
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B.8. Stability system
B.8.1. Verification
The tool is verified using a hand calculation. For this verification, the frame in the short direction in Mjøstår-
net is modelled in the tool, see Figure B.55a. This model and the found forces are compared with a hand
calculation, see Figure B.55b. For both calculations, the gravitational loads are excluded.

(a) Tool calculation stability system. (b) Hand calculation stability system

Figure B.55

Hand calculation A simplified hand calculation can be performed on the braced tube system in 2D, see
Figure B.55b. To perform this calculation, a few assumptions are made:

• All connections are hinged connections.

• The wind force is evenly distributed over the height of the building and divided into point loads F.

• Only the outer columns and the beams at the height of the point loads F are included in the model.

• Gravitational loads are not considered.
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The height of the stability system is 72m. To find the force F in Figure B.55b, the wind forces as obtained
using the tool are used. For ULS, the tool gives a minimum wind force of 229 kN and a maximum wind force
of 258 kN. These wind forces are applied at every floor of the building. There are 17 floors, so 17 forces. An
average wind load of 245 kN is assumed. In the hand calculation, this wind load is divided into four forces F.

F = 245 ·17

4
= 1041kN (B.25)

Verification stability system with hand calculation
Force Hand calculation Model Difference[%]
Maximum compression force in the column [kN] 10 · 1041 = 10410 8554 22
Maximum tension force in the column [kN] 6 · 722.5 = 7521 5514 36
Maximum force in the diagonal [kN] 4

p
2· 722.5 = 5888 5057 16

Figure B.56: Verification of forces in stability system using a hand calculation

Comparison The hand calculation show 16 to 36% higher forces than the model, see Figure B.56. There are
three reasons which can explain this difference:

1. The hand calculations assume all connections are hinged, so all forces are only transferred as normal
forces.

2. The hand calculations do not include all columns and beams.

3. In the hand calculations, a force F is applied at the top of the building. When an evenly distributed
wind load is transformed into these loads F, simply dividing the total load in four loads F will result in
the force F at the top of the building to be overestimated, causing an overestimation of the forces.

Based on this verification it can be concluded that the forces obtained using the tool are within expected
limits when checked using a hand calculation.
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Environmental and Economical Data

C.1. Environmental performance calculation
Calculation of the environmental performance is effected greatly by the used EPD data. EPD data provided
by manufacturers can vary greatly for the same material. Therefore, it is crucial to assess this data thoroughly,
and use EPD data which is independently researched.

C.1.1. EPD data
EPD data connections The environmental performance of the connections is calculated by determining
the total required weight of steel in the connections in the building. An EPD of steel is used to obtain the
total environmental performance of the steel in the connections. The data for steel as specified in the NMD
assumes 90% recycled steel as input material. However, only 40$ of the steel in the market is recycled. Fur-
thermore, NMD data assumes 49% of steel materials are re-used and 51% is recycled. However, according to
Van Maastrigt (2019), only 5 to 10 % of steel is re-used [152]. The steel EPD data as provided by Ruuki is used
in this research. This EPD data uses 20% recycled steel as input material. At the end-of-life stage, it assumes
90% recycling and 10% re-use [128].

Figure C.1: Steel EPD data per kg material[128].

EPD data gypsum plates The gypsum boards which fire-protect the CLT core are included in the calculation
of the shadow costs of the structural system. The EPD for the Knauf Diamant plasterboard is used [90].

Figure C.2: Gypsum EPD data per m2 material[90].
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EPD data timber For timber elements, this research uses the EPD data as researched by Van Wijnen (2020)
[157]. In this research, the EPD data from various manufacturers is researched for use in the Netherlands,
according to the rules as defined for a MPG calculation. Data for the 3 different methods of including carbon
sequestration is found, see Figures C.3, C.4 and C.5. LVL is used in the Kerto-Ripa plates. Thus LVL data is
used to calculate the shadow costs of the Kerto-Ripa floor plates.

Figure C.3: EPD data used for method 1 per kg material [157].

Figure C.4: EPD data used for method 2 per kg material[157].

Figure C.5: EPD data used for method 3 per kg material[157].



C.2. Economical performance calculation 185

C.2. Economical performance calculation
C.2.1. Construction costs per building element
The prices of glulam and CLT elements are based on interview conducted with de Groot Vroomshop and
Heko Spanten respectively. These engineered timber suppliers reported the following estimated costs for
production and transportation.

For glulam GL30C [160].

• €700 per m3 for cross sections up to 240x240mm

• €900 per m3 for cross sections up to 480x480mm

• €1100 per m3 for cross sections up to 720x720mm

• €1300 per m3 for cross sections up to 960x960mm

• €1500 per m3 for cross sections up to 1200x1200mm

For CLT elements, Heko Spanten reports an estimated cost of €1000 per m3 independent of the thickness
of the CLT element. This includes the connections used for CLT elements [141].

For Kerto-Ripa floor elements, for four lengths, a data sheet from Arcadis provides the prices for produc-
tion. These prices are multiplied with a factor 1.2 to account for the transport. The used prices are given in
Figure C.6a. Figure C.6b shows the obtained formula for determination of the price per m2 for a 2.4 meter
wide Kerto-Ripa floor element.

Figure C.6 shows the used data and found formula for assumption of the construction costs of a Kerto-
Ripa floor element. The found Formula is shown in Equation C.1.

(a)

(b)

Figure C.6: Construction costs for a Kerto-Ripa plate [5].

CostF loor = 0.9797 ·L2 −5.4992 ·L = 97.455 (C.1)

L = span of floor element in meters

C.2.2. Example of MAMO calculation
Figure C.7 visualizes the Economical Performance calculation as performed in the tool. The values used in
this economical performance calculation are based on interviews conducted with Frehe (2021), who works
as a cost expert for Arcadis.
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Figure C.7: Example of budgeting using the MAMO rules



D
Case Study

D.1. Construction cost calculations

Figure D.1: Cost calculation The Square and The Rectangle

D.2. MPG calculations
Below the shadow cost calculations for "The Square" and "The Rectangle" are shown. These calculations are
performed using the MPGcalc 1.2 software [3].
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Figure D.2: Shadow cost calculation The Rectangle excluding foundation
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Figure D.3: Shadow cost calculation The Rectangle including foundation
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Figure D.4: Shadow cost calculation The Square excluding foundation
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Figure D.5: Shadow cost calculation The Square including foundation
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D.3. Building weight calculations
Figure D.6 shows the building weight calculations for "The Square" and "The Rectangle". It is assumed the
amount of concrete in a 260 mm hollow core slabs is equal to a 160 mm full concrete floor. A density of 23.5
kN /m3 is used for the concrete.

Figure D.6: Cost calculation The Square and The Rectangle
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Grasshopper Model Overview

E.1. Fixed model input parameters
The following fixed input is used in the tool:

1. Glulam type GL30C is used for beams, columns and diagonals. NEN-EN 14080 mentions properties for
GL30C [78].

• fm,k = 30 N /mm2

• ft ,0,k = 19.5 N /mm2

• fc,0,k = 24.5 N /mm2

• fv,k = 3.5 N /mm2

• E0,mean = 13000 N /mm2

• E0,05 = 10800 N /mm2

• Gmean = 650 N /mm2

• ρk = 390 kg /m3

• ρmean = 430 kg /m3

2. The CLT is produced using C24 lamellas. The properties of C24 timber is given in NEN-EN 338 [79].
To obtain the strength of a CLT plate, it is assumed 3 out of 5 lamellas are positioned in the vertical
direction, for the lamellas in the horizontal direction, a resistance of 0 N /mm2 is used in the tool.

• fm,k = 24 N /mm2

• fc,0,k = 21 N /mm2

• fv,k = 4.0 N /mm2

• E0,mean = 11000 N /mm2

• E0,05 = 7400 N /mm2

• Gmean = 690 N /mm2

• ρk = 350 kg /m3

• ρmean = 420 kg /m3

3. Kerto-Ripa floor elements, according to a Metsa Wood brochure for Kerto-Ripa elements [107].

• Edeck,mean = 10500 N /mm2

• Er i bs,mean = 13800 N /mm2

4. Safety factors:

• γm = 1.25
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• γm, f i = 1.0

• k f i = 1.0

• kmod = 0.8

• kmod , f i = 1.0

• kde f = 0.6

• km = 0.7

5. Floor factors

• Deck E-modulus = 10500*10**6 N /m2 Kerto-Q (Deck)

• Ribs E-modulus = 13800*10**6 N /m2 Kerto-S (Ribs)

• Deck Thickness = 0.025 m

• Ribs Thickness = 0.051 m

• Imposed floor loads: 3 kN /m2

• Kerto-Ripa floor width = 2.4 m

• Additional floor mass: 114 kg /m2 (Floating screed: 2.4 kg /m2 + Installations: 5 kg /m2 + 2 Gyp-
sum boards: 15 kg /m2 + Variable load * combination value ψi ,2 = 3.0 kN /m2 * 0.3 * 1000 / 9.81 =
91.7 kg /m2 )

6. Steel plate and dowel connection

• fy = 355 N /mm2

• fu = 450 N /mm2

• hp = 0 mm

• Thickness steel plate = 12 mm

• Number of steel plates per connection = 3

• Dowel diameter = 9 mm

• Timber width = 600 mm

7. Wind calculation:

• cdi r = 1.0 (Directional factor)

• cseason = 1.0 (Seasonal factor)

• c f = 0.85*1.5 (Force coefficient for the structure)

• c0 = 1.0 (Orography factor)

• kl = 1.0 (Turbulence factor)

• ρ = 1.25 kg /m3 (air density)

• cs cd = 1.0 (Building factor)

8. Other factors:

• Facade load = 1.5kN /m2

• factor height:width = 1.5 (factor between height and width of a beam)

• t f i r e = 120 min

• ψ2 = 0.3 combination value used in fire design

• βn = 0.7

• k0d0 = 7 mm/min

• βc = 0.1

• η f i =0.45 Fire reduction factor
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9. Input in Karamba3D Optimize Cross Section component for GL30C:

• E0,mean = 13000 N /mm2

• E90,mean = 13000 N /mm2

• G12 = 650 N /mm2

• nue12 = -1

• G31 = 650 N /mm2

• G32 = 650 N /mm2

• γmean = 4.2 kN /m3

• αT 1 = 23.4∗10−61/◦C

• αT 2 = 32.4∗10−61/◦C

• fy1 = 19.5 N /mm2*

• fy2 = 0.5 N /mm2

*For the yield strength, the characteristic tension strength is used in the strong and weak direction.

E.2. Input parameters Mjøstårnet model
For the determination of the wind loads on the building, the Norwegian annex to the Eurocode NS-EN 1991-
1-4 is used [111].

Input parameters

• Grid X = 9.0 m

• N columns X = 3

• Grid Y = 7.2 m

• N columns Y = 6

• N diagonals X = 2

• N diagonals Y = 3

• Diagonals X placement = 0

• Diagonals Y placement = 1

• Length Steel plate X = 1200 mm

• Length steel plate Y = 1000 mm

• Maximum unity check = 1.0

• Minimum required floor area = 11000 m2

• Free floor height = 3.2 m

• Imposed floor load = 3.0 kN /m2

• Additional floor height = 0.44 m

• Additional floor mass = 114 kg /m2

• Wind zone, to define the wind zone, a basic wind speed vb = 22.0 m/s is put into the custom node for
wind force calculation, following the Norwegian annex to the Eurocode NS-EN 1991-1-4

• Terrain category = 1

• Floor type = Kerto-Ripa Box floor
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• Core size ratio = 0.25

• Dead load façade = 2.0 kN /m

Other assumptions

• In the dowel and steel plate connection, the dowel diameters are 8 mm

• In the dowel and steel plate connection, the thickness of the steel plate is 8 mm

• For the inner columns, GL30H is used.

• Average width of a timber element where a steel plate is located is 620 mm.

• 3 steel plates are used per connection.

• For the determination of the total amount of m3 of used timber, it is assumed 65% of the total façade
consists of panels containing 60 mm of timber.



E.3. Figures of Grasshopper model 197

E.3. Figures of Grasshopper model
The Grasshopper model follows the schematization of the framework.

Overview

Figure E.1: Overview.
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5.3 Input

Figure E.2: Input parameters.
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5.4 Building geometry

Figure E.3: Building geometry.
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5.5 Gravitational system

Figure E.4: Gravitational system.
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5.6 Floor system

Figure E.5: Floor system.
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5.7 Stability system
The set-up of the Karamba3D model and the analysis of the four load situations is only visualized in X-
direction. In Y-direction this modelling process follows the same process.

Figure E.6: Stability system: Positioning of elements.
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Figure E.7: Stability system: Loads.
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Figure E.8: Stability system: Grouping of elements.
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Figure E.9: Stability system: Connections, Material and Cross sections.
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Figure E.10: Stability system: Karamba3D model setup.
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Figure E.11: Stability system: Determination of normative elements from four load situations.
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Figure E.12: Stability system: Preperation of building elements and connections for storage in database.
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Figure E.13: Stability system: Database of building elements and connections.
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5.8 Environmental performance

Figure E.14: Environmental performance: grouping of glulam elements.
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Figure E.15: Environmental performance: Shadow costs calculation.
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5.9 Economical performance

Figure E.16: Economical performance: Unit cost calculation following the MAMO methodology
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Figure E.17: Economical performance: Construction cost calculation
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5.10 Post optimization verification

Figure E.18: Post optimization verification: Acceleration, wind friction and connection strength.
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5.11 Multi-Disciplinary Design Optimization

Figure E.19: Octopus plugin.





F
Interviews

Figure F.1 include the professionals I contacted for interviews and crucial meetings. The interviews had an
unstructured nature. The meetings with my supervisors are not included in this list.
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Interviews
Date Person Topics
03-09-2020 Igor Pečanac Dynamo possibilities, computational design
03-09-2020 Michael van Telgen Dynamo connection to RFEM, computational design
14-09-2020 Gert de Vries Usage of timber in warehous project, architecture
16-09-2020 Sander van Gemert Shadow cost calculation.
23-09-2020 Toine Fokkens Sustainability, circularity, costs.
24-09-2020 Pieter Timmerman Timber buildings, connections and types.
25-09-2020 Wiljan Houweling Arcadis Projects, conceptual design phase.
28-09-2020 Gerard van Engelen Arcadis Projects, core design and conceptual design

phase.
28-09-2020 Martijn Goossens Operational energy, Vabi elements.
29-09-2020 Erwin Dam Conceptual design phase, role of contractor.
01-10-2020 Geert Ravenshorst Timber connection design and general timber design.
01-10-2020 Nationaal Digitaal Houtbouwcon-

gres 2020
Timber design, reference projects

07-10-2020 Eildert Broekholt Multidisciplinary process.
14-10-2020 Dion Jansen MDO, Packhunt.io.
15-10-2020 Masterclass timber high-rise Timber connections, stability systems.
16-10-2020 Kick-off meeting -
20-10-2020 Max Hamelijnck Connections, stability systems.
27-10-2020 Dietmar van Loon Conceptual design phase.
29-10-2020 Paul Minartz Creaking of connections, Nitrogen emissions.
03-11-2020 Tigist Znabei Post-tensioning of a CLT core.
06-11-2020 Walter Frehe Construction costs.
17-11-2020 Jane Armstrong Timber design in Australia, creaking, fire safety, earth-

quake design and costs
22-01-2021 Sander van Gemert EPD, construction cost calculations
03-02-2021 Progress meeting 1 -
04-03-2021 Heko Spanten Information costs CLT plates
04-03-2021 De Groot Vroomshop Information costs glulam elements
11-03-2021 Presentation Building Engineering

students
-

16-03-2021 Presentation Structural Engineer-
ing students

-

23-03-2021 Walter Frehe Case study, economical Performance, MAMO rules
29-03-2021 Sander van Gemert Environmental performance
07-04-2021 Progress meeting 2 -
19-05-2021 Green light meeting -
16-06-2021 Thesis defence -

Figure F.1: Unstructured interviews.
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