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Abstract

The implementation of timber as a load-bearing and stabilizing material for high-rise structures
has significantly increased over the last decades due to its potential of reducing the environmental
footprint of a structure. Timber structures present a reduced global stiffness and self-weight
compared to structures incorporating traditional construction materials, making them prone to
high accelerations caused by wind load which affects the structural integrity and user comfort.
The acceleration of a structure is a highly complex parameter that must be determined using
modal analysis computed by a full-scale finite element model, and is significantly influenced by
the magnitude of the wind and vertical loads, as well as the global stiffness of the structure.

During the preliminary design phase, it is the responsibility of structural engineers to determine
the feasibility of the design and estimate the amount of material required and the distribution
of the structural elements. However, this process must be done under a limited amount of time,
forcing engineers to rely on rules of thumb and previous experience, which are not currently
available for the design of timber high-rise structures. Therefore, the goal of this investigation
is to perform a parametric study to determine the influence of various parameters on the design
of timber high-rise structures and assist structural engineers in making well-argued decisions
during the preliminary design phase.

The preliminary design parameters to be studied in the parametric study are: stability system
design, connection stiffness and building height. The ranges for the parameters were selected
based on extreme values such that clear trends regarding their influence on design could be
visualized. This decision limits the design feasibility of some configurations studied in this
investigation. The selected stability systems to be studied are glulam frame, CLT core and
glulam diagrid. The design verification for each design alternative is done using ULS and SLS
criteria provided by Eurocode, as well as a simplified method to estimate the dynamic response
of the structure. Finally, the sizing of the structural elements and data collection was done by
the implementation of evolutionary algorithms.

From the data collected it was determined that the most influential design parameter for the
design of timber high-rise structures is the stability system selection given that it determines
the global stiffness, which showed a significantly higher influence on the dynamic response of
the structure than its self-weight. Moreover, the efficiency of the different stability systems
was assessed based on the maximum slenderness they could achieve compared to the amount
of material they required. Based on this definition, it was determined that the glulam diagrid
is two times more efficient than the CLT core and three times more efficient than the glulam
frame. The efficiency of the glulam diagrid is caused by its high global stiffness provided by the
triangular configuration of the diagonal elements. These observations prove that the effect of
timber’s low density can be mitigated by the implementation of efficient stability systems.

The influence of connection stiffness was determined to be directly related to the ability of the
stability system to provide lateral stability to the structure. The influence of this parameter
on form stable structures such as the CLT core and the glulam diagrid, proved to be nearly
negligible, while for non-form stable structures such as the glulam frame it proved to be highly
influential. However, it was also determined that the addition of rotational stiffness in the con-
nections causes an exponential increase of the costs and environmental footprint of the structure,
which decreases their design feasibility. Finally, the influence of building height on the design
is visualized by its effect on the dynamic response of the structure caused by the logarithmic
increase of the wind speed as this parameter increases, as well as a decrease of the global stiffness
proportional to the efficiency of the stability system.
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1 Introduction

1.1 Research Context

Construction Industry Challenges
The construction industry is one of the oldest disciplines in the world and throughout the years

it has had to adapt to society’s changing needs. Over the last century the biggest challenge
was to accommodate urbanization and overpopulation. These phenomena pushed the industry
to build taller structures than ever before. High-rise buildings behave differently than low-rise
buildings due to the dynamic behavior caused by the wind loads, which created a need for the
implementation of stronger materials which could provide a higher stiffness, making steel and
concrete the preferred construction materials.

The 21st century poses a new challenge for the construction industry and it comes from the
current raise in environmental awareness. The construction industry is one of the largest pol-
luters in the world and according to the Global Status Report 2017, the construction phase alone
accounts for 11% of the global energy consumption [29]. The amount of CO2 that comes free
during the life of a structure, also known as embedded CO2, can be divided into different stages
of the life-cycle as seen in figure 1.1 and it can also be seen that the main contributing stage
is the product development which is divided into raw material production, transportation and
manufacturing [25]. Based on this figure it can be stated that the selection of the construction
materials will have a significant impact of the embedded CO2 of a construction project.

Figure 1.1: Fraction of CO2 released at the different life-cycle stages of construction projects [25]
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Currently, reinforced concrete and structural steel are the preferred construction materials;
however, their production and manufacturing leave a large carbon footprint, which has increased
the need to find a feasible alternative. In terms of carbon footprint reduction, timber has
emerged as a potential solution due to its low embedded carbon [39]. Table 1.1 shows the
kilograms of CO2 produced by one kilogram of different construction materials, as provided by
The Institution of Structural Engineers in the United Kingdom. As seen in the table, when
using sustainable concrete which incorporates ground granulated blast-furnace slag (GGBS),
low embedded CO2 per kilogram can be achieved; however, when you consider the density of
the material, timber products show a lower embedded of CO2. Moreover, when you consider
the impact of the reinforcement bars, the footprint of reinforced concrete significantly increases,
making the embedded CO2 of timber almost negligible compared to other construction materials.

Material specifications kgCO2/kg Density kg/m3 kgCO2/m
3

Reinforced Concrete
Unreinforced concrete, C30/37 (35% GGBS) 0.103 2500 258
Reinforcement bars, world average 1.99 7850 15622

Structural Steel
Structural sections S355, world average 1.55 7850 12168

Structural Timber
Cross laminated timber, C24 0.437 420 184
Glue laminated timber, C24 0.512 420 215
Softwood, C24 0.263 420 110

Table 1.1: Embedded carbon of different construction materials [25]

When considering the construction life stages, figure 1.1 shows that the environmental footprint
of a construction can be decreased not only by reducing the embedded CO2 of individual stages,
but also by reusing, recovering or recycling the waste produced during the end of life stage
and reintegrating it back into the system in a process known as circularity [17]. This process
can be incorporated into a project through the design of the structure or by the use of circular
materials [31]. Circular material usage implies selecting materials that are renewable or reusable,
while circular design implies the implementation of design components which can be reused in
a different project or service after its lifetime. The use of timber as a load bearing material
provides potential for implementing these two approaches into the design given that timber is a
naturally occurring material classified as renewable, and it predominantly uses dry connections,
which makes it easy to disassemble [18]. The circularity potential of timber is mainly assessed
by its efficacy to be dissassembled. Therefore, the type of connections used is an important
design parameter in terms of not only structural design, but also circularity.

Timber High-Rise Buildings
Urbanization and overpopulation together with reducing the environmental footprint are some
of the biggest challenges that the construction industry has faced over the last century. Tim-
ber high-rise structures emerge as a feasible solution to overcome these challenges. High-rise
buildings are exposed to high horizontal loads caused by the wind, and given their tendency for
high slenderness, the dynamic behaviour of these structures tends to govern their design [35].
The dynamic behaviour of a structure is quantified in terms of acceleration, which is determined
based on the structure’s self-weight, cross-sectional stiffness, and height. Timber has a signifi-
cantly lower density than other construction materials, which poses an additional challenge for
the structural design of these structures.
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High-rise structures must be designed to reduce the acceleration and to transfer vertical loads
to the foundations. When using sawn timber as the main load-bearing material, the cross-
section of the structural elements must be significantly larger than for other materials in order
to increase the self-weight and provide enough capacity. After a certain building height, the
cross-sections become too large and impossible to manufacture due to the tree size limitation
[40]. In order to overcome this limitation, engineered timber materials such as glued laminated
timber (glulam) and cross-laminated timber (CLT) were developed. Glulam consists of various
layers of sawn timber glued together creating longer and bigger structural members, which
can be used as beams and columns. CLT also consists of various layers of sawn timber glued
together; however, in this case each layer is placed such that its grain direction is perpendicular
to the one above, counteracting the material’s anisotropy and producing structural elements
with consistent mechanical properties in two directions which can be used as slabs, walls and
diaphragms [23]. The emergence of engineered timber products helped the development of taller
structures using timber as the main load bearing material. There has been a significant increase
on the height and development of such structures over the past 10 years as seen in figure 1.2.
However, in order to build even higher structures, the influence of various design parameters on
the dynamic response of the structure must be assessed to provide insight for designers about
the possibilities and limitations of these structures.

Figure 1.2: Development of Timber High-Rise Structures

1.2 Problem Definition

The design of a high-rise structure incorporates designs from different disciplines, and the task of
the structural engineer is to determine in an early stage the feasibility of incorporating all of them
into a safe and efficient structure. Due to timber’s low density it is expected that the dynamic
behaviour will be the governing design criterion for all mid- and high-rise structures, resulting
in a shift from the traditional static design approach to a dynamic one. The dynamic behaviour

3



of a structure is commonly quantified with the acceleration rate of the structure, which is highly
sensitive to geometric and structural designs. The acceleration of a structure is determined
based on its self-weight, global stiffness, and height, but also on dynamic parameters such as
natural frequency and structural damping. During the preliminary design phase, some relevant
parameters which highly influence the global stiffness and stability of the structure are selected,
such as building height, stability system design and connection rigidity. The selection of these
parameters determines the dynamic response of the structure; however, due to the complexity
of dynamic studies, finite elements models (FEM) are required to accurately predict the effect
of the parameters on the acceleration of the structure. However, FEM are time consuming and
computationally expensive, for which they are usually omitted during the preliminary design
phase [26]. Studying the influence of preliminary design parameter selection on the dynamic
response of timber high-rise structures can provide crucial insight for the structural designers
on the behaviour of these structures and early design opportunities, assessing them in making
well-argued decisions during the preliminary design phase. The insight provided to structural
designers may prevent significant changes at a later design phase, decreasing the risk of cost
underestimation and deviations from the original architectural design.

1.3 Goals and Objectives

Goals
The main goal of this research project is to perform a parametric study to determine the influence
of stability system design, connection stiffness, and building height on the design of timber high-
rise buildings based on the wind-induced dynamic behaviour. The results of this study can assist
structural engineers in making well-argued decisions during the preliminary design phase.

Objectives
In order to achieve the goal of the investigation, the following objectives are set:

1. Determine the acceptable ranges for the different preliminary design parameters and design
constraints

2. Develop a parametric model incorporating the preliminary design parameters and design
constraints

3. Develop a tool to visualize the influence of the preliminary design parameters on the design
of timber high-rise buildings

1.4 Research Questions and Outline

The report is divided as shown in figure 1.3. Each chapter provides an answer to individual
research questions which will provide sufficient insight to answer the following main research
question.

What is the influence of stability system design, connection stiffness, and building height
on the structural design of timber high-rise buildings based on the wind-induced dynamic

response?
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Part I - Literature Review

Part I consists of a literature study on timber high-rise buildings, and wind engineering. The goal
of this section is to collect sufficient information to fulfil the first objective of the investigation,
and to determine the parameters and constraints that must be incorporated into the model.

• Chapter 2: Timber High-Rise Buildings

What are the most influential design parameters for the design of timber high-rises?

• Chapter 3: Wind Engineering

How can the dynamic behaviour of a high-rise structure be quantified?

Part II - Sensitivity Study

Part II contains the core of the investigation, focusing on the development of the parametric
model and the tools to visualise the influence of the parameters on the design of timber high-rises.

• Chapter 4: Parametric Model

How can a representative 2D model to collect data for the parametric study be developed?

• Chapter 5: Parametric Study

How can the data from the sensitivity study be used in the preliminary design of a timber
high-rise?

Part III - Research Outcome
Part III summarizes the findings of the investigation and discusses relevant trends and observa-
tions from the data collected.

• Chapter 6: Results and Discussion

Which design parameters have the most influence on the design of timber high-rises?

• Chapter 7: Conclusions and Recommendations

Figure 1.3: Thesis Outline

5



1.5 Methodology

Literature Review
The literature review is divided into two chapters which together provide sufficient insight on
the behavior of timber high-rise buildings in order to build a functional parametric model which
integrates all of the preliminary design parameters and is bounded by the design constraints. In
order to achieve this, the literature review also focuses on researching methods to quantify the
design parameters and constraints.

Parametric Model
Once all the relevant methodology and information is collected during the literature review, a
parametric model incorporating all the design parameters is developed. The output of this model
is the amount of material per unit height, as well as the net floor area which is obtained by the
set constraints. For the purposes of this investigation, the design constraints are acceleration,
interstorey drift, member resistance, and global deflection.

Parametric Study
The purpose of developing the multi-parameter parametric model is to collect sufficient data on
different combinations of parameters to determine their impact on the design of the structure.
The data collected is used to develop a tool that visualizes the influence of the parameters which
could be used as a guide for the preliminary design of timber structures.

1.6 Scope

The stability system selection for this investigation is limited to individual systems that incorpo-
rate only timber load-bearing and stabilizing elements. However, due to current conventions in
the industry, the connections between the structural members include steel elements. Different
stability systems include various types of connections, but due to limited available literature,
the influence of rotational stiffness on the design is only assessed for column-beam connections.
The structural verification for each design alternative is done by checking for compliance with
ultimate limit state and serviceability limit state criteria. Fire limit state is considered out-
side the scope of this investigation and assumed to comply with regulations due to design for
encapsulation.
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2 Timber High Rise Buildings

The implementation of timber as the main load bearing material for the design of mid- and
high-rise structures can be of great influence for reducing the environmental footprint of the
construction industry. However, due the behavior of high-rise structures and the material prop-
erties of timber, their design can become significantly challenging, especially during a prelimi-
nary design phase. Determining the influence that certain parameters have on their design can
assist structural engineers in making well-argued decisions during a preliminary design phase,
decreasing the complexity of the required calculations, and reducing the potential for budget un-
derestimations. The most important criterion for performing a parametric study for the design
of timber high-rises is determining the most influential design parameters which will provide
structural engineers the most insight on the behavior of this type of structures. The main goal
of this chapter is to study the structural and dynamic behavior of timber high-rise structures,
as well as to gain insight on the design of existing structures to determine the parameters whose
influence will be studied during this investigation. This chapter will focus on answering the
following research question:

What are the most influential design parameters for the design of timber high-rises?

2.1 High-Rise Structural Design

Smith and Coull (1991) define a high-rise as a structure whose design is governed by the lateral
forces caused by wind or earthquake actions due to its height. In addition to this definition, it
has been proven that self-weight and global stiffness also play a big role on the acceleration of
a building, for which the height at which this happens can vary for different materials. For the
purpose of this investigation, buildings whose design is governed by their dynamic behaviour
will be considered high-rise.

Most structures are designed using Ultimate Limit State (ULS) and Serviceability Limit State
(SLS) and this is done to ensure structural capacity and user comfort. ULS ensures that that
structural elements in the building have enough capacity to withstand critical loads like strong
earthquakes, while SLS checks that the entire structure remains functional during frequent high
loads, such as wind [3]. The design of high-rise structures will be influenced by ULS criteria;
however, SLS will usually govern the design. The serviceability limit state of a high-rise structure
can be divided into two main criteria which are maximum lateral displacement and acceleration,
both of which are determined based on the dynamic behaviour of the structure.

2.1.1 Strength

The ultimate limit state criteria for the structure will be translated into the strength of the
structural elements. The structural capacity of an element will be determined by its material
and cross-sectional properties, which together will dictate the maximum allowable stress the
element can withstand. In order to determine if an element has sufficient strength, this capacity
needs to be compared to the forces and stresses caused by the critical load combination, which
can occur at any point in the building’s lifetime [35]. Determining the structural capacity of
individual elements is very critical in order to prevent member failure, which could lead to
a progressive collapse. The design of structural elements goes beyond its material and cross-
sectional properties, given that the rigidity of the connection will determine the load distribution
along the elements.
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The vertical and horizontal loads applied on the building need to be taken by the structural
system and transferred to the foundations. The stress distribution along the height of the
structure due to the applied loads can be seen on figure figure 2.1. The maximum stress at the
bottom will be used for the design of the foundations, and this will depend on both the externally
applied load and the load-bearing structure. Due to the nature of the vertical loading, which only
loads the structure axially, it will only cause compression loads at the bottom of the structure.
However, the horizontal loads will create bending stresses which will cause both tension and
compression at the bottom of the structure. The magnitude of these stresses combined with
the load-bearing structure design will determine if the foundation piles carry both tension and
compression forces, or only compression forces, which will play a big role in the material selection
for their design in order to ensure sufficient strength to carry the transferred loads [3].

Figure 2.1: Stress distribution along height of high-rise structures due to vertical and horizontal loads

2.1.2 Stability

Stability is a criteria that is relevant for both ULS and SLS. In terms of ULS the design focus
is on the slenderness and vertical loading of the building. The slenderness will increase the
potential of the structure to tip over and in order ensure that this does not occur the moment
produced by the horizontal load is compared to the moment resistance caused by the vertical
loading and it needs show enough capacity to keep the structure in place [3].

Mvertical =
1

2
· Fvertical · width (2.1)

Mhorizontal =
1

2
· Fhorizontal · height2 (2.2)

Mvertical > Mhorizontal (2.3)

SLS focuses on the user comfort and in terms of stability it needs to check that the deflections
at the top of the structure, remain below the limit. According to Eurocode NEN-EN 1991-1-1
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(EC1) and the Dutch National Annex, for high-rise structure it is recommended to keep the
maximum deformation under 1/500 of the structural height. This limit mitigates the need to
take into account the influence of second order effects and ensures that the building remains
functional [35].

The global stiffness, which is proportional to the design of the load bearing structure, will
determine the magnitude of the maximum deflection. As seen on figure figure 2.1, high-rise
buildings can be modelled as a clamped beam with a given bending stiffness (EI) and shear
stiffness (GA), which are determined based on the structural floor plan distribution. High
rigidity systems will significantly increase the magnitude of the shear stiffness (GA), making the
shear deformations almost negligible. However, for slender structure such as high-rises, both
bending and shear deformations are considered, with a predicted behaviour as seen in figure
figure 2.2, this type of system is also known as Timoshenko beams [35]. The behaviour of such
structures is described using formula 2.4.

q(z) = EI ·
d4u

dz4
+GA ·

d2u

dz2
(2.4)

Figure 2.2: Simplified high-rise model of shear and bending deformations

2.2 Dynamic Behaviour

When a high-rise structure is excited by a horizontal force such as wind, it will start oscillating
at a certain acceleration whose magnitude will determine the level of comfort of the users, this is
known as the dynamic behaviour of high-rises. The magnitude of the acceleration is determined
by various design parameters such as building height, self-weight and global stiffness, but it is
also influenced by some dynamic parameters such as natural frequency and structural damping.
Due to the influence of different parameters, dynamic studies are very complex, and in order
to accurately predict this behaviour finite element models are needed. However, it is possible
to determine the approximate behaviour by using simplified models, which will be addressed in
chapter 3.
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The acceleration of a building is the parameter used to quantify the dynamic behaviour of a
structure. As previously mentioned, this parameter is determined by the interaction of various
structural and dynamic parameters, after being excited by the wind. High accelerations are not
necessarily critical for the integrity of the structure, but they can cause fear and discomfort on
the users. Eurocode, as well as some other building regulations, present acceleration limits in
the form of recommended ranges which have different effects on human perception levels as seen
on table table 2.1.

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 affect
desk work; long-term exposure may produce motion sickness

4 0.25 - 0.4 Desk work becomes difficult; ambulation still possible

5 0.40 - 0.5 People strongly perceive motion

6 0.50 - 0.60 Most people cannot tolerate motion and are unable to walk natu-
rally

7 0.60 - 0.70 People cannot walk or tolerate motion

8 > 0.85 Objects begin to fall and people may be injured

Table 2.1: Human comfort levels based on building accelerations [35]

2.3 Material Properties

The mechanical properties of timber depend on different parameters such as species, moisture
content and loading direction [35]. Eurocode classifies the structural classes based on their
bending strength and the type of material used. The mechanical properties of glulam are based
on those of the structural class which was used to create the built-up element; however, the
interaction of the glue and the different layers, enhance their mechanical properties. Product
standard EN-14080:2005, provides tabulated values for different glulam classes with depths larger
than 600 mm and lamination thickness larger than 40 mm. Table 2.2 shows the mechanical
properties for some of the most commonly used homogeneous glulam classes.
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Property Symbol GL 24h GL 28h GL 32h
Bending strength fm,g,k 24 28 32
Tensile strength ft,0,g,k 19,2 22,3 25,6

ft,90,g,k 0,5
Compression strength fc,0,g,k 24 28 32

fc,90,g,k 2,5
Shear strength fv,g,k 3,5
Rolling shear strength fr,g,k 1,2
Modulus of elasticity E0,g,mean 11500 12600 14200

E0,g,05 9600 10500 11800
E90,g,mean 300
E90,g,05 250

Shear modulus Gg,mean 650
Gg,05 540

Rolling shear modulus Gr,g,mean 65
Gr,g,05 54

Density ρg,k 385 425 440
ρg,mean 420 460 490

Table 2.2: Product standard EN-14080:2005 Glulam mechanical properties

The mechanical properties of CLT are also based on those of the base material, which for CLT
the most used lamellae structural class is C24. The interaction of the perpendicular layers will
have a significant influence on the strength and anisotropy of the material. The density of the
material is usually assumed to remain constant, unless the lamination thickness is less than 10
mm, where the strength of the adhesive would start to play a big role. Table 2.3 shows the
mechanical properties for CLT using C24 lamellae as provided by product standard EN-338
using kmod = 0, 8 and γm = 1, 25.

Property Symbol C24 Units
Density
Characteristic minimum bulk density ρk 350 kg/m3

Mean bulk density ρmean 420 kg/m3

Stiffness
Modulus of Elasticity E0,mean 11000 N/mm2

E0,0,05 7400 N/mm2

E90,mean 370 N/mm2

Shear Modulus G0,mean 690 N/mm2

Strength
Flexural strength fm,d 15,3 N/mm2

Tensile strength ft,0,d 9,3 N/mm2

Compressive strength fc,0,d 13,4 N/mm2

fc,90,d 1,6 N/mm2

Table 2.3: Mechanical properties of C24 CLT according to EN-338

2.4 Existing Structures

Figure 1.2 shows a list of the tallest completed buildings in the world which use timber as
the main load bearing material. In order to determine the design parameters which could
potentially have a bigger impact on the design of such structures, it is important to understand
the architectural and structural design of these existing structures, for which a brief description
of the three tallest timber buildings in the world will be presented.
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2.4.1 Treet, Norway

General Description
The Tree (Treet) is a 14-storey timber building inaugurated on Spring 2015, becoming the
tallest of its kind at the time [2]. It primarily serves as a residential building, incorporating 62
apartments. The structural design was done by SWECO, Norway, who calculated that the load
bearing structure will bind more than 1000 tonnes of CO2 [37] during its lifetime.

Figure 2.3: The Tree, Norway [2]

Stability System Design
The stability system of Treet consists of glulam frame and trusses along the facade, which
provide sufficient lateral stability to the structure, to withstand the wind loads. CLT walls
are used as a core to transport the vertical loads from the elevators and emergency stairs [2].
The building incorporates prefabricated modulus made out of CLT panels and they enclose four
storeys per element. Between the modules, concrete slabs are added in order to provide vertical
load transfer as well as reinforcement for the dynamic behaviour of the structure. The wind
loads cause tensile forces on the columns and diagonal elements, which are transferred to the
concrete foundations by the addition of anchoring joints [2]. The loads from the facade and
balconies are taken by the external trusses.

2.4.2 Brock Commons, Vancouver

General Description
The Vancouver Brock Commons serves as a student residential building for the University of
British Columbia (UBA). It was completed during Fall 2017, becoming the first and tallest mass
timber, structural steel and reinforced concrete hybrid building in the world, with a height of
54 meters [6]. It was estimated that the load bearing structure will bind more than 1753 tonnes
of CO2 and that the incorporation of mass timber had a reduction of approximately 679 tonnes
of CO2 on the footprint of the construction [6].
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Figure 2.4: Brock Commons, Vancouver [6]

Stability System Design
The stability system of Brock Commons consists of a timber frame and two concrete cores to
counteract the building’s slenderness in one direction. The lateral stability was provided by the
concrete floor slabs enclosed by CLT panels, which transferred the loads to the concrete cores [6].
The main challenge of this hybrid structure was the difference in axial shortening, which could
cause cracking over the elements, so thick shim steel plates were added at column-to-column
connections, decreasing the axial shortening of the timber elements [6]. Due to the complexity
of the design, a full 3D model was used in order to make decisions in terms of fabrication and
construction.

2.4.3 Mjøst̊arnet, Norway

General Description
Mjøst̊arnet was completed during Spring 2019 and it is currently the tallest framed mass timber
building in the world with 18 storeys and a structural height of 84 meters. Mjøst̊arnet incorpo-
rated sustainability into the design by local sourcing of the material and green assembly of the
structure, where all elements were prefabricated and assembled on-site in order to reduce the
amount of waste produced and enhance the flexibility of the design [1].

Figure 2.5: Mjøst̊arnet, Norway [1]
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Stability System Design
The stability system of Mjøst̊arnet consists of a primary system which provides lateral stability
to the structure and counteracts the wind loads and a secondary system which carries the
vertical loads. The primary system consists of a glulam frame and external trusses as well as
CLT floor slabs which transfer the loads and increases the global stiffness. In order to account
for the dynamic behaviour of the structure, concrete floors were added on the last 6 storeys,
increasing the self-weight of the structure and increasing its natural frequency. A full finite
element model was built in order to evaluate the dynamic behaviour of the structure, where a
structural damping of 1,8% was assumed to check that the accelerations complied with code
regulations. Moreover, the secondary load bearing structure is formed by a CLT core, which
does not contribute to the lateral stability of the structure but serves to transfer the vertical
loads from the elevators and emergency stairs to the foundations.

2.5 Fire Safety

Timber is a combustible material, which presents a high risk in terms of the fire safety of
a building, especially high-rises. Combustible materials burn, and this not only affects the
integrity of the material itself, but it also contributes to the propagation of the fire and the
production of smoke. In terms of the structural design of a building the focus will be the fire
resistance and the degradation of the mechanical properties of the members exposed to fire.
When timber is exposed to heat a process called pyrolysis initiates, where combustible gases are
produced, and mass is lost. During this process a charred layer starts to form on the surfaces
that are directly exposed, reducing the effective cross-section of the member. The char layer
does not carry any loads, which as a result decreases the mechanical properties of the element.
However, it also works as a protective layer for the remaining cross-section, which slows down
the degradation process [11].

Figure 2.6: Timber charring behaviour

According to the Dutch Building Decree, all buildings taller than thirteen meters should be
designed such that their load bearing structure can maintain its integrity during a fire of 120
minutes. In order to comply with regulations, a commonly used methodology for timber and
steel buildings is to incorporate design for encapsulation. Full or partial encapsulation can be
achieved by enclosing the load bearing elements using panels which will delay their contact with
fire [15]. The thickness and material of the panels will determine the encapsulation time, given
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that they will also char and after a certain time they will leave the load bearing elements exposed
to the fire. The encapsulation time can be calculated using formula equation (2.5). Eurocode
1995-1-2 provides tabulated values for the charring rate of different unprotected timber materials,
which can be seen in the table table 2.4. The tabulated values are based on standard ISO-834
exposure and assumes a linear behaviour of the material with a constant charring rate [7].

dchar = β · t (2.5)

β = rate of charring mm/min
t = time of exposure to fire min

Design charring rates β0 mm/min βN mm/min
Softwood and beech
Glued laminated timber with a characteristic density of > 290kg/m3 0.65 0.70
Solid timber with a characteristic density of > 290kg/m3 0.65 0.80

Hardwood
Solid or glulam hardwood with a characteristic density of 290kg/m3 0.65 0.70
Solid or glulam hardwood with a characteristic density of > 450kg/m3 0.50 0.55

LVL
With a characteristic density of > 480kg/m3 0.65 0.70

Panels
Wood panelling 0.90
Plywood 1.00
Wood-based panels other than plywood 0.90

Table 2.4: Charring rates according to Eurocode 1995-1-2

2.6 Conclusions

Throughout this chapter it was seen that in terms of strength, stability and dynamic behaviour,
the most important parameters for the structural design of timber high-rise structures are build-
ing height and global stiffness. Building height is a design parameter on its own; however, the
global stiffness of a building will be influenced by many other parameters such as stability system
design, connection stiffness and member sizes. It was also seen that the current tallest timber
structures in the world use similar stability system designs such as glulam rigid frame, CLT core,
and glulam external trusses. Finally, it was concluded that due to timber’s combustible nature,
fire safety plays a big role on the design of the structure. However, previous studies have shown
that the fire safety conditions can be fulfilled by incorporating design for encapsulation as well
as other active fire protections such as sprinkler systems.
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3 Wind Engineering

The design of timber high-rise structures will be governed by the dynamic behavior caused by
the horizontal wind load acting along its height. In order to design such structures, it is critical
to understand the behavior, and influencing factors of the wind load and the response of the
structure. The dynamic response of the structure will be influenced by various parameters; how-
ever, it can be estimated using simplified models provided by building codes. Simplified models
are commonly developed using empirical formulation taken from experimental data which is
commonly collected from steel and concrete elements. In order to use these simplified method-
ologies for timber structures, it is important to understand the assumptions that are made and
if they can be applied to timber theory. The main goal of this chapter is to study the nature
of the wind load acting on the structure and determine simplified models which can be used to
estimate their response. This chapter will focus on answering the following research question:

How can the dynamic behaviour of a high-rise structure be quantified?

3.1 Wind Load

The wind load can be defined as the pressure applied on objects that obstruct the flow of
air. This pressure increases along the height of these obstructing objects and can be turbulent
towards the bottom due to the interaction with other objects [13]. Due to their significant
height, high-rise structures are exposed to high wind loads and according to Oosterhout (1996)
their response can be divided into three components as shown in figure 3.1, and each component
will be critical for different structure shapes [24].

• Along-wind response: Critical for buildings with a width significantly larger than its depth

• Cross-wind response: Critical for buildings with cylindrical or square shapes

• Torsional response: Critical for buildings with asymmetrical shapes in terms of mass and
stiffness

Figure 3.1: Building dynamic response due to wind load
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In order to determine the wind pressure applied on the structure, it is critical to determine
the velocity at which the air flow (wind) is travelling and impacting the building. The wind
velocity will consist of two components, constant and fluctuating. The constant component of
the wind will only have an effect on the direction at which the wind is applied. The fluctuating
component will act along the perpendicular direction as well as the height and it will depend on
the turbulence of the wind [13].

3.1.1 Wind Pressure

The wind pressure acting on the structure, can be determined using Eurocode NEN-EN 1991-1-4
(EC1-4) following the procedure shown in Appendix A. The wind pressure is highly dependent
on the location of the structure, since it will have an effect on the wind velocity and the coef-
ficients which represent the probability of wind occurrence and the turbulence of the air flow.
Moreover, the wind pressure will depend on the surface area interacting with the air flow, which
is determined by the width and height of the structure. For the purpose of this investigation it
was assumed that the width and depth of the structure will remain constant at 30 meters, while
the height will change for the different designs. Figure 3.2, shows the calculated wind pres-
sure for different heights and their changing distribution following the methodology explained
in Appendix A.

Figure 3.2: Wind pressure distribution according to structural height

The wind pressure causes a moment which needs to be resisted by the stability system of the
structure. Each stability system has a different distribution of the moment, which will be
addressed in section 4.1.1. However, regardless of the stability system, all structures will follow
the behaviour shown in figure 3.3, where the wind pressure is taken by the façade, which transfers
it to the floors based on the tributary width determined by the structural floor height.
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Figure 3.3: Wind pressure distribution for different stability systems

3.2 Dynamic Response

Section 2.2 explains that acceleration is the most commonly used parameter to quantify the
dynamic behaviour of a structure, and that due to its dependency on various design, structural
and dynamic parameters, determining its magnitude is commonly done using a full scale finite
element model. However, some building codes have developed empirical formulae based on
experimental data, to estimate its magnitude. Figure 3.1 shows that when a structure is exposed
to lateral loads such as wind, it will have an along- and cross-wind response, which results in
different magnitudes for the acceleration across both directions and the methodologies used to
estimate them will be explained in the following sections.

3.2.1 Natural Frequency

The natural frequency of a system is defined as the frequency at which an undamped structure
oscillates after being excited by an external force [24]. When an undamped structure is excited by
a dynamic load such as wind, acting at the same frequency as its natural frequency, the amplitude
of the response becomes infinite, significantly affecting its integrity [36]. The magnitude of
the natural frequency depends on the global stiffness, geometry, and mass distribution of the
structure, as well as, the damping of the system [35]. Eurocode presents an empirical formula
which can be used to estimate the natural frequency (n1,x) of a structure based on its height
(h), as shown in equation 3.1.

n1,x =
46

h
(3.1)

However, this formula has been developed using data collected from reinforced concrete and steel
buildings, which have significantly different global stiffness and damping than timber structures.

18



In order to study the natural frequency for different materials as well as more complex stability
systems, van Oosterhout (1996) developed a method based on the maximum lateral displacement
of the building, the distribution of mass, and the shear and bending stiffness, as it can be seen
in equation E.6.

n1,x = f(αh) ·

√
qw · h
µ · δmax

(3.2)

α2 =
(GA)tot

(EI)tot
(3.3)

qw = uniformly distributed horizontal load caused by wind
h = height of the structure
µ = mass distribution over height

δmax = maximum lateral horizontal displacement

The function f(αh) depends on the modal behaviour of the structure, which is related to the
ratio of the shear and bending stiffnesses. In order to approximate the value of this function,
formulae 3.4 and 3.5 can be used. However, it is presented that when the structure acts in pure
shear f(αh) = 0.176 and when the structure acts in pure bending f(αh) = 0.198 [24]

0 ≤ αh ≤ 1

f(αh) =

√√√√[0.3131

(αh)2
+ 0.1148

]
·

[
− 1− αh · sinh(αh) + cosh(αh)

(αh)2 · cosh(αh)
+

1

2

]
(3.4)

αh ≥ 1

f(αh) =

√√√√[ 0.2365

(αh− 0.3)1.22
+

1

16

]
·

[
− 1− αh · sinh(αh) + cosh(αh)

(αh)2 · cosh(αh)
+

1

2

]
(3.5)

3.2.2 Structural Damping

As previously mentioned, in theory when the frequency of the exciting force equals the natural
frequency of the undamped structure, the response of the system will experience infinite ampli-
tude, also known as structural resonance. However, in reality, infinite amplitude of the response
does not occur, given that the structure dissipates energy due to the work done by each struc-
tural component. The magnitude of the energy dissipated is known as structural damping, and
it is defined by the summation of the energy dissipated by individual elements such as material,
stability system design, and foundation design [9]. Eurocode provides approximate structural
damping coefficients for reinforced concrete, steel and composite buildings as well as for timber
bridges, as seen in table 3.1. However, it does not provide values for timber buildings.
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Structure ξs
Reinforced concrete buildings 1.59%
Steel buildings 0.80%
Composite buildings 1.28%
Timber bridges 0.96-1.91%

Table 3.1: Eurocode structural damping coefficients

In order to estimate the structural damping of timber buildings, experimental data is needed.
Feldmann (2016), presented an experimental investigation, in which on-site data was collected
for 10 different timber structures with a height ranging between 24-100 meters as seen in table
3.2. During this experiment, the frequency of the oscillations and the damping ratio of each
structure was collected and it was found that the damping ratios ranged from 0.64-2.70%, which
is higher than the values provided by Eurocode for reinforced concrete and steel buildings. The
results obtained can be seen in figure 3.4.

Name of Structure Height (m) Number
Towers - Solid timber tube
Himmelssturmer 38.4 6
Timber Tower 100 9
Towers - Timber frame
Baumturm 44.5 3
Blumenthal 45.0 4
Haidelturm 35.2 5
Ochsenstiegl 25 8
Towers - Timber frame with cladding
Altenbergturm 42.5 1
Augstbergturm 28.0 2
Kadernbern 30 7
Buildings - Solid timber, concrete core
H8 23.9 10
Buildings - Solid timber, timber core
Kampa 26.4 11
Buildings - Timber frame, concrete core
Life Cycle Tower One 26.6 12

Table 3.2: Building data used during the Feldmanns’s damping experiment

Figure 3.4: Experimental natural frequency and damping ratio of timber structures [9]

According to Petersen (2000), in order to estimate the magnitude of the structural damping of a
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timber structure, the material damping of timber should be taken within the range of 0.4-0.8%,
dowel type connections will provide an additional 0.6-0.9%, while glued or moment resistant
connections provide an additional 0.2-0.5% [28] and foundations will provide an additional 0.1-
0.3%, which will give a total structural damping which ranges from 0.7-2.1%.

3.2.3 Along-Wind Acceleration

EC1-4 states that the along-wind peak acceleration in m/s2 of a structure can be estimated
using formula 3.6:

amax(y, z) = σa,x(y, z) · kp (3.6)

σa,x(y, z) = standard deviation of the characteristic along-wind acceleration
kp = gust peak factor (see equation A.9)

According to EC1-4 Appendix C, the standard deviation of the characteristic along-wind accel-
eration (σa,x(y, z)) can be approximated using formula 3.7. The formulae used to calculate all
the different parameters used in this formula can be found in Appendix A.

σa,x(y, z) = cf · ρ · Iv(z) · vm2 ·R · Ky ·Kz · φ(y, z)

µref · φmax
(3.7)

cf = force coefficient (see equation A.18)
ρ = air density

Iv(z) = turbulence intensity at a specific height above the ground (see equation A.6)
vm = characteristic mean wind velocity at a specific height above the ground (see equation A.1)
R = square root of the resonant response (see equation A.13)

µref = reference mass per unit area
φ(y, z) = mode shape
φmax = mode shape value at the point with maximum amplitude

Ky,Kz = size reduction coefficients

Eurocode states that for all buildings which have a uniform horizontal mode shape and a linear
vertical mode shape, the following parameters can be used:

φ(y, z) =
z

h
(3.8)

Ky = 1 (3.9)

Kz = 3/2 (3.10)
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3.2.4 Cross-Wind Acceleration

In this direction, the turbulence of the wind can cause a phenomena called vortex shedding,
which can significantly increase the effect on the structure, making it the governing design
criterion [13]. Eurocode does not provide any simplified methods for estimating the cross-wind
acceleration, but it provides a criterion to determine when the vortex shedding effect will take
place and needs to be included in the design.

The criterion proposed by Eurocode EC1-4 in order to investigate the vortex shedding effect on
the structure can be seen in formula 3.11.

vcrit ≥ 1.25 · vm(z) (3.11)

vcrit =
b · n1,x
ST

(3.12)

ST = strouhal number = 0.18− 0.06 ·
depth

width

Given that Eurocode does not provide a method for quantifying the cross-wind response accel-
eration, the National Building Code of Canada (NBCC) can be use to estimate this behaviour
by using formula 3.13.

aw = n1,x
2 · kp ·

√
b · d ·

(
ar

ρB · kp ·
√
ξ

)
(3.13)

ρB = density of the building
ξ = structural damping

ar = 78.5 · 10−3 ·

[
vm(h)

n1,x ·
√
b · d

]3.3
(3.14)

vm(h) = mean wind velocity at the top of the structure

3.3 Conclusions

Wind is a dynamic flow which changes over time, height and terrain type. The wind load
is defined as the pressure applied on objects that obstruct this flow. EC1-4 has developed
a methodology to calculate the wind speed based on a specific location, by using coefficients
which take into account the return period and the roughness of the terrain. This velocity is
then translated into an applied pressure considering the characteristics of the impacted surface
and the response of the structure. Finally, this pressure is taken by the façade of the structure
which will be in charge of distributing the load across the stability system.

The dynamic response of the structure can be quantified using the acceleration at which the
structure oscillates, which is directly proportional to the applied wind load. As shown in figure
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3.1 the geometry of the structure will also have an effect on the type of response. Accurately
predicting the acceleration of a structure is only possible by developing full-scale finite element
models. However, the magnitude of the acceleration can be estimated using simplified models
such as the ones provided by EC1-4 for along-wind acceleration, and the National Building Code
of Canada for the cross-wind acceleration. Simplified models are developed by incorporating
design assumptions that must be considered when analyzing the data collected. The method
presented by EC1-4 idealizes the building as a clamped cantilever beam, which means that the
acceleration is determined by analyzing only one vibration mode. However, high-rise structures
can exhibit more than one vibration mode, which can lead to underestimations of the acceleration
provided by EC1-4.

The natural frequency and structural damping of the structure are determined using methods
and experimental data applicable for timber high-rise structures. Oosterhout (1996) presents a
method to estimate the natural frequency of the structure based on its global stiffness and mass
distribution. This method estimates the natural frequency for structures acting in pure shear
and structures acting in pure bending, which is determined by the stability system selected. The
magnitude of the structural damping is determined based on the experimental data provided
by Feldmann (2016), which concluded that the damping ratio for timber structures ranges
between 0.64-2.70%. As presented in section 2.4 the damping ratio used for the structural
design of Mjøst̊arnet was 1.8%, which is within the ranges provided by Feldmann. Due to the
structural similarities between the selected stability systems and Mjøst̊arnet, the damping ratio
for this investigation is assumed to be 1.8%, which is a conservative value based on the studied
experimental data.
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4 Parametric Model

The data required for performing a parametric study consist of the design output for various
combinations of the relevant preliminary design parameters. The most efficient methodology
for the collection of such data, is the implementation of a parametric model which can easily
be adjusted. For the purpose of this investigation, the model used to collect the data for the
parametric study was developed using Grasshopper, which is a visual programming language.
The Grasshopper model was built based on the relevant parameters found in chapter 2, and a
simple floor plan of thirty by thirty meters. The design output is found by bounding the system
with the implementation of design constraints which guarantee compliance of the design with
ULS and SLS regulations. Evaluating a full scale structural model for thousands of different
parameter combinations is computationally expensive. Therefore, various design assumptions
were made in order to reduce the complexity of the model and obtain significant data regarding
the parameters influence of the design. The main goal of this chapter is to explain the design
parameters, constraints, and loads which were implemented to develop the model used to collect
the required data for the parametric study. Furthermore, additional design assumptions are
outlined, which were made to reduce the computational cost of the study. This chapter will
focus on answering the following research question:

How can a representative 2D model to collect data for the parametric study be developed?

4.1 Design Parameters

4.1.1 Stability System Design

Smith and Coull (1991) define the stability system of a structure as the combination of different
structural elements which interact and provide resistance to the design loads. The structural
design of high-rise structures tends to be governed by their dynamic behaviour, which means
that the stability system must be designed to provide not only sufficient resistance to the design
loads, but also to provide sufficient global stiffness to ensure structural integrity and user comfort.
Over the last century, the height of the tallest buildings in the world has significantly increased,
which has led to the development of different stability systems that enhance the global stiffness
of the structure. Figure 4.1 shows the most commonly used stability systems in existing high-rise
buildings, which use concrete and steel and the main load bearing and stabilizing material. The
figure also shows the maximum height, in terms of number of storeys, that has been achieved
using each individual system.
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Figure 4.1: Stability system types

Timber stability systems for structures taller than five storeys tend to be designed strictly using
timber engineered products such as glulam, CLT and other laminated products. Due to the
mechanical properties and physical characteristics of these materials, not all of the stability
systems seen in figure 4.1 are suitable. Mjøst̊arnet and Treet are the tallest buildings in the
world which use timber as the main load-bearing and stabilizing material. Their stability systems
incorporate elements such as glulam frame, CLT core and glulam tube bracing. The scope of
this investigation focuses on studying the behaviour of three stability systems which are: glulam
frame, CLT core and glulam diagrid. These systems were chosen based on the design of existing
timber structures, the potential seen from figure 4.1, and the limited understanding of their
individual behaviour. Most existing timber high-rise structures incorporate other stabilizing
materials such as concrete cores to increase the self-weight and global stiffness of the structure.
However, the goal of this investigation is to broaden the understanding of individual timber
stability systems, such that sufficient stability can be achieved without incorporating concrete
and steel stabilizing elements.

Glulam Frame
Frame structures rely on the interaction between beams and columns to transfer the moment
caused by horizontal loads as seen in figure 4.2. The moment transfer between the structural
elements is determined by the rotational stiffness of the connections, which are also responsible
for the lateral stability of the building. The global stiffness of this type of structures is deter-
mined by the cross-section of the structural elements, the stiffness of the connections, and the
unsupported distance between the columns, also known as effective span. The cross-section of
the structural elements is limited by the capacity of manufacturers to produce and transport
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larger elements, while the rotational stiffness of the connections is limited by the mechanical
properties of the material and the capacity of the connectors. Finally, the effective span has an
effect not only on the global stiffness of the structure, but also on the load transfer capacity of
the floors, which significantly limits this parameter.

Figure 4.2: Moment distribution in frame structures

Two different effective spans are evaluated to determine the influence of this parameter on the
dynamic response and design of the structure. Based on existing structures and the capacity of
CLT floors, the selected effective span to be studied were four and six meters. Figure 4.3 shows
both design configurations, together with their corresponding structural floor plan, which only
shows stabilizing elements.

Figure 4.3: Frame configurations
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CLT Core
Core stability systems are formed by two or more shear walls that act in orthogonal planes and
interact to create a shear-resistant element which carries the moment developed by the wind
load as seen in figure 4.4 [35]. This stability system is commonly used in combination with a
frame which carries the vertical loads to the foundations. The global stiffness of this system
is determined by the size of the core walls, as well as their cooperation with one another, also
known as gamma factor. Moreover, additional global stiffness can be added by incorporating
rotational stiffness in the frame connections and creating a hybrid moment transfer mechanism.

Figure 4.4: Moment distribution in core structures

Core stability systems are usually built using reinforced concrete; however, due to the cross-
lamination of CLT, this material has the potential to be used as a substitute. The axial load
transfer and interaction between the perpendicular walls (gamma factor) will differ when using
CLT, and due to limited resources in the subject, several assumptions need to be made when
modelling CLT cores. For the purpose of this investigation the following assumptions were made,
and further elaboration can be found in Appendix D.

1. Displacements due to sliding and rocking are neglected.

2. There is no cooperation between the C-shaped cores.

3. The core is modelled using Bernoulli’s beam theory.

4. Effective core width is determined to counteract shear lag effect.

5. Global stiffness is determined using Steiner’s theorem.

6. Self-tapping screws (STS) will connect the core web and flanges.

Three different core width are evaluated to determine the influence of this parameters on the
dynamic response and design of the structure. Based on existing structures and the required
net floor area, the selected core widths to be studied were ten, twenty and thirty percent of the
building width. Figure 4.3 shows all design configurations, together with their corresponding
structural floor plan. The effective span between the frame columns is taken as four meters.
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Figure 4.5: Core configurations

Glulam Diagrid
Diagrid structures consist of diagonal and horizontal members placed along the exterior perime-
ter of the building, and these members interact with each other to transfer the moment cause
by the wind load as seen in figure 4.6. The figure shows that the moment is transferred by
the interaction of the tension and compression developed in the diagonal members, which are
stabilized by the horizontal members connecting them. This stability system is commonly used
in combination with a frame which carries the vertical loads to the foundations. The global
stiffness of this system relies on the triangular configuration of the exterior elements, and the
efficiency of this configuration is determined by the angle of the diagonal elements.

Figure 4.6: Moment transfer in diagrid structures
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Three different diagonal angles are evaluated to determine the influence of this parameter on
the dynamic response and design of the structure. The angle of the diagonals has an x and a y
component, the x component corresponds with the effective span of the frame columns and the
y component corresponds to the number of storeys covered by one diagonal element. During
this investigation different configurations are defined by the y component of the angle. The
selected diagonal angles to be studied were two, four and six storeys. Figure 4.7 shows all the
design configurations, as well as the structural floor plan, which is the same for all of them. The
effective span between the frame columns is taken as four meters.

Figure 4.7: Diagrid configurations

4.1.2 Connection Stiffness

Some stability systems, such as frames, rely on the rigidity of the connections to provide lateral
stability, which makes them highly sensitive to changes in the rotational stiffness of the joints.
Traditionally when modelling timber structures, joints were assumed to be either hinged or rigid
due to the lack of design methods to determine their semi-rigid behaviour [19]. However, most
modern timber joints incorporating mechanical fasteners such as slotted-in steel plates and glued-
in rods, provide a semi-rigid behaviour which has an effect on the moment distribution along
the members, the global stiffness of the structure, and the potential of certain stability systems
[14]. Currently extensive research is being done on the capacity of such connections, which is
slowly being incorporated into building codes. NEN-EN 1995-1-1 (EC5) provides methodologies
to determine the rotational stiffness of doweled connections with up to one slotted-in steel plate.

As previously mentioned, based on the selection of stability systems, there will be various types of
connections; however, due to limited available literature, the influence of the connection stiffness
on the design of timber high-rises is assessed only for column-beam connections. Appendix
B.1 shows detailed drawings of the assumed configurations for the most relevant connection
types. Column-beam connections will be designed using slotted-in steel plates and dowels. For
the glulam frame four different rotational stiffnesses are evaluated to determine the influence
of this parameter on the dynamic response and design of the structure. Based on literature
and preliminary calculations which can be seen in Appendix B.3, the selected stiffnesses to be
studied were 100000, 200000, 300000 and 400000 kNm/rad. For the CLT core, only two different
rotational stiffnesses are evaluated, which are 100000 and 200000 kNm/rad, given that hybrid
moment transfer mechanism are not commonly designed due to a significant cost increase.
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Figure 4.8 shows preliminary sizes of the slotted-in steel plates and dowels that are required to
achieve the different rotational stiffnesses. The procedure followed to size these elements can be
found in Appendix B.2.

Figure 4.8: Rotational stiffness configurations

Incorporating rigidity to beams in two directions can significantly increase the cost of the struc-
ture and the complexity of the assembling procedure. In order to reduce the number of moment
resistant connections and evaluate only feasible designs, all alternatives incorporating rotational
stiffness in the column-beam connections, will have moment resistant joints only in one direc-
tion. Figure 4.9 shows an example of the configuration in one direction. This configuration will
alternate for all consecutive connections, providing lateral stability to the structure. This design
decision was incorporated into the 2D model, by providing only half the rotational stiffness to
the connections, but calculating the moment resisted by the joint with the full stiffness.

Figure 4.9: Rotational stiffness configurations
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4.1.3 Building Height

The building height plays a significant role in the governing failure mechanism of the structure
and the design of the load-bearing structure, given that taller buildings are exposed to higher
vertical and horizontal loads. As previously defined, for the purpose of this investigation a
high-rise building will be one whose structural design is governed by its dynamic behaviour. For
timber high-rise structures it has been seen that this criterion is met for buildings as low as 30
m and a slenderness of one [2]. For the purpose of the parametric study, the building height
will be taken in intervals of 10 meters starting at 30 meters until the structure reaches a height
were the designs constraints can not be met.

4.2 Design Constraints

4.2.1 Member Forces

Verification of Glulam Elements
The design verification of structural glulam elements is done using EC5 and EN 14080. Table
2.2 shows the characteristic strength (Rk) of glulam elements based on their structural class.
In order to obtain their design strength (Rd), formula 4.1 can be use, which takes into account
the load duration, service class and design safety factor. EC5 and EN 14080 state that for
glulam timber elements the safety factor should be taken as γM = 1.25 and the selection of a
modification factor, kmod, should be done using table 4.1.

Rd =
kmod ·Rk
γM

(4.1)

Service class Permanent Long term Medium term Short term Instantaneous
1 0.60 0.70 0.80 0.90 1.10
2 0.60 0.70 0.80 0.90 1.10
3 0.50 0.55 0.65 0.70 0.90

Table 4.1: Modification factor based on service and load-duration class according to EC5 and EN 14080

For ultimate limit state design, the design stress on the elements caused by the different load cases
must be verified against their respective design strength, which was determined based on the
mechanical properties of GL 32h. Axial, shear and bending stresses must checked individually,
as well as combined. These verifications following the validation methodology proposed by EC5
are found in Appendix C.

Verification of CLT Panels
Currently Eurocode does not provide verification methods for the design of CLT panels loaded
in-plane; however, the CLT manufacturer proHolz [30] has presented a design guide based on
Eurocode, which will be used for the verification of the CLT panels. In order to obtain the design
strength of the elements, formula 4.1 may be used with a partial safety factor of γM = 1.25.
The panels should be verified for ultimate limit state design of the axial and bending stresses,
as well as their combined action. The verification method is shown in Appendix C.

For the verification of CLT panels that are predominantly loaded in-plane, it is assumed that
the normal stresses develop in the layers parallel to the in-plane loading [30], which is known as
the net area Anet. The net area is illustrated in figure 4.10 and obtained using formula 4.2.
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Figure 4.10: In-plane loading CLT panel net area

A0,net = b · d0,net (4.2)

4.2.2 Global Deflection and Interstorey Drift

Global deflection and interstorey drift are serviceability limit state criteria used to validate
the design of structures loaded by lateral loads such as wind. As the name implies, global
deflection (δmax) studies the behaviour of the entire structure and its behaviour is determined
by idealizing the building as a cantilever beam with a certain cross-sectional bending and shear
stiffness as shown in figure 2.2 and the use of formula 2.4. On the other hand, interstorey
drift (δs,i) is referred to as the relative displacement between two consecutive storeys, and it
is usually determined with the assistance of a full scale model [34]. Different building codes
provide slightly different limitations for these constraints, given that they are based on collected
data for existing structures. Eurocode does not provide a limiting criteria for these variables;
however, the Dutch National Annex for NEN-EN 1990+A1+A1/C2 provides a limiting criteria
for the global deflection of the structure as seen in formula 4.3. Smith and Coull (1991) present
a criteria for limiting the interstorey drift of a structure, which is presented in formula 4.4.

δmax ≤
h

500
(4.3)

δs,i ≤
hs

400
(4.4)

h = total height of the building
hs = structural storey height
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4.2.3 Acceleration

Subsections 3.2.3 and 3.2.4 provide a thorough description of how to quantify the along- and
cross-wind acceleration response of the structure using Eurocode EC1-4 and NBCC respectively.
The serviceability limit state design of acceleration often governs the design of high-rise struc-
tures due to limitations given by human perception levels. Table 2.1 shows recommended values
based on human perception and it shows that accelerations above 0.25 m/s2 makes desk work
difficult. Furthermore, acceleration should also be assessed in terms of ultimate limit state to
validate the structural integrity of the design. Eurocode NEN-EN 1998-1 (EC8), which focuses
on the design of earthquake resistant construction, states that the acceleration of a structure
should stay below 0.39 m/s2 to guarantee structural integrity.

4.3 System Loads

For this investigation, it was assumed that the structure is loaded both vertically and horizon-
tally. The horizontal loads consist of the pressure created by the wind (3.1), and the vertical
loads are explained in this section and determined under the assumption that the structure will
be used as a residential building.

Horizontal Loads
When modelling a structure in a 2D environment, only a representative cut of the structure
is analysed, which means that the pressure caused by the wind acting on the structure, must
be translated into a uniformly distributed load acting on that representative cut. The width
of the cut depends on the selected stability system of the structure and their moment transfer
mechanism. Figure 4.11 shows the assumed representative cuts for the frame, core and diagrid
stability systems, in a), b) and c) respectively. In the figure it can be seen that for the frame,
the width of the cut is determined by the effective span between the columns, which is the
tributary width of each bay. For the core, the width of the representative cut is taken as the
entire width of the structure and this is because the core transfers the full moment caused by
the wind pressure. Finally, the width of the representative cut in the diagrid equals half of the
width of the structure, given that the diagrid facing the wind direction transfers the load to the
two diagrids in the perpendicular direction.

Figure 4.11: Representative cut for 2D modelling of the structure
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Vertical Loads
The vertical load of the structure is divided into permanent and variable load. The permanent
load consists of the self-weight of the structure including architectural features that will not be
moved, such as interior walls and ceilings. The variable load incorporates the action of the users,
which depends on the use type of the structure, as well as non-permanent loads such as snow.
EC1 provides tabulated values for some of the permanent and variable loads, which is shown in
table 4.3. The structural floor system plays a significant role in the self-weight of the structure,
and for this investigation the pre-assembled floor system shown in figure 4.12 was used, together
with the material weights shown in table 4.2.

Figure 4.12: Pre-assembled CLT floor system [22]

Material Self-Weight (kN/m2)
CLT 250 mm thickness 1.500
Gypsum board 0.065
Laminate flooring 0.608
Fibre board 0.055
Total 2.23

Table 4.2: Floor system weight

Load type Load pressure (kN/m2)
Permanent load
Floor load 2.23
Interior walls 0.50
Ceiling 0.30
Variable load
Residential 1.75
Snow 0.56

Table 4.3: Floor system weight

The three stability systems studied in this investigation, include a frame structure which is
responsible for transferring the vertical loads to the foundations. As seen in figure 4.13, the
vertical load is applied to the floors, which transfer it to the beams, and then beams transfer it
to the columns, which take it all the way to the foundations. The figure also shows that each
of the panels spans in one direction, following a grid determined by the effective span between
the columns. Each grid cell has a floor panel, and the panels are placed perpendicular to each
other in order to provide an even distribution over the beams.
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Figure 4.13: Vertical load distribution

Load Combinations
Eurocode NEN-EN 1990 provides load combinations based on the consequence class of the
structure. Consequence class refers to risk presented by the collapse of a structure in terms of
human life and economic and environmental loss. All high-rise structures are considered to be
consequence class 3 (CC3), which is the highest possible. For CC3 structures, the following load
combinations are presented.

1.1(1.35G” + ”
∑
i≥1

1.5ψ0.1Qk,i) = 1.49G” + ”
∑
i≥1

1.65ψ0,1Qk,i (4.5)

1.1(1.2G” + 1.5Qk,1” + ”
∑
i≥1

1.5ψ0.1Qk,i) = 1.32G” + 1.65Qk,1” + ”
∑
i≥1

1.65ψ0,1Qk,i (4.6)

4.4 Design Assumptions

The development of a tool which can assist the preliminary design of timber high-rise structures,
is only possible with the implementation of a parametric model that incorporates relevant design
parameters. In order to develop an efficient parametric model which incorporated the design
parameters and constraints, and could collect all the required data under the time constraint,
certain design assumptions needed to be made. Some of these assumptions have already been
mentioned throughout the report; however, other critical assumptions which have an effect on
the results are listed below:

• Reference location

The location of the project determines the wind load to which the structure is exposed,
which has a significant effect on the design. For the purpose of this investigation the
location of the project Cooltoren in Rotterdam, Netherlands was chosen. The computed
horizontal loads were compared to the loads used by the structural engineering firm that
designed the 150 meters tower currently under development at this location.

• Design for encapsulation

As explained in section 2.5, all high-rise buildings must comply with strict fire safety regu-
lations, which guarantees a safe evacuation of the structure. Due to timber’s combustible
nature, special attention must be given to the fire safety design. There are many active
and passive methods that can be used to meet the requirements. In order to simplify the
scope of this investigation, it is assumed that the fire safety regulations are met for design
for encapsulation, and section 2.5 provides an explanation to how this method works.
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• Rotational stiffness of the foundations

Foundations are designed to take the load from the structure and transfer it to the ground,
but more importantly they are designed to prevent the building from overturning. The
load bearing capacity of individual foundations is determined by the material, size and the
soil properties [38]. The rotational stiffness provided by the foundations is determined by
the number of piles, their capacity, and distance to the rotational center. The influence of
the rotational stiffness of the foundations on the design of high-rise structures is a complex
subject which can be highly project specific. For the purpose of simplifying the scope of
this investigation, it is assumed that the rotational stiffness provided by the foundations
is infinite, resembling a fully clamped cantilever beam.

• Floor vibrations

As previously mentioned, it is assumed that the load-bearing floor system is made out
of CLT panels. The floor system not only carries the loads to other structural elements,
but it is also subjected to constant excitations from user activities which can cause vi-
brations leading to user discomfort. Due to its low density and stiffness, CLT panels are
more susceptible to human induced vibrations, and the magnitude of these vibrations are
determined by the span of the panel and the stiffness of the supporting beams [16]. The
magnitude of these vibrations is a complex dynamic problem, which must be assessed with
the development of a finite element model. In order to simplify the scope of this investi-
gation it was assumed that based on the floor thickness, the maximum effective span, and
the cross-section of the supporting beams, vibrations are kept under the acceptable range
provided by EC5 of 8 Hz [16].

4.5 Conclusions

Collecting data for a parametric study can become computationally expensive, given that in
order to capture the influence of a parameter, various models must be developed implementing
different values for the parameter and their outcome must be analysed. For the purpose of this
investigation, it was decided that the most efficient and representative way to collect such data
was to develop a 2D parametric model. A parametric model can be built based on the design
parameters, such that their magnitudes can be easily changed, and the model automatically
adjusts. For the purpose of this investigation, three design parameters were studied, which
are: stability system design, connection stiffness, and building height. Different ranges for the
building height and connection stiffness can easily be incorporated into the model; however, the
stability system design will significantly change the geometry and structural model, so separate
models were built for each proposed stability system.

The assembled structural model computes the forces developed in the elements and the global
behaviour of the structure based on provided element cross-sections, geometry and loads. As
explained in section 4.2, the validation of each design variable was done by the implementation
of five design constraints which are member forces, global deflection, interstorey drift and along-
and cross-wind acceleration. These are computed based on the output from the structural
model, which is verified in Appendix E. Finally, in order to develop a representative and efficient
model, several design assumptions were made as seen in section 4.4, which together with the
design decisions made in sections 4.3 will influence the data collected and are acceptable for
a preliminary design study. However, in order to perform a final structural design, the data
from the parametric study must be used together with a full scale structural model. Figure 4.14
shows an overview of all the parameters and constraints that were incorporated in the model.
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Figure 4.14: Parametric model overview
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5 Parametric Study

The structural design of each design alternative consists of determining the required member
cross-sections to comply with the design constraints mentioned in section 4.2. The size of the
structural elements highly influences the output of the design, so in order to directly compare
between different design alternatives, the sizing needs to be done using consistent methods. For
this investigation two different optimization tools were implemented for sizing the cross-sections
and collecting the data. The first tool uses evolutionary algorithms, while the second tool uses
brute-force algorithms. The main goal of this chapter is to provide insight to the methods
used to collect the data for the parametric study, and explain how the output can be used for
the preliminary design of timber high-rise structures. This chapter focuses on answering the
following research question:

How can the data from the parametric study be used in the preliminary design of a timber
high-rise?

5.1 Model Output

The parametric model developed using Grasshopper integrates all the concepts discussed in
chapter 4 and was used to collect the data. A design alternative consists of the combination of
different design parameters and is evaluated based on the design constraints. Each data point
consists of the selection of design parameters that describe that specific alternative, as well as
the output of the design in the form of unity checks, amount of material required, and net floor
area for a given combination of element cross-sections. Figure 5.1 is a visual representation
of one data point, showing the design parameters selected and the output of the design. The
applied element cross-sections are illustrated on the structure itself, together with its utilization,
which is determined based on the member capacity checks.

Figure 5.1: Distribution of the vertical loads
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5.2 Optimization

The main goal of this investigation is to perform a parametric study to determine the influence
of different design parameters on the design of timber high-rise structures. Determining the
influence of a parameter requires the analysis of full structural designs for different ranges and
combinations of the parameters, including sizing of the cross-sections. The sizing of the cross-
sections has a great influence on the behavior of the structure, thus it must be done in a consistent
manner such that it does not have an effect on the results obtained on the influence of individual
parameters. For this investigation two different methods were studied for sizing the cross-sections
and collecting the data. The first method is the implementation of an evolutionary algorithm
optimization, which focuses on finding the optimal member cross-sections that maximizes the net
floor area while complying the design constraints. The data collected using this method is ideal
for recognizing trends and determining the influence of a parameter. However, it has a limited
potential for the development of a preliminary design tool given that the data is biased based on
the definition of “optimal” solution, which can change for different projects. The second method
is the implementation of a brute-force optimization, which instead of searching for an optimal
solution, it simply collects the data of all possible cross-sections for each design alternative. The
data collected using this method is ideal for creating a preliminary design tool, allowing the user
to define the optimal design criteria. However, it presents a challenge to recognize trends of the
influence of individual parameters.

5.2.1 Evolutionary Solver

Evolutionary algorithms (EA) are used to obtain optimal solutions in a large population of
potential solutions by using biological evolution principles such as mutation, crossover, natural
selection and survival of the fittest. EA evaluate all the individuals of a population by their
fitness, which in evolutionary computations is a user defined function that rates the quality of
an individual. Each individual has certain characteristics which is also known as its genome.
In each iteration, the EA evaluates the fitness for a certain number of individuals and based
on the qualities of the best individuals, it creates a new population which is evaluated in the
same way until an optima has been found [32]. Evolutionary solvers are tools which incorporate
EA theory. Grasshopper has an integrated evolutionary solver called Galapagos, which is used
for single objective optimization and takes as input a genome and fitness, as seen in figure 5.2.
Figure 5.3 shows the design workflow which was used to collect the data using this method.

Figure 5.2: Galapagos component
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Figure 5.3: Evolutionary algorithm workflow

Genome
As seen in figure 5.3, for this method the genome was taken as the cross-section of the structural
elements, which was inputted in the form of lists of standard glulam cross-sections. The cross-
section of the columns is highly influenced by the horizontal wind load. The model used for
this investigation was developed in a 2D environment, which means that the structure is only
horizontally loaded in one direction. In reality, the wind direction can change, so the columns
must provide the same resistance in both directions. In order to consider this phenomenon in
the data, the genome of the columns consisted of cross-sections with equal height and width.
Table 5.1 shows the ranges for the different elements which were selected based on literature
and existing projects. The addition of diagonals cross-section to the genome is only applicable
for the glulam diagrid system.

Structural element Width (cm) Height (cm)
Columns 20-180 20-180
Beams 20-80 20-130
Diagonals 10-50 10-50

Table 5.1: Evolutionary algorithm genome range
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Fitness
The fitness for the EA is defined as a function which aims to maximize the net floor area,
while assuring compliance with the design constraints. In order to achieve this goal, the fitness
function was determined using the area taken by the structural elements and a python script that
checked for unity check compliance. If a combination of cross-sections yielded to an exceedance
of any unity check, the script will apply a penalty on that alternative, which will make the EA
discard the option as a possible optimum. Figure 5.4, shows a visual representation of the fitness
function for this methodology.

Figure 5.4: Galapagos fitness function

Population and Convergence
An evolutionary algorithm is an efficient method for collecting data, because in each iteration
it selects the best alternatives and uses them as a starting point for the next iteration, which
reduces the size of the search space. However, this creates a potential challenge in large search
spaces for determining whether the solver converges after finding a local optima or if it finds
the global optima of the system. Table 5.1 shows the ranges for the different parameters that
define the genome for this method. The frame and core uses steps of 5 for the columns and
steps of 10 for the beams, which results in a total of 4608 possible combinations. The diagrid
uses steps of 10 for both the columns and beams and steps of 5 for the diagonals, which results
in a total of 5760 possible combinations. Figure 5.5 shows the settings which were used to run
each optimization together with the interface showing the behaviour of the fitness throughout
each iteration, and table 5.2 explains some of the used terms.

Max. Stagnant Number of consecutive generations without finding a local optima
for termination of the solver

Population Number of possible solutions which are evaluated every iteration
Initial Boost Multiplication factor for population of first iteration
Maintain Percentage of the population which is kept for the next iteration

Table 5.2: Galapagos settings definitions
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Figure 5.5: Galapagos optimization settings

As shown in figure 5.5, each iteration evaluates the fitness of 50 individuals, meaning that for
the stability system with the largest search space, 115 iterations are required in order to study
all possible combinations. However, due to the biological evolutionary principles incorporated
in the algorithm, it is not necessary to study the entire search space. The convergence criteria
was set to 30 consecutive iterations without any local optima. This criteria is considered to be
conservative given the size of the search space and the population of each iteration. Nevertheless,
preliminary tests were done in order to verify this decision, where three consecutive optimizations
were performed in order to check that no optimal solutions occurred after the convergence of
the first one.

5.2.2 Brute Force Method

Brute-force algorithms (BFA) are implemented to collect the data for all possible combinations
within a constrained search space. BFA do not evaluate the fitness of each individual, but it
rather records all the attributes that define an individual (genome) and all the characteristics
of that specific combination of attributes (phenome). BFA iterators are tools which apply the
described theory. Colibri is a Grasshopper iterator that can be used together with other plugins
to gather data, which can be postprocessed and developed into a design tool. Figure 5.6 shows
the design workflow used to collect the data using this method.
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Figure 5.6: Brute force method workflow

Genome
The genome implemented for this methodology incorporates the same ranges presented in table
5.1 for the member cross-sections. However, it also includes other attributes that describe
the individual such as building height, connection stiffness, and other stability system specific
parameters. The ranges for the additional parameters follow the information provided in section
4.1. Figure 5.7 shows the Colibri component used to collect the BFA data for the glulam frame.
In the figure it can be seen that there are 15600 different combinations of the attributes, and
with approximately 30 seconds per iteration, this process was completed in two hours and a
half.
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Figure 5.7: Brute force method genome

Phenome
The phenome in a BFA analysis is a user defined set of outputs or characteristics used to describe
the quality of each individual. As shown in figure 5.8, the selected phenome for this method
consisted of the percentage net floor area, governing failure mechanism, amount of material,
acceleration, and moment resistance in the connections. The phenome was chosen based on
what was defined as the most relevant information for both a structural engineer and a client.
As previously mentioned, Colibri does not rate or evaluate the individuals before collecting the
data, so many of the individuals collected do not comply with the design constraints. In order
to exclude the individuals that do not meet the required constraints during the post-processing,
a simple python script was written in Grasshopper that checks for compliance, and whenever a
unity check failed, all the elements of the phenome were multiplied by zero.

Figure 5.8: Brute force method phenome

Design Explorer
Design explorer (DE) is a visualization interface developed by CORE studio, that allows the
users to search through all the individuals of an optimization, and filter specific ranges of the
genome or phenome to obtain a list of individuals that meet the requirements. The interface
developed in DE can be used as a preliminary design tool, which allows engineers to efficiently
investigate different options. DE takes data files and gives the possibility of linking images to
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each individual, creating a visual tool. The data collected by the Colibri iterator, is stored in an
Excel file, where it can be sorted and cleaned before inputting it into DE. For this investigation,
individual interfaces were created for each stability system. Figure 5.9 shows the interface
created for the glulam frame.

Figure 5.9: Design explorer interface for glulam frame

5.3 Conclusions

The preliminary design of a structure is done for the purpose of determining the feasibility of the
architectural design and creating a cost estimate for the project. Ideally, it can be done without
a full-scale finite element model and detailed designs such as connections. Due to the complex
behaviour of timber high-rise structures, it has been seen that the preliminary design very often
underestimates the dynamic behaviour of the structure, leading to significant structural design
changes in order to increase the self-weight and cross-sectional stiffness of the structure, which
results in budget increases and deviations from the architectural design. Parametric studies are
performed in order to provide structural engineers with insight on the effects certain parameters
can have, assisting them in making well-argued decisions during the preliminary design phase,
which may prevent major changes at a later stage. Parametric studies can also serve as design
tools, decreasing the need for complex modelling and calculation during the preliminary design
phase.

This chapter addressed the two methods used to collect data for the parametric study, and the
characteristics of this data. The first method was the implementation of EA, which search for
an optimal solution for each design alternative based on a user defined fitness criterion. For
this investigation, the optimal solution was defined as the combination of member cross-section
which yielded the maximum net floor area and complied with the defined design constraints.
Optimal solutions for all combinations of stability system design, building height and connection
stiffness were found and recorded. The data created using this method is ideal for developing
graphs which show the influence of individual parameters and can assist the structural engineers
in preliminary design decisions. The second method was the implementation of BFA, which
studies all the possible solutions in a constrained search space instead of finding an optimal
solution. Individual analyses were made for the three stability system designs, which were used
to create interfaces such as the one seen in figure 5.9. The interfaces developed using this method
are can be used as preliminary design tools, which can assist the structural engineers in creating
more accurate estimates and predictions of the behaviour of the structure.
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6 Results and Discussion

As explained in Chapter 5, two methods are used for sizing the structural elements and collecting
the data for the parametric study. The goal of implementing two methods is to validate the data
and mitigate the limitations of each individual method. The first method uses evolutionary algo-
rithms, which results in ideal data for identifying trends on the influence of various parameters.
The second method uses brute-force algorithms which result in ideal data for the development
of a preliminary design tool. The main goal of this chapter is to show the results obtained from
both methods and provide some relevant observations and discussion. This chapter will focus
on answering the following research question:

Which design parameters present the most influence on the design of timber high-rises?

6.1 Results and Observations

This section focuses on presenting the data collected using the EA method. As previously
mentioned, three parametric models were developed, corresponding to each selected stability
system, and incorporating all design parameters and constraints, so the data in this section is
presented for each stability system individually.

6.1.1 Glulam Frame

For the glulam frame stability system, the parameters effective span, connection stiffness and
building height were evaluated. As presented in figure 4.14 this study focuses on assessing the
behaviour of the structure with two different effective spans (four and six meters), and four
different rotational stiffnesses in the column-beam connections (100 000 - 400 000 kNm/rad).
The behaviour of the structure for different combinations of parameters is studied based on the
influence on the structural design (net floor area, amount of material and moment resistance),
and the influence on the structural behaviour (unity checks).

Influence on Structural Design
Data collected for four meters effective span is presented in figures 6.1, 6.2, and 6.3, respectively
showing the behaviour of the net floor area, amount of material per unit height and moment
resistance in the connections with increasing building height for different rotational stiffnesses.
The design alternatives incorporating six meters effective span proved to have a height limitation
of 40 meters, significantly reducing the number of data points collected using this parameter.
Given that trends can not be visualized with two data points, the data collected for six meters
effective span is presented in table 6.1.
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Figure 6.1: Glulam frame - 4 meters span: Net floor area

Figure 6.2: Glulam frame - 4 meters span: Amount of material per unit height

Figure 6.3: Glulam frame - 4 meters span: Moment resistance
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Building height Rotational stiffness Net floor area Amount of material Moment resistance
(m) (kNm/rad) (%) (tons/m) (kNm)
30 200 000 87.4 139.7 101
30 300 000 93 107.7 107.1
30 400 000 96 90.9 118.4
40 400 000 85.8 141.8 168

Table 6.1: Glulam frame - 6 meter span

The following observations can be made from the presented graphs and table:

1. The maximum height the four-meter span design can achieve is 130 meters, while the six-
meter span design can only reach a height of 40 meters. However, the maximum height
is significantly influenced by the rotational stiffness of the column-beam connections. For
the four-meter span the maximum height goes from 130 meters to 70 meters when the ro-
tational stiffness of the connections is reduced from 400000kNm/rad to 100000kNm/rad.
On the other hand, in order to reach a height of 30 meters for the six-meter span a rota-
tional stiffness of at least 300000kNm/rad is required and to reach a height of 40 meters
a rotational stiffness of at least 400000kNm/rad is required.

2. From figures 6.1 and 6.2 it can be seen that the net floor area decreases at the same
rate that the amount of material increases as the structure becomes taller. This trend
suggests, that the cross-section of the beams is maximized early in the optimization, so as
the building height increases and the structure needs more self-weight and global stiffness
to meet the constraints, the cross-section of the column is increased accordingly.

3. From figures 6.1 and 6.2 it can also be seen that the influence of increasing the rotational
stiffness of the column-beam connections decreases as the stiffness increases. When in-
creasing the rotational stiffness from 100 000 kNm/rad to 200 000 kNm/rad, the net
floor area increases approximately 10% and the amount of material decreases approxi-
mately 40 tons/m. While when increasing the stiffness from 300 000 kNm/rad to 400
000 kNm/rad, the net floor area increases approximately 3% and the amount of material
decreases approximately 10 tons/m.

4. Figure 6.3 provides a visualization on the effect that increasing building height has on
the moment that the connections need to resist. From the figure it can be seen that
the moment resistance increases nearly exponentially with increasing height, following the
same trend for all the different rotational stiffnesses.

Influence on Structural Behaviour
The behaviour of the structure will follow similar trends with different rotational stiffness in the
column-beam connections; however, the sensitivity of some constraints to building height will
change for different stiffnesses. To understand the behaviour of the structure the trends followed
by the unity checks are assessed for both the lowest and highest rotational stiffnesses. Figure
6.4 shows the behaviour of the structure with 100 000 kNm/rad rotational stiffness, and figure
6.5 shows the behaviour of the structure with 400 000 kNm/rad rotational stiffness. The red
dotted line in both figures shows the limit for the unity check that was set in the parametric
model.
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Figure 6.4: Glulam frame - 4 meters span: 100 000 kNm/rad

Figure 6.5: Glulam frame - 4 meters span: 400 000 kNm/rad

The following observations can be made from the presented graphs:

1. The governing failure mechanism throughout all building heights for both alternatives
is the along-wind acceleration. However, this constraint is always pushed to the limit,
showing the effect of the optimization criteria on the data. Maximizing the net floor area
causes a reduction in the self-weight, which has a direct effect on the dynamic behaviour
of the structure.

2. All unity checks follow a similar behaviour for both alternatives; however, the designs
using 100 000 kNm/rad rotational stiffness are more sensitive to changes in building
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height, increasing at a significantly higher rate. This trend is caused by a significant
global stiffness reduction.

3. Global deflection and interstorey drift follow the exact same trend for the 400 000 kNm/rad
rotational stiffness alternative, while for the 100 000 kNm/rad alternative they start to
slightly deviate as the building height increases. Lower rotational stiffness causes larger
deflection in the columns which has an effect on the interstorey drift of the structure.

4. The cross-wind acceleration follows a similar trend for both alternatives, significantly in-
creasing for taller buildings. The trend shows that this constraint could potentially becom-
ing the governing failure mechanism. The difference between the two alternatives shows
the dependency of this constraint on the global stiffness of the structure.

5. The member checks follow the same trend for both alternatives. Beam check is nearly
negligible, showing that the beams are significantly oversized due to the optimization
criteria. While the column check shows a slightly decreasing trend, caused by the abrupt
increase in the amount of material seen in figure 6.2.

6.1.2 CLT Core

For the CLT core stability system, the parameters core width, connection stiffness and building
height were evaluated. As presented in figure 4.14 this study focuses on assessing the behaviour
of the structure with three different core widths (ten, twenty and thirty percent of the building
width). However, for this system only two different rotational stiffnesses in the column-beam
connections are studied (100 000 and 200 000 kNm/rad). The reason for decreasing the number
of rotational stiffnesses studied is that hybrid moment transfer mechanism with core and rigid
frame are not common in practice due to a significant cost increase; however, for the purpose
of this study it is relevant to understand the influence that this parameter would have on the
design. The behaviour of the structure for different combinations of parameters is studied
based on the influence on the structural design (net floor area, amount of material and moment
resistance), and the influence on the structural behaviour (unity checks). Finally, to get a better
understanding about the behaviour of the core structure, the influence of the parameters on the
cooperation between the panels (gamma factor) is studied.

Influence on Structural Design
Figure 6.6 shows the behaviour of the net floor area, amount of material per unit height and mo-
ment resistance in the connections with increasing building height for the different core widths.
Each individual graph shows different rotational stiffness in the connection, including pinned
connections (0 kNm/rad) and the other two stiffnesses previously mentioned.
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(a) 10% core width (b) 20% core width (c) 30% core width

Figure 6.6: CLT core

The following observations can be made from the presented graphs:

1. The maximum height when using pinned connections is 50 meters for ten percent core
width, 60 meters for twenty percent core width, and 70 meters for thirty percent core
widths. When rotational stiffness is added in the column-beam connections the maximum
height can increase up to 10 meters for all the different core widths.

2. Looking at the trends followed by the net floor area and the amount of material per unit
height, the net floor area decreases at a similar rate than the amount of material increases.
However, small deviations are noticed, specially for lower building heights. This trend
suggests that the cross-section of the beams is maximized early in the optimization, but
not for buildings lower than 40 meters. Once the beams have been maximized the same
trend can be seen in both design outputs given that the structure relies on increasing the
column cross-sections to increase its self-weight and global stiffness.

3. Looking at the trends followed by the net floor area and the amount of material per unit
height, it can also be seen that the influence of adding rotational stiffness to the column-
frame connections reduces as the core width increases. For the ten percent core width
alternative going from pinned connections to 100 000 kNm/rad rotational stiffness causes
the net floor area to increase approximately 10% and the amount of material to decrease
approximately 20 tons/m. While for the thirty percent core width alternative going from
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pinned connections to 100 000 kNm/rad rotational stiffness causes the net floor area
to increase approximately 5% and the amount of material to decrease approximately 10
tons/m.

4. The graphs showing the moment resisted by the column-beam connections for the differ-
ent core widths show an exponential increase with additional rotational stiffness. This
exponential increase translates into higher costs and complexity of assembling.

Influence on Structural Behaviour
The behaviour of the structure in terms of unity checks is analysed for all the different core
widths. However, this study focuses on structures with pinned column-beam connections. As
previously mentioned, hybrid moment transfer mechanism between core and frame are not com-
mon in practice due to increased costs and from figure 6.6 it was seen that the additional cost
does not provide an significant improvement on the design of the structure. Figures 6.7, 6.8 and
6.9 show the trends followed by the unity checks for ten, twenty and thirty percent core width
respectively.

Figure 6.7: CLT core - 10 % core width
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Figure 6.8: CLT core - 20 % core width

Figure 6.9: CLT core - 30 % core width

The following observations can be made from the presented graphs:

1. The governing failure mechanism throughout all building heights for the three core width
alternatives is the along-wind acceleration. As seen for the behaviour of the glulam frame,
this constraint is always pushed to the limit, showing the effect of the optimization criteria.

2. Most unity checks follow a similar behaviour for the three core width alternatives; however,
the designs incorporating ten percent core width are more sensitive to changes in building
height. The core structure increases the global stiffness of the system, and this increase is
proportional to the size of the core.
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3. The capacity of the CLT panels loaded in plane, is evaluated with the core unity check. The
different figures show that both the core width and the building height have a significant
influence on the behaviour of this constraint. The trends show a linear increase with
building height, and the slope of the line decreases as the core width increases. The width
of the core walls is constant for all building heights and core widths, which explains the
mentioned trends.

4. For all core widths, the global deflection and interstorey drift follow an almost identical
behaviour to one another. However, the global deflection shows a more critical behaviour.
The difference between the two constraints is given by the behaviour of the structure as a
pure bending beam, which is caused by the moment transfer mechanism.

5. The cross-wind acceleration follows a slightly increasing trend with building height. The
difference in the behaviour of this constraint for the different core widths is almost negli-
gible.

6. The member checks follow a similar trend for the different alternatives. Beam check
increases at the building height increases. This trend shows that as opposed to the glulam
frame, the beam cross-sections are not oversized based on the optimization criteria, and
that this stability system relies on the beams to transfer the horizontal loads.

7. The column check shows a slightly decreasing trend for all the different core widths. This
trend is caused by the significant decrease in net floor area with increasing height seen
in figure 6.6, which suggests that the column cross-sections rapidly increase to provide
self-weight and global stiffness to the structure.

Influence on Gamma Factor
As explained in section 4.1.1 the gamma factor is the parameter that quantifies the interaction
between the perpendicular walls that form the core structure. This parameter will influence
the global stiffness of the core, so the influence of the preliminary design parameters on its
magnitude is studied. The method used to calculating the gamma factor in the parametric
model is presented in Appendix D.

Figure 6.10: CLT core gamma factor
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The following observations can be made from the presented graph:

1. The core width shows a significant influence on the gamma factor for lower building heights.
However, this influence decreases as the building height increases.

2. The parameter building height shows a higher influence on wider cores, showing an almost
negligible effect for the ten percent core width alternative. This phenomena is causes by
the method used to calculate the gamma factor, which indicates that its magnitude is
inversely proportional to the area and directly proportional to the height squared.

6.1.3 Glulam Diagrid

For the glulam diagrid stability system, the parameters diagonal angles and building height
are evaluated. As presented in figure 4.14 this study focuses on assessing the behaviour of
the structure with three different diagonal angles (two, four and six storeys). The parameter
rotational stiffness in the column-beam connections is not included in this study given that
the hybrid moment transfer mechanism has a negligible effect for this stability system, so all
connections are assumed to be pinned. The behaviour of the structure for different combinations
of parameters is studied based on the influence on the structural design (net floor area and
amount of material), and the influence on the structural behaviour (unity checks).

Influence on Structural Design
Figures 6.11 and 6.12 respectively show the behaviour of the net floor area and amount of
material per unit height with increasing building height for the different diagonal angles.

Figure 6.11: Glulam diagrid net floor area
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Figure 6.12: Glulam diagrid amount of material per unit height

The following observations can be made from the presented graphs:

1. The data collected for the net floor area and amount of material respectively decrease and
increase in steps as the building height increases. The number of steps increases as the
angle of the diagonal increases, having a more even distribution. These steps are caused
by the genome of the optimization and the moment transfer mechanism of this system.
The main influencing factor in the output is the cross-section of the frame columns, which
is defined by the list provided in the optimization genome. The cross-sections in this list
increase in steps of 20 cm, which causes the steps in these graphs. The global stiffness
and dynamic behaviour of this system are determined by the configuration of the diagrid
elements, which has a higher efficiency for lower diagonal angles. Due to the efficiency
of the system, the column cross-sections increase at a lower pace than in other stability
systems causing the steps and step sizes.

2. All the different diagonal angle alternatives allow the structure to reach a height of 200
meters. However, this limitation is given by the six storeys alternative, the other con-
figurations can potentially yield significantly taller structure, but the number of diagonal
connections required must be considered due to their complexity and required assembly
precision. The influence of the diagonal angle is nearly negligible for lower rise buildings,
but it significantly increases as the building height increases due to the dependency of this
system on the efficiency of the diagrid configuration to increase the global stiffness.

3. The amount of material per unit height shows a more rapidly increasing trend than the
decreasing of the net floor area, especially for lower rise buildings, which corresponds with
the number of steps seen in each graph. These phenomena are caused by the cross-section
of the diagonals. In the parametric model it was assumed that as the diagonals increase in
size, they grow both inwards and outwards, which means that 50% of their cross-section
is not considered in the net floor area. The moment transfer mechanism of this system
relies on the efficiency of the diagrid configuration, so the size of the diagonals increases
at an accelerated rate as the structure requires additional global stiffness, and once their
cross-section is maximized, the cross-section of the other structural elements is increased.
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Influence on Structural Behaviour
The behaviour of the structure in terms of unity checks is studied for the four and six storey
diagonal alternatives. The two storey design alternative is not evaluated due to the high number
of complex connections and the architectural limitations it provides, which makes it not a
common solution in practice. Figures 6.13 and 6.14 show the trends followed by the unity
checks for four and six storey diagonals respectively.

Figure 6.13: Glulam diagrid - 4 storey diagonals

Figure 6.14: Glulam diagrid - 6 storey diagonals
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The following observations can be made from the presented graphs:

1. The governing failure mechanism for all building heights for the two studied alternatives is
the along-wind acceleration. As seen for the behaviour of the other two stability systems,
this constraint is always pushed to the limit, showing the effect of the optimization criteria.

2. The capacity of the diagrid elements is studied with the constraint called diagonal check.
The trend follow by this unity check shows a more abrupt decrease for the six storey alter-
native, especially when the building height goes from 30 to 80 meters. Once the decreasing
trend stabilizes for both alternatives, it starts to show an increasing trend. The behaviour
of these trends is caused by the dependency of the system on the efficiency of the diagrid
configuration, which causes a rapid increase in the diagonals cross-section. However, once
the diagonals have been maximized, and the building height keeps increasing, the unity
check starts to increase.

3. The cross-wind acceleration increases with increasing building height at a slower rate than
for the other stability systems. This trend is caused by the dependency of this constraint
of the global stiffness of the structure, which is significantly higher for this stability system.

4. The beam and column unity checks follow a gradually increasing trend for both design
alternatives. This trend is caused by the moment transfer mechanism and dynamic be-
haviour of this system, which does not rely on the cross-sections of these structural elements
to stabilize the building. The increasing trend corresponds to the gradual increase of the
vertical loads as the building height increases.

5. The global deflection and interstorey drift follow a rapidly increasing trend as the building
height increases. The trends followed by these unity checks are very similar for lower rise
building; however, as the building height increases their trends deviate, with the interstorey
drift increasing at a much critical rate. This deviation is caused by the bending behaviour
of the diagrid system and the shear behaviour of the frame. Figure 6.15 shows the deflected
shape of the diagrid model, where it can be seen that the openings in the diagrid leave the
frame columns exposed to shear deformation, which increases the interstorey drift.

Figure 6.15: Deflected glulam diagrid system
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6.2 Discussion

This section focuses on discussing the results and observations presented in section 6.1. Previ-
ously the results were presented individually for each stability system, so this section provides
a comparison between the systems in terms of performance and behaviour. Moreover, the data
used to visualize the influence of the preliminary parameters on the design was collected using
EA optimization, which rates design alternatives based on a user defined criterion. Both the
data collection method and the optimization criteria have an influence on the results which is
discussed in this section. Finally, there is a reflection on the design feasibility of the presented
design alternatives in terms of costs, architectural design and assembly methods.

Stability System Comparison
This investigation focused on studying three different timber stability systems; however; as
presented in section 6.1, different configurations for each stability system are studied based on the
defined ranges for the preliminary design parameters. Figure 6.16 shows the maximum building
slenderness that can be achieved by the most relevant and representative design configurations.
The presented glulam frame configurations have a rotational stiffness of 300 000 kNm/rad in
the column-beam connections, while the CLT core configurations have pinned column-beam
connections. For the glulam diagrid only the 6 storey diagonal angle configuration is presented,
given that the height limitation for this system was determined based on it.

Figure 6.16: Amount of material to reach maximum height
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Figure 6.16 shows the amount of material per unit height required to achieve the presented
building slenderness. The efficiency of each design configuration can be defined by the ratio of
required amount of material and building slenderness, showing that the glulam diagrid is signif-
icantly more efficient than the other systems. Provided that the governing failure mechanism
for all design configurations is the along-wind acceleration, the efficiency of the system relies
on their moment transfer mechanism and global stiffness. From the results presented in section
6.1 it is seen that the global stiffness and dynamic response of the glulam frame and CLT core
rely on the cross-section of the frame elements, while the glulam diagrid relies on the efficiency
of the diagrid configuration, making this system significantly more efficient. Special attention
must be given to comparing the efficiency of the glulam frame and the CLT core. Figure 6.16
shows that some configurations of the CLT core are slightly more efficient than the glulam frame
configurations; however, the CLT core incorporates pinned column-beam connections while the
glulam frame has an additional 300 000 kNm/rad rotational stiffness, which translates into an
exponential increase of the cost, and the complexity of the design and assembly. When the
mentioned effects are taken into account, the CLT core shows a significantly higher efficiency
than the glulam frame.

The maximum building slenderness presented in figure 6.16 can be compared with the slender-
ness of existing structures. As mentioned in section 2.4 currently the tallest timber building
in the world is Mjøst̊arnet with a total height of 84 meters, and a slenderness of 2.3 in the
along-wind direction and 4.9 in the cross-wind direction. The stability system of Mjøst̊arnet
consists of a moment resistant glulam frame and glulam bracing, with approximately seven me-
ters effective span. The slenderness of this building is significantly larger than what was found
to be the maximum slenderness for the six meter span glulam frame configuration; however, this
is explained by the addition of bracings, which as the glulam diagrid it efficiently increases the
global stiffness of the structure. Moreover, it is important to note that based on the assumed
location for this investigation, the basic wind speed in the model was 22% higher than the basic
wind speed used to design Mjøst̊arnet [1].

Available Net Floor Area
When performing a parametric study on the structural design of a building where hundreds
of different design configurations are evaluated, it is important to consider the feasibility of
implementing the designs in practice. One of the most important parameters for office and
residential buildings is the amount of area available to be rented (net floor area). During this
investigation the minimum net floor area required for a design alternative to be considered
was 70%. For some design configurations this limitation determined the maximum building
slenderness that could be achieved. Figure 6.17 shows the net floor area and structural floor
plan distribution required to achieve the maximum building slenderness of each of the design
configurations presented in figure 6.16. From the figure it can be seen that the height limitation
for the different CLT cores and the four-meter span glulam frame was determined by the net floor
area, causing a significant reduction of the floor plan flexibility of these configurations. Moreover,
it is important to mentioned that the net floor area in this investigation was determined based on
the structural elements required to provided lateral stability to the building; however, additional
structural elements might be required to carry the loads from elevators and emergency stairs,
which will reduce the net floor area for all configurations.
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Figure 6.17: Net floor area to reach maximum slenderness

Architectural Limitations
The design feasibility of the different design configurations can also be defined by the architec-
tural limitations that they provide, which can be divided into floor plan flexibility and façade
design. As previously mentioned, in terms of floor plan flexibility, the CLT core configurations as
well as the four-meter span glulam frame present a significant reduction caused by the required
column cross-section and the clear spacing between the structural elements. This limitation
is given by the dynamic behaviour of these configurations which relies on the self-weight of
the structural elements to reduce the along-wind acceleration. The center-to-center distance
between the columns in the glulam diagrid configurations is the same as the other systems;
however, the efficiency of this system in terms of global stiffness results in significantly smaller
column cross-section, increasing the clear spacing between the structural elements.

On the other hand, in terms of façade design, the glulam diagrid presents a significant limitation
compared to the other stability systems. The diagrid elements are placed across the entire
perimeter of the structure, causing a disruption in the daylight intake and the view from the
rentable area. As seen in the results presented in section 6.1 the angle of the diagonal elements
determines the efficiency of the of the system, which significantly influences its structural design.
However, it can also be noted that the angle of the diagonals will also determine the level of
the disruption on the façade design, decreasing the feasibility of configurations incorporating
small diagonal angles. As seen in figure 6.17 the only structural elements across the perimeter
of the structure for the glulam frame and CLT core configurations are the columns, which have
a significantly lower effect on the façade design.

Element Cross-Sections
Appendix F provides the data collected using the EA method for each stability system, including
the size of the cross-sections required to stabilize individual configurations. The column cross-
sections range from 20-20 to 180-180 cm. These cross-section sizes correspond to the genome of
the optimization determined based on the capability of glulam manufacturers to produce them.
However, the feasibility of implementing the larger cross-section in practice can be assessed based
on the maximum cross-sections used in existing structures. Mjostarnet incorporates corner
column cross-sections of 160 x 65 cm, which based on their area suggest that cross-sections
larger than 120-120 cm might have a limited potential to be implemented in practice. This
practical limitation could decrease the maximum slenderness each stability system can achieve.
As previously mentioned, less efficient stability systems such as the glulam frame rely on their
self-weight for decreasing the dynamic response, which means that this additional limitation has
a higher influence on the maximum slenderness they can achieve. Figure 6.18 shows and updated
version of figure 6.16 when this practical limitation is taken into consideration. From the figure
it can be seen that the maximum slenderness of each stability system significantly decreased,
especially for the glulam frame configurations. The maximum slenderness of the glulam frame
with four-meter effective span decreased by 60%, while for the glulam diagrid it decreased 25%.
The glulam frame configuration with six-meter effective span became not feasible. On the other

61



hand, this decrease of the maximum building slenderness is accompanied by a significant increase
of the clear spacing between the structural elements and the net floor area available. Figure
6.19 shows an updated version of figure 6.17 when the element cross-section feasibility is taken
into consideration.

Figure 6.18: Maximum slenderness reduced column cross-sections

Figure 6.19: Net floor area reduced column cross-sections

Moreover, the feasibility of incorporating large column cross-sections across the entire structure
must be assessed. Commonly column cross-sections decrease towards the top of the structure,
proportionally to the design loads. However, this investigation assumed that all columns have
the same cross-section to decrease the computational cost of the optimization. This assumption
might not be feasible in practice due to a significant increase of the material costs, which could
also decrease the maximum slenderness less efficient stability systems can achieve.
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Connection Design
The stiffness of the connections between the structural elements was one of the studied pa-
rameters in the parametric study; however, this parameter should also be assessed in terms
of design feasibility. Appendix B.3 provides examples of connection design for a given design
configuration when the rotational stiffness ranges from 100 000 – 400 000 kNm/rad. From
the presented calculations it can be seen that the design of these connections is governed by
the required rotational stiffness, which significantly increases the required amount of steel el-
ements. The configuration of these connections includes two steel plates that penetrate both
the beam and column, which are set in place by large a number of steel dowels. The presented
connection designs present an exponential increase on the cost of the structure driven by the
required amount of material and the complexity of the assembly method. The installation of
the steel plates and dowels requires high on-site precision, which translates into a significant
increase on labor costs. Moreover, Appendix B.1 provides the design configuration of pinned
connections. This connection type incorporates one steel plate that penetrates only the beam
and requires significantly less dowels than the semi-rigid designs. The difference in amount of
material between the different connections has an effect not only on the costs, but also on the
environmental footprint of the structure caused by the large amount of CO2 released during the
production of steel.

The complexity of the connection design and their required amount of steel connectors deter-
mines the feasibility of a design configuration to be used in practice. As previously mentioned,
for column-beam joints, the difference between implementing pinned or semi-rigid connections
is exponential in terms of assembly method and required volume of steel, which significantly
limits the potential of including rotational stiffness in the design of timber high-rise structures.
During this study the influence of rotational stiffness on design was investigated for both the
glulam frame and CLT core stability systems. While frame alternatives rely on the connection
stiffness for lateral stability and moment transfer, the CLT core design is form stable and has
the capacity to transfer the full moment caused by the wind through the core structure. From
the results presented in section 6.1 it can be seen that adding rotational stiffness in the column-
beam connections for the CLT core, has a positive influence on the required amount of material
and net floor area, increasing the maximum slenderness the building can achieve. However, this
slightly enhanced behaviour comes with an exponential increase in the costs and environmental
footprint of the structure, which makes these configurations not a feasible solution in practice.
On the other hand, for the glulam frame, the rotational stiffness in the column-beam connections
is required for lateral stability, which significantly limits the potential of this stability system to
be implemented in practice as the main load-bearing and stabilizing system.

The design feasibility of a design configuration based on the connection design is not only
determined by their moment transfer capacity. As previously mentioned, the connection between
the diagrid elements are designed as pinned, since the triangular configuration of the elements is
form stable and provides sufficient stiffness. However, the complexity of this connection is given
by the high number of intersecting members. Appendix B.3 shows an example connection design,
for the critical intersection of a given design configuration. The connection design includes one
steel plate that penetrates each diagonal member, as well as various steel dowels. The assembling
of these connections requires high on-site precision, significantly increasing the labor costs. The
angle of the diagonal elements determines the number of connections required. Decreasing the
diagonal angles from four to two storeys increases the number of connections by 100%, which
means that design configurations incorporating smaller angles have significantly lower potential
to be implemented in practice.
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Optimization criteria
The data used during this part of the parametric study was collected using EA optimization.
During this process the optimal solution was defined as the combination of cross-sections that
yielded the maximum net floor area while complying with all design constraints. The data
collection method and the defined optimization criteria have an effect on the results presented
in section 6.1. The implementation of EA pushes each design alternative to the limit of the
governing design constraint, as seen for the structural behaviour of all the stability systems. This
effect limits the possibility to visualize the influence of the design parameters on the governing
failure mechanism. The genome of the EA optimization (member cross-sections) was defined
based on the selection provided by glulam manufacturers; however, this has an effect on the
maximum slenderness presented in figure 6.16. Increasing the global stability of a given design
configuration is done by increasing the cross-section of the structural elements, which means
that once they have been maximized, the structure can not increase in height.

As previously mentioned, both the glulam frame and the CLT core rely on the addition of
material to reduce the dynamic response of the structure. Provided that the optimization criteria
aimed to maximize the net floor area, the cross-section of the beams increased rapidly to add
weight to the structure without reducing the net floor area. Appendix F shows the data collected
using the EA method for each stability system, and there it can be seen that for the glulam
frame this phenomenon caused the cross-section of the beams to be maximized for all design
alternatives, with a cross-section of 80-130 cm. This beam cross-section is significantly large for
a residential building; however, as seen in figure 6.20 when considering the floor thickness and
beam height, the architectural storey height is 2.4 meters, which is still considered to be within
the acceptable range in the Dutch Building Decree.

Figure 6.20: Available floor to ceiling height
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6.3 Preliminary Design Tool

This section presents the data collected using the BFA method. As previously mentioned,
BFA focus on gathering the design output for all possible combinations within a constrained
search space. For this investigation the search space was formed by all design configurations
as well as all possible element cross-sections. The data was collected based on the parametric
model, which means individually for each stability system. As previously mentioned in section
5.2.2 the visualization interface Design Explorer is used to transform the post-processed BFA
data into a preliminary design tool. This tool allows users to define ranges for the preliminary
design parameters and the desired output, and find an estimation of the required amount of
material and element cross-sections required. The output presented in the tools consists of the
net floor area, governing failure mechanism, amount of material per unit height, and maximum
acceleration. Figure 6.21, shows a QR code that directs to each individual preliminary design
tool, as well as a permanent link that can be used to access them.

(a) Glulam frame
http: // tt-acm. github. io/

DesignExplorer/ ?ID= BL_

3qP7xC2

(b) CLT core
http: // tt-acm. github. io/

DesignExplorer/ ?ID= BL_

3qM743F

(c) Glulam diagrid
http: // tt-acm. github. io/

DesignExplorer/ ?ID= BL_

3qNJ7Jk

Figure 6.21: Preliminary Design Tools

6.4 Conclusions

The structural design of timber high-rise structures is governed by the dynamic response of the
structure when exposed to dynamic horizontal loads such as wind. The dynamic response of a
structure is quantified in terms of the acceleration at which it oscillates. This acceleration is
determined by the self-weight and global stiffness of the structure, which are highly influenced by
the selection of preliminary design parameters. Sections 6.1 showed the influence of individual
parameters on the structural design of the building based on the net floor area, amount of
material per unit height, and moment resistance of the connections required to meet the design
constraints. The data was presents individually for each stability system followed by a discussion
about the comparison of the different systems provided in section 6.2. When the data from
the different systems was compared, it was concluded that the most influential preliminary
design parameter in the design of timber high-rise structures is the stability system given that
it determines the global stiffness of the structure, which showed a significantly higher influence
on the dynamic response than the self-weight.

Section 6.2 defined the efficiency of a stability system as the ratio of maximum building slender-
ness versus the amount of material per unit height required to achieve it. In this comparison it
was noted that the diagrid stability system is significantly more efficient than the other studied
stability systems, caused by the high global stiffness provided by the triangular configuration of
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the diagrid elements. When comparing the efficiency of the glulam frame and CLT core alterna-
tives, two criteria were considered, the ratio of slenderness versus amount of material, and the
complexity of their connections. The glulam frame is not a form stable structure, which makes
this system rely on the stiffness of the connections for lateral stability. Semi-rigid connections
showed an exponential increase on the cost and environmental footprint of the structure, which
significantly reduces the efficiency and design feasibility of the glulam frame. On the other hand,
the CLT core is a form stable structure without including rotational stiffness in the column-beam
connections, which makes this system significantly more efficient than the glulam frame.
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7 Conclusions and Recommendations

7.1 Conclusions

Research Question
The results and observations found during this investigation can be used to answer the main
reach question, which is as follows:

What is the influence of stability system design, connection stiffness, and building height
on the structural design of timber high-rise buildings based on the wind-induced dynamic

response?

• Stability System Design

1. The selection of stability system is the most influential parameter for the design of
timber high-rise structures, due to its high influence on the global stiffness.

2. The global stiffness has a higher influence on the design of timber high-rise structures
than the self-weight, proving that the effect of timber’s low density can be mitigated
by the implementation of efficient stability systems.

3. Based on the studied stability systems, the glulam diagrid was determined to be the
most efficient system for the design of timber high-rises due to its high global stiffness
provided by the triangular configuration of the diagonal members.

• Connection Stiffness

1. The influence of connection stiffness in the design of timber high-rise structures is
related to the ability of the stability system to provide lateral stability. Non-form
stable structures such as glulam frames are very sensitive to changes in connection
stiffness, while the effect in form stable structures such as CLT cores and glulam
diagrids is nearly negligible.

2. Current methods provided by Eurocode and other building codes for incorporat-
ing rotational stiffness in timber connections, rely on the addition of steel elements.
Therefore, the implementation of moment resistant connections in the different sta-
bility systems translated into an exponential increase in the costs and environmental
footprint of the structure, reducing their feasibility of being implemented in practice.

• Building Height

1. The influence of building height on the design of timber high-rise structures is vi-
sualised by the influence of this parameter on the wind speed and lateral stability.
As the building height increases, the wind speed increases logarithmically, while the
global stiffness decreases proportionally to the efficiency of the stability system. These
trends significantly affect the dynamic response of the structure, showing the high
influence of this parameter on the design of these structures.
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Research Methodology
Regarding the methods used to estimate the dynamic behaviour of the structure, the following
is concluded:

1. The gust factor approach provided by EC1-4 provides an estimation of the acceleration of
a structure that can be used for the preliminary design. However, its idealization of the
structure as a clamped cantilever beam with one vibration mode causes an underestimation
of the dynamic response, which must be considered by decreasing the acceptable limit for
the acceleration unity check.

2. The method provided by Oosterhout (1996) to estimate the natural frequency of a structure
is ideal for the preliminary design of timber high-rise structures, given that the magnitude
is estimated based on the global stiffness and mass distribution, rather than empirical data.
However, this method requires an assumption regarding the shear and bending stiffness of
the structure, which must be assessed during the design phase.

3. The experimental data provided by Feldmann (2016) can be used to estimate the magni-
tude of the structural damping of a timber structure. However, this parameter depends
on the moment transfer mechanism of the structure, which limits its applicability to the
type of structures assessed in the study.

Regarding the optimization criteria and design assumptions used to collect the data for the
parametric study, the following is concluded:

1. The optimization criteria used to collect the EA data aimed to maximize the net floor area
of each design configuration, which resulted in a reduction of the self-weight of the structure
that affected its dynamic response. The implementation of multi-objective optimizations
that maximize the net floor area and minimize the dynamic response of the structure could
yield a more accurate representation of timber high-rise design.

2. The element cross-sections used for the genome of the optimizations was determined based
on the capacity of glulam manufacturers. However, the implementation of column cross-
sections larger than 120-120 cm was determined to be not feasible in practice. This ad-
ditional limitation proved to have an effect on the maximum slenderness each stability
system could achieve, with a greater influence in less efficient systems.

7.2 Recommendations

This section presents recommendations for future work in the field of timber high-rise design
based on the observations and conclusions found during this investigation.

1. Moment resistant connections

The results collected during the parametric study for connection stiffness suggest that
this is a very influential parameter on the design of not form stable structures like glu-
lam frames, and that it can potentially enhance the efficiency of form stable structures
like CLT cores. However, it was concluded that the addition of rotational stiffness in the
column-beam connections translates into an exponential increase on the costs and envi-
ronmental footprint of the structure. In order to feasibly incorporate this parameter in
the design of timber high-rise structures, methodologies to increase the rotational stiffness
of timber connection while decreasing the required volume of steel connectors must be
studied. The implementation of carpentry joints shows a significant potential to achieve
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this goal; however, further research on their rotational stiffness capacity and large-scale
assembly is required.

2. Structural damping

The structural damping ratio of a structure is a very complex parameter that incorporates
the energy dissipated by different elements of a system. This parameter has a significant
influence of the dynamic response of a structure, yet currently there is limited literature on
methods to accurately determine its magnitude. However, it is known that the selection
of load-bearing and stabilizing materials significantly influences the energy dissipation of
the system, and that timber presents a potential to increase the structural damping of a
structure [24]. Developing methods to accurately predict the structural damping based on
the selection of preliminary design parameters, can significantly increase the understand-
ing of the dynamic response of timber high-rise structures and assist on determining the
potential and limitations that these structures present.

3. Braced stability systems

The output of this investigation concluded that the selection of stability system design is
the most influential preliminary design parameter for the design of timber high-rise struc-
tures. The selection of stability system determines the efficiency of the global stiffness,
which can mitigate the effect of timber’s low density on the dynamic response of the struc-
ture. From the studied stability systems, it was concluded that the glulam diagrid was the
most efficiency system, due to its high global stiffness provided by the triangular configura-
tion of the elements. This observation suggests that other stability systems incorporating
braced triangular elements must be studied to determine their efficiency and potential to
mitigate the architectural limitations provided by the diagrid system which were discussed
in section 6.2. Some stability systems that present a high potential to be implemented for
the design of timber high-rise structures are outrigger systems and braced tubes. Finally,
the potential of incorporating different braced systems into the design can also be assessed
given that it could result in a highly efficiency system with increased architectural flexibil-
ity. This concept can be visualized in figure 7.1 which shows a design concept for a timber
high-rise structure in Chicago, presented by Perkins Will incorporating glulam diagrid in
the along-wind direction and bracing in the cross-wind direction [41].

Figure 7.1: River Beeach Tower design concept by Perkins & Will [41]
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4. Design tools

The preliminary design of a structure is usually done using simplified models and rules
of thumb due to time constraints. However, this is not possible for the design of timber
high-rise structures due to the complexity of their dynamic behaviour. The goal of this
investigation was to determine the influence of preliminary parameters on the design of
timber high-rise structures to assist engineers in making well-argued decisions during this
phase. However, the output of this investigation might still require a significant amount of
engineering judgement and calculations during the preliminary design phase. Developing
rules of thumb would significantly increase the efficiency of the preliminary design of timber
high-rise structures. However, accurately predicting the dynamic response of a timber
structure can be computationally expensive, making the data collection process for the
development of such a design tool computationally infeasible with the implementation of
commonly used methods. Machine learning probabilistic algorithms can be implemented
to significantly decrease the computational cost of large-scale finite element models.

5. Tuned mass dampers

Tuned Mass Dampers (TMD) are devices which can be installed at a given location in
a structure to absorb the kinetic energy produced by lateral excitations, significantly re-
ducing the amplitude of the induced vibrations [12]. Given that the design of timber
high-rise structures is governed by the dynamic behaviour, TMD show significant po-
tential to improve the behaviour of these structures by allowing them to increase their
maximum slenderness and reduce the required amount of material. Studying the effect of
the different types of TMD on the acceleration of timber high-rise structures could signifi-
cantly simplify the study of their behaviour and incentivize their development. The effect
of installing a TMD should be considered during the preliminary design phase, given that
it would significantly influence the design of the structure.
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Appendix A Wind Load

Wind Velocity
According to Eurocode NEN-EN 1991-1-4, the mean wind velocity function over the height of
a high-rise structure, can be described using formula A.1.

vm(z) = cr(z) · co(z) · vb (A.1)

cr = roughness factor
co = orography factor : Dutch National Annex states co = 1.0
vb = standard wind velocity at reference height of 10m

vb = cdir · cseason · vb,0 (A.2)

cdir = direction factor : Dutch National Annex states cdir = 1,0
cseason = season factor : Dutch National Annex states cseason = 1,0

vb,0 = fundamental wind velocity : (I:29.5 m/s, II: 27 m/s, III: 24.5 m/s)

cr(z) = kr · ln

(
z

z0

)
(A.3)

kr = terrain factor
z0 = roughness length : coastal = 0.003, sub-urban = 0.3, urban = 1.0

kr = 0.19 ·

(
z0

0.05

)0.07

(A.4)

Peak Wind Pressure
According to Eurocode NEN-EN 1991-1-4, the peak wind pressure function over the height of a
high-rise structure, can be described based on the mean wind velocity using formula A.5.

qp(z) =
(
1 + 7 · Iv(z)

)
·

1

2
· ρ · vm2 (A.5)

Iv = turbulence intensity
ρ = air density

vm = mean wind velocity (see equation A.1)

Iv =
σv

vm(z)
=

kl

co · ln

(
z

zo

) (A.6)
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kl = turbulence factor : Dutch National Annex states kl = 1.0
co = orography factor

Wind Pressure
The wind pressure applied on the building can be determined based on the peak wind pressure
and the mean wind velocity. Eurocode states two methods for estimating this pressure and for
high-rise buildings the most applicable method is the force coefficient method which quantifies
the characteristic global wind loading of the structure as seen in equation A.7.

Fw = cscd ·
∑

surfaces

qp(z) · cf ·Aref (A.7)

cscd = structural factor
qp(z) = peak wind pressure
cf = force coefficient

Aref = reference area

cscd =
1 + 2 · kp · Iv(z) ·

√
B2 +R2

1 + 7 · Iv(z)
(A.8)

kp = peak factor
Iv(z) = turbulence intensity (see equation A.6)
B2 = background factor
R2 = resonance response factor

kp =
√

2 · ln(v · T ) +
0.6√

2 · ln(v · T )
≥ 3 (A.9)

T = average period of the reference wind velocity
v = estimation of the gust frequency

v = n1,x ·

√
R2

B2 +R2
(A.10)

n1,x = natural frequency

B2 =
1

1 +
3

2
·

√√√√( b

L(z)

)2

+

(
h

L(z)

)2

+

(
b

L(z)
·

h

L(z)

)2
(A.11)
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b = width of structure
h = height of structure

L(z) = turbulence length scale

L(z) = Lt ·

(
z

zt

)α
(A.12)

Lt = 300 m
zt = 200 m
α = 0.67 + 0.05 ln z0

R2 =
π2

2 · δ
· SL ·Ks (A.13)

δ = logarithmic decrement of damping
SL = non-dimensional spectral density function
Ks = size reduction factor

δ =
cf · ρ · b · vm(z)

2 · n1,x ·me
(A.14)

cf = force coefficient
ρ = air density

vm(z) = mean wind velocity
n1,x = natural frequency
me = equivalent mass

SL =
6.8 · fl

(1 + 10.2fl)
2 (A.15)

fl =
n1,x · L(z)

vm(Z)
= 0 (A.16)

Ks =
1

1 +

√√√√(Gy · φy)2 + (Gz · φz)2 +

(
2

π
·Gy · φy ·Gz · φz

)2
(A.17)

The constants are based on the vibration mode of the structure, height and width cy = cz =
11.5, Gy = 1/2 and Gz = 5/18.
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Finally, in order to determine the force coefficient needed to determine the logarithmic decrement
of damping and the characteristic global wind loading equation A.18 and figure A.1 can be used.

cf = cf,0 · ψr · ψλ (A.18)

cf,0 = force coefficient for rectangular sections without free-end flow (see figure A.1)
ψr = reduction factor for rounded corners = 1.0
ψλ = end effect factor = 1.0

Figure A.1: Force coefficient for rectangular sections according to NEN-EN 1991-1-4

The wind pressure will vary along the height of the structure, corresponding to its width. Figure
A.2 shows the methodology proposed by Eurocode in order to model the simplified pressure
distribution along the height of a structure.

Figure A.2: Wind pressure distribution over height according to NEN-EN 1991-1-4
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Appendix B Connection Design

Appendix B.1 Connection types

Based on the selected stability systems, there are various relevant connection types. As previ-
ously mentioned, the scope of this investigation focuses on studying the influence of rotational
stiffness on the design of the structure only for column-beam connections. However, feasible
configurations for the other connection types are presented in this section.

Frame connections
As previously mentioned, both moment resistant and pinned connections will be studied for the
column-beam joints. The design configuration of the moment resistant connections is explained
in section 4.1. The pinned connections will be designed using steel a T-shape steel plate that
goes into the beam with dowels, and screws that connect them to the column. This configuration
can be seen in figure B.1. The verification method for this type of connection is presented in
section B.2.2.

Figure B.1: Pinned column-beam connections

Core connections
The connection between the perpendicular CLT panels that form the stability core are designed
using self-tapping screws (STS). As shown in figure B.2, two screws are used at each location,
and they are both be placed at 45 degrees, providing a slip factor of 16,6 kN/mm. It is assumed
that the screws will be placed every 300 mm along the height.
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Figure B.2: Perpendicular CLT panels connection configuration

As previously mentioned, based on literature it is assumed that the displacements due to slid-
ing and rocking is neglected for the design of the CLT core, which can only be achieved by
incorporating fully rigid connections between the stacked panels, or by installing tension rods
throughout the length of the panels. For the purpose of this investigation, it is assumed that the
implementation of glued-in rods between the stacked CLT panels will provide sufficient rigidity
to transfer the moment along the core and mitigate the displacements due to sliding and rocking.
Figure B.3, shows a proposed configuration incorporating glued-in rods to transfer the moment
and an additional wood profile at the end of each panel, in order to guarantee an even transfer
of the stresses in the cross-section of the panels. Finally, it is assumed that the CLT panels will
have a height equal to three storeys in order to reduce the number of connections, because the
installation of glued-in rods requires high precision, which can be a challenge at a construction
site.

Figure B.3: Stacked CLT panels connection configuration
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Diagrid connections
The connection between the diagonal members will have a similar configuration to the beam-
column connections. The capacity of the connection is given by the implementation of slotted-in
steel plates with dowels; however, the rotational stiffness is provided by the triangular config-
uration of the structural elements and not by the steel plates. Figure B.4 shows a proposed
configuration for this type of connection, but as it can be seen, the configuration depends on
the angle between the diagonal elements, which is one of the studied parameters.

Figure B.4: Diagrid connection configuration

Appendix B.2 Column-beam connections

Appendix B.2.1 Semi-rigid connections

As previously mentioned, column-beam connections are designed using slotted-in steel plates
and dowels. EC5 presents a method for evaluating the strength and stiffness of this type of
connection; however, this method is limited to one steel plate, for which the research done by
Pedersen (2002) will be used to determine the strength and stiffness of these connections. In
order to use the research done by Pedersen it needs to be assumed that both the steel and
the timber elements can reach a plastic deformation and that the maximum strength of the
connection will be reached when the timber fails [27].

Connection Strength
The maximum strength resistance of the connection can be determined by evaluating all possible
failure mechanisms that this connection could present as show in figure B.5. The definition of
each presented failure mechanism can be seen in figure B.6. The design load found from the
critical failure mechanism is the design load per fastener per shear plane. If two steel plates are
incorporated into the design, the connection will have four shear planes. On the other hand, not
all dowels will be fully effective, so formula B.2 can be used to determine the number of effective
dowels. After calculating the number of effective dowels and determining the number of shear

79



planes, the design load taken by the dowels can be determined using formula B.3.

Figure B.5: Slotted-in steel plated with dowels failure mechanisms [27]

Figure B.6: Slotted-in steel plated with dowels failure mechanisms definition [27]

fh,k = 0, 082(1− 0, 01 · d)ρk (B.1)

neff = min

ncolumns;ncolumns0.9 ·
(
a1

13d

)0.25
 (B.2)

ncolumns = dowels parallel to the grain
a1 = spacing between dowels

Fmax,dowels = 4 · neff · Fgoverning · nrows (B.3)

The failure of the dowels is not the only possible failure mechanism, there can also be a failure of
the timber member or the steel plate. The net area of the timber member can be checked using
formulae B.4 and B.5 and the resistance of the steel plates can be checked using formula B.6.
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Finally, the block and plug shear resistance can be checked needs to be checked using formula
B.7 and figure B.7.

Fmax,c = fc,0,k ·Anet,timber (B.4)

Fmax,t = ft,0,k ·Anet,timber (B.5)

Fmax,plates = min

(
fy · tplate · bplate;

0.9 · fuAnet
γM,2

)
(B.6)

Figure B.7: Block and plug shear in slotted-in steel plates and dowel connections

Fmax,block,plug = max
(
1.5Anet,t · ft,0,k; 0.7Anet,v · fv,k

)
(B.7)

Anet,t = Lnet,t · t
Anet,v = Lnet,v · t
Lnet,t =

∑
lt,i

Lnet,v =
∑
lv,i

Connection Stiffness
The stiffness of slotted-in steel plates with dowel connections can be determined using formulae
B.8 and B.9. The formulae provide the rotational stiffness of each individual dowel per shear
plane, and for this specific connection design it needs to be multiplied by four, which equals
the number of shear planes. Finally, in order to consider the interaction of timber and steel the
density of timber can be doubled [27].

Kser = ρm
1.5 ·

d

23
(B.8)

Krot,connection = Kser,fastener · Ip (B.9)

Appendix B.2.2 Pinned connections

Pinned column-beam connections following the configuration shown in figure B.1 need to be
validated in terms of the capacity of the dowels, and the capacity of the bolt group presented
in EC5.
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Dowels capacity
The maximum capacity resistance of the dowels in the connection can be determined by evalu-
ating all possible failure mechanisms that this connection could present as show in figure B.5.
The definition of each presented failure mechanism can be seen in figure B.6. The design load
found from the critical failure mechanism is the design load per fastener per shear plane. If one
steel plate is incorporated into the design the connection has two shear planes.

Figure B.8: Pinned column-beam failure mechanisms

fh,k = characteristic embedment strength
Fax,Rk = characteristic withdrawal capacity
My,Rk = fastener yield moment

d = dowel diameter

fh,k = 0.082(1− 0.1d) · ρk (B.10)

My,k = 0.3 · fu,k · d2.6 (B.11)

Bolts capacity
The bolts in this connection carry both axial and shear loads, so their capacity needs to be
checked for their combined action as seen in formula B.12. Moreover, the column needs to
resist the load perpendicular to the grain direction caused by the bolts. In order to check for
compliance, the design splitting capacity (formula B.16) must be larger than the tension force.

(
Fax,Ed

Fax,Rd

)2

+

(
Fv,Ed

Fv,Rd

)2

≤ 1 (B.12)

Fax,Rk = nef (πdleq)
0.8 · fax,k (B.13)
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nef = effective number of bolts
lef = bolt penetration length

fax,k = characteristic withdrawal strength

nef = n0.9 (B.14)

fax,k = 3.6 · 10−3 · ρk1.5 (B.15)

Figure B.9: Bolts column-beam connection failure mechanisms

F90,Rk = 14b

√√√√√ he

1−
he

h

(B.16)

b = timber member thickness
h = timber member height
he = distance loaded edge to opposite bolt

Appendix B.3 Connection design check

Column-beam connections
The connection design of column-beam connections with moment capacity is governed by the
rotational stiffness they provide. For this investigation four different rotational stiffness were
used to determine the influence of connection stiffness in the design of the different timber
stability systems. This section provides an example of the design configurations that are required
to achieve each rotational stiffness. The rotational capacity will be determined using the method
presented in section B.2.
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The different rotational stiffness will be determined using the design configuration presented
in figure B.10. This connection includes two steel plates placed 40 cm apart from each other
and 20 cm from the edge of the beam, which equals a beam width of 80 cm. The steel plates
penetrated both the beam and the column, and used 3 cm diameter dowels.

Figure B.10: Column-beam connection configuration

The slip modulus (Kser) of each individual dowel per shear plane is determined based on the
mean density of timber (ρm) and the dowel diameter (d). Moreover, when designing timber-steel
connections the density of timber is doubled.

Kser = ρm
1.5 ·

d

23
(B.17)

Kser = 4 · 2 · (490)1.5 ·
30

23
= 102948N/mm (B.18)

The rotational stiffness of the configuration is determined based on the number of dowels and
their distance to the center of rotation. For this calculation, the following dowel distributions
are considered.

Kr,ser = Kser ·
∑

r2 (B.19)
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Figure B.11: Column-beam connection 100 000 kNm/rad rotational stiffness

Figure B.12: Column-beam connection 200 000 kNm/rad rotational stiffness

Figure B.13: Column-beam connection 300 000 kNm/rad rotational stiffness
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The following rotational stiffnesses can be determined from the presented configurations:

Figure B.11 Figure B.12 Figure B.13∑
r2 (mm2/rad) 900 000 1462500 2250000

kr,ser (kNm/rad) 101 000 195 500 295 000

Figure B.14 shows the procedure used to determine
∑
r2 for the 100 000 kNm/rad configuration.

The same procedure was used for all configurations.

Figure B.14: Calculation of
∑
r2 for 100 000 kNm/rad configuration

From the results presented it is determined that the plate dimensions required to achieve 300 000
kNm/rad are 630 x 990 mm. In terms of element dimensions, this plate size can be implemented
for the design configurations studied during this investigation due to the large elements used
to provide lateral stability. However, the amount of material required for each connection
exponentially increases the cost and environmental footprint of the structure. Moreover, the
assembly of these connections require of significantly high precision, which also increases the
labor costs. These observations suggest that the implementation of rotational stiffness in the
connection by using the presented method is not feasible in practice.
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Diagonal elements connections

The connections between the diagonal members in the glulam diagrid are assumed to be pinned,
given that the global stiffness of this system is provided by the triangular configuration of the
elements. The configuration of these connections must be designed to trasnfer the axial loads
developed across the elements. The capacity of the connection is determined by the governing
failure mechanism between dowel group check, timber element check and plate check. Figure
B.15 shows a design verification for the critical joint in the design configuration of 130 meters
and 4 storey diagonal angles. From the figure it can be seen that the design of this connection
is governed by the capacity of the dowel group.

Figure B.15: Example diagrid connection design verification
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Appendix C Member Check

Appendix C.1 Verification of glulam elements

Axial Stress
The selection of design parameters like stability system design and connection stiffness will have
an influence on the load distribution throughout the structure, which will as a result influence
the axial stresses experienced by the structural elements. Based on the structural design of the
structure, the axial stresses will manifest as either compression or tension stresses and this will
have an effect on the design strength of the element. The design check for axial strength should
be done for both elements experiencing compression and tension stresses using formulae C.2 and
C.1 respectively.

σt,0,d ≤ ft,0,d (C.1)

σc,0,d ≤ ft,0,d (C.2)

Shear Stress
The design validation for the shear stress experienced by all glulam structural elements should
be done using formula C.3

τd ≤ fv,d (C.3)

Bending Stress
The structural design of a building influences the magnitude of the bending stresses experienced
by the structural elements as well as the occurrence of bending stresses in one or two of the
principal axes. When biaxial bending stresses are experienced, the design validation needs to
incorporate a factor km which takes into account the inhomogeneity of the cross-section and the
stress re-distribution [4], as seen in formulae C.4 and C.5 which consider the effect of this factor
on both the y- and z- axis.

σm,y,d

fm,y,d
+ km

σm,z,d

fm,z,d
≤ 1 (C.4)

σm,z,d

fm,z,d
+ km

σm,y,d

fm,y,d
≤ 1 (C.5)

Combined Axial and Bending Stress
Structural elements experiencing both bending and axial stresses need to be checked for their
combined action in order to verify that the integrity of the element. Elements experiencing
combined bending and tension stresses need to be validated using the following formulae.

σt,0,d

ft,0,d
+ km

σm,y,d

fm,y,d
+
σm,z,d

fm,z,d
≤ 1 (C.6)
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σt,0,d

ft,0,d
+
σm,y,d

fm,y,d
+ km

σm,z,d

fm,z,d
≤ 1 (C.7)

Elements experiencing combined bending and compression stresses need to be validated using
the following formulae.

(
σc,0,d

fc,0,d

)2

+ km
σm,y,d

fm,y,d
+
σm,z,d

fm,z,d
≤ 1 (C.8)

(
σc,0,d

fc,0,d

)2

+
σm,y,d

fm,y,d
+ km

σm,z,d

fm,z,d
≤ 1 (C.9)

Member Stability
Elements loaded by bending stress or combined bending and compression stresses, need to be ver-
ified for lateral torsional stability, which can govern the design of unrestrained elements exposed
to both lateral deformations and twisting [35]. Formula C.10 should be used for the verifica-
tion of members loaded by bending and and formula C.13 should be used for the verification of
members loaded by bending and axial loads.

σm,d ≤ kcrit · fm,d (C.10)

kcrit = 1 λrel,m ≤ 0.75
1.56− 0.75λrel,m 0.75 ≤ λrel,m ≤ 1.4
1/λrel,m

2 1.4 ≤ λrel,m

λrel,m =

√
fm,k

σm,crit
(C.11)

σm,crit =
My,crit

Wy
(C.12)

My,crit = critical bending moment
Wy = section modulus about y-axis

(
σm,d

kcrit · fm,d

)2

+
σc,d

kc,z · fc,0,d
≤ 1 (C.13)

kc,z =
1

kz +
√
kz

2 − λrel,z2
(C.14)

kz = 0.5(1 + βc(λrel,z − 0.3) + λrel,z
2) (C.15)
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λrel,z =
λz

π

√
fc,0,k

E0.05
(C.16)

βc = factor for elements within straightness limits = 0.1 for glulam
λy = slenderness ratio corresponding to bending about the z-axis

E0.05 = fifth percentile value of modulus of elasticity parallel to the grain

All elements loaded in bending and compression should satisfy the condition presented in formula
C.13, but they should also satisfy a criteria where λrel,z ≤ 0.3. Elements which do not satisfy
this criteria need to be further examined in order to verify that their deflections remain under
an acceptable range.

Appendix C.2 Verification of CLT elements

Axial Stress
The design validation for the axial stress developed by CLT structural elements loaded in plane
should be done using formula C.17

σc,0,d ≤ fc,0,d (C.17)

N0,d

A0,net
≤ fc,0,d (C.18)

Bending Stress
The verification for bending stress can be done using formulae C.19 and C.20, together with
figure 4.10, which shows the net area of the cross-section for in-plane loading where d0 is the
thickness of the highlighted lamellae.

σm,z,d ≤ fm,d (C.19)

Mz,d

Wz,0,net
≤ fm,d (C.20)

Wz,0,net =

∑
d0 · h2

b
(C.21)

Combined Axial and Bending Stress
The verification for combined axial and bending stresses in done together with the verification
for buckling of the panel. This verification is done with the procedure provided by proHolz [30],
which is taken from the Eurocode column buckling theory and it can be seen in formula C.22.

σc,0,d

kc,y · fc,0,d
±
σm,d

fm,d
≤ 1 (C.22)
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kc,y =
1

ky +
√
ky

2 − λrel,y2
(C.23)

ky = 0.5
(

1 + 0.1
(
λrel,y − 0.3

)
+ λrel,y

2
)

(C.24)

λrel,y =
λy

π

√
fc, 0, k

E0.05
(C.25)

λy =
l

iy,0,net
(C.26)

iy,0,net =

√
Iy,0,net

A0,net
(C.27)
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Appendix D CLT Design Assumptions

1. Displacements due to sliding and rocking can be neglected
The displacement of CLT can be divided into four categories which are bending, shear,
sliding and rocking as it can be seen in figure D.1. The magnitude of the bending and
shear displacements will be based on the stiffness of the CLT panels, while the magnitude
of the sliding and rocking displacements will be based on the stiffness of the connection
between the panels. For the purpose of this investigation the displacements due to sliding
and rocking will be neglected by the assumption of fully rigid connections between the
panels or the implementation of tensioning in the CLT panels [42].

Figure D.1: CLT displacement modes [5]

2. No cooperation between C-shaped cores
Stability cores are commonly formed by the interaction of four shear walls, two acting in
the same plane and the other two in the opposite plane, as seen on the left side of figure
D.2. However, in reality these walls commonly have openings in each storey such that users
can access elevators and emergency stairs. These openings will cause a disruption on the
load transfer mechanism of the connected shear walls. In concrete cores, the magnitude of
the disruption is determined by the remaining beam size, opening width, opening position,
building height and rotational stiffness of the foundations [8]. However, the magnitude of
the disruption between the shear walls for CLT cores has not been widely addressed on
existing literature, so for the purpose of this investigation a conservative assumption will
be made, that there is no cooperation between the walls.
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Figure D.2: C-Shaped core

3. Bernoulli’s hypothesis is applied
In order to apply Bernoulli’s hypothesis for beam theory the following assumption needs
to be made “plane cross-sections remain planar and normal to the beam axis in a beam
subjected to bending” [33]. However, this assumption is not applicable when there are
shear forces in the cross-section. For core structures, a shear flow in the connections
between the walls is developed, creating shear deformations in the panels making the
stress distribution over the length of the element not uniform [21]. The development of
this shear lag effect will reduce the effectiveness of the panels, so in order to be able to use
Bernoulli’s beam theory this reduction needs to be taken into account, as shown in figure
D.3.

Figure D.3: Shear-lag effective length

4. Effective width will be used to counteract shear lag effect
In the British Standard BS 5400: Part 5 equations are presented to take into account the
shear lag effect in concrete cores. Given that there are no regulations that study this effect
in CLT cores, these equations will be used.
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beff = α · b(1 + β ·ALR) (D.1)

beff = effective width
b = length of the wall

ALR = axial load ratio
α, β = load type coefficients

Due to the loading direction of stability cores, the corresponding mode of bending is Minor
(WiT) and assuming ULS design the load coefficients become, α=0,88 and β=0.

5. Cross-sectional stiffness is determined using Steiner’s theory
In order to determine the cross-sectional stiffness of mechanically jointed elements, the
interaction at the connection needs to be considered. Steiner’s parts theory determines
this stiffness by considering a γ-factor which takes into account the cooperation of the
elements based on the rigidity of the connection as seen in figure D.4 and equation D.2,
γ=0 is used when there are no effective fasteners between the elements and γ=1 is used
when the fasteners provide a fully rigid connection. The γ-method can be used to determine
this factor for semi-rigid fasteners using formula D.3; however, this formula only applies
for simply supported beams with sinusoidal loads [4]. The difference between the action
of uniform and sinusoidal loads is negligible and in order to apply it to cantilever beams,
the length needs to be taken as twice the height of the building [4].

Figure D.4: Mechanically jointed beams according to NEN-EN 1995-1-1

(EI)eff =

3∑
n=1

(EiIi + γiEiAiai
2) (D.2)

γi =
1

1 +
π2EiAisi

Kil2

(D.3)
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si = fastener spacing in joint between individual components
Ki = slip factor of fastener

6. Self-tapping screws will connect the core walls together
The fastener type used between the core elements will determine the cross-sectional stiff-
ness of the construction. Ideally this fasteners should provide full rigidity to the connec-
tions, such that γ=1; however, the experimental data for fully rigid connections is currently
very limited. For the purpose of this investigation a conservative approach will be made
that self-tapping screws will connect the wall elements. In order to determine Ki (slip
factor of the fasteners), experimental data will be used. It will be assumed that a pair
of 600 mm screws placed at an angle of 45° every 450 mm along the connection length
between the elements, as seen in figure . Based on this assumption it is determined that
the slip coefficient for axial loads is as shown in equation D.4 [10].

Ki = 16, 6
kN

mm
(D.4)
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Appendix E Results Verification

Appendix E.1 Karamba Model

The structural analysis for this investigation was done using Karamba 3D, which is a Grasshop-
per plugin. Karamba 3D is intended to be used as a fast tool for structural optimization during
the preliminary design stage of a project; however, for the final design it is recommended to
use an advanced professional structural analysis package [20]. The data collected during this
investigation is intended to be used during a preliminary design, for which the utilization of
Karamba for the structural analysis is assumed to be sufficient; however, in order to verify the
results collected, the structure was modelled in the structural package MatrixFrame 5.5 and
compared to the results obtained using the parametric script. The results verification was done
for both the glulam frame and glulam diagrid models. Figure E.1 shows the loaded model for
the glulam frame in both Karamba 3D and MatrixFrame and table E.1 describes the design
alternative that was evaluated. Table E.2 shows the comparison of the results obtained from
the two different packages. Figure E.2 shows the loaded model for the glulam diagrid in both
Karamba 3D and MatrixFrame and table ?? describes the design alternative that was evaluated.
Table E.4 shows the comparison of the results obtained from the two different packages.

Figure E.1: MatrixFrame glulam frame structural analysis verification

Stability system Glulam frame
Building height 30 m
Building width 30 m
Structural storey height 4 m
Effective span 3.75 m
Connection stiffness 300 000 kNm/rad
Columns cross-section 60-60 cm
Beams cross-sections 60-130 cm

Table E.1: Matrix frame validation design alternative
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Design Constraint Karamba 3D MatrixFrame Difference
Global deflection (m) 0.0062 0.0060 2.5%
Beam max. moment (kNm) 29.6 29 2%
Beam max. axial (kN) -11.7 -11.87 1.5%
Column max. moment (kNm) 28.98 29.2 1%
Column max. axial (kN) 395 387 2%

Table E.2: Matrix frame validation

Figure E.2: MatrixFrame glulam diagrid structural analysis verification

Stability system Glulam diagrid
Building height 30 m
Building width 30 m
Structural storey height 4 m
Effective span 3.75 m
Diagonal angle 2 storey
Columns cross-section 20-20 cm
Beams cross-sections 20-40 cm
Diagonal cross-sections 20-20 cm

Table E.3: Matrix frame validation design alternative

Design Constraint Karamba 3D MatrixFrame Difference
Global deflection (m) 0.0062 0.0063 1.6%
Beam max. moment (kNm) 14.92 14.43 2.9%
Beam max. axial (kN) -51.36 -49.82 3%
Column max. moment (kNm) 0.25 0.25 1.1%
Column max. axial (kN) 0.33 0.33 1.1%
Diagonal max. axial (kN) -70.6 -72.72 3%

Table E.4: Matrix frame validation
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The slight deviations from the two different packages can be easily visualized in figure E.3,
which compares the moment distribution for one frame implementing the connection stiffness
and element cross-sections mentioned in table E.1. In the Karamba 3D model the rotational
stiffness is applied to the joints, which affects both the connection with the beams and the
connection with the columns, while in the MatrixFrame model the rotational stiffness is applied
at both the beam and column ends. From the figure it can be seen that Karamba 3D, does
not consider the moment distribution across the length of the elements, but it rather computes
the moment at three locations, which causes the slight deviations between the two software.
Given that the moment capacity is not governing for the sizing of the structural elements in this
investigation, this deviations are acceptable for the preliminary design phase.

Figure E.3: MatrixFrame glulam frame one-bay moment distribution

Figure E.4 shows the deflected shapes of the design configurations presented in tables E.1 and E.3
gathered from the Karamba 3D models. Tables E.2 and E.4 show that these configurations yield
to the same global deflection; however, from the figure presented it can be seen that the amount
of material required for the different systems is significantly different, showing the efficiency of
the glulam diagrid configuration. Moreover, it is important to mention the difference between
the systems in terms of rotational stiffness in the connections. The glulam frame uses 300 000
kNm/rad connections, while the glulam diagrid uses pinned connections, which means that
the efficiency of the glulam diagrid is not only reflected on the amount of timber required, but
also on the amount of steel implemented at the connections. The maximum deflection of both
systems is compared with the allowable maximum deflection presented in formula E.1, to check
for compliance.

δmax =
h

500
=

30m

500
= 0.06 (E.1)

UCδ,frame =
0.0062

0.06
= 0.103 (E.2)

UCδ,diagrid =
0.0062

0.06
= 0.103 (E.3)
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Figure E.4: Deflected shape Karamba 3D glulam frame and diagrid

Appendix E.2 Dynamic Behaviour

The dynamic behavior of high-rise structures is commonly quantified by the magnitude of the
acceleration at which the structure oscillates after being excited by a horizontal load such as
wind. In order to estimate the magnitude of the acceleration there are different methodologies
based on the natural frequency of the structure which can be used, as explained in chapter 3.
As previously mentioned, Eurocode does not provide a methodology for estimating the natural
frequency of timber structures, for which this was done using the investigation presented by
Oosterhout (1996). In order to validate the calculated natural frequency, a component from
Karamba 3D which studies the assembled model was used. Figure E.5 shows the output from
the Python script which was developed using Oosterhout’s investigation and the output from the
Karamba 3D component. This verification was done using the design alternative presented in
table E.1 and it was concluded that the difference between the two methodologies was less than
3% which is acceptable for a preliminary design study. The procedure for calculating the natural
frequency using Oosterhout’s method can be seen below for both when the structure is assumed
to act in pure shear (f(αh) = 0.176) and in pure bending (f(αh) = 0.198). From the output it
can be seen that the behaviour of the frame correspond with the pure shear assumption.
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Figure E.5: Dynamic behaviour verification

n1,x = f(αh) ·

√
qw · h
µ · δmax

(E.4)

n1,x,shear = 0.176 ·

√
3468 · 30

171493 · 0.0062
= 1.74 (E.5)

n1,x,bending = 0.198 ·

√
3468 · 30

171493 · 0.0062
= 1.95 (E.6)
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Appendix F EA Data

Glulam Frame
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CLT Core

Figure F.1: Core EA data
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Glulam Diagrid
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Appendix G Parametric Model

As previously mentioned, individual parametric models were assembled in Grasshopper for each
of the studied stability systems. The geometry created based on the selected preliminary design
parameters was inputted into the structural analysis plugin Karamba 3D and together with the
system loads the structural model was assembled. Figure G.1 shows the assembled structural
model for each stability system.

(a) Glulam frame (b) CLT core (c) Glulam diagrid

Figure G.1: Assembled Karamba model

The script developed for each stability system consisted of five main sections: general geometry,
model assemble, design constraints, results and post-processing. Figures G.2, G.3 and G.4 show
the script for the glulam frame, where the mentioned sections can be distinguished, together
with all relevant sub-sections.
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Figure G.2: Parametric model: general geometry and model assemble
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Figure G.3: Parametric model: design constraints and results

Figure G.4: Parametric model: post processing
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