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Abstract

Bio-based materials like timber have been gaining in popularity due to sustainability reasons. Not only
for low-rise buildings but also for high-rise buildings. Providing enough structural stability with timber
can be challenging. To compete with traditional materials the timber stability system must be optimized
to reduce the material usage. From literature the externally braced stability systems were concluded to
be the most efficient for timber high-rise. The externally braced systems are the external braced frame
and diagrid stability system. According to various sources the diagrid systems are the most efficient.
Nonetheless, in practice only external braced frame systems are used for timber high-rise buildings.
This disconnect could be caused by the steel connections which are often times simplified or over-
looked in literature studies but have a large influence on the material usage of a timber stability system.
Consequently, the following main research question is studied to optimize the material efficiency of
timber high-rise stability systems:

How can different design choices influence the material efficiency of an externally braced timber
stability system for high-rise buildings, based on an integral comparison considering both
connections and timber elements?

To research this topic a 3D parametric model is made in grasshopper where the different design
choices are tested. To determine what is studied in the parametric model first the most significant
design choices according to literature are defined. These choices are the connection design, timber
element size, the slenderness of the building, the floor weight, the floor span and the angle of the
bracing. Itis concluded that slotted-in steel plate connections are the most suitable for externally braced
timber systems and will be used in this research. The connection design will not be a parameter so
an exploratory study is performed where most connection parameters are fixed. The only parameters
that are not fixed are the timber element size and number of rows in the connection. The other design
choices are also defined. The timber element widths that are studied range from 400 mm to 650 mm.
The slendernesses considered are 1.67 and 2.5, with a building height of 68 m and plot sizes of 27.2 x
27.2 m and 27.2 x 40.8 m. Three different floor weights ranging from 3.5 kN /m? to 6.7 kN /m? and two
different floor spans of 3.4 m and 6.8 m are defined. The last design choice of the angle of the bracing
is included in the stability system designs. In an exploratory study where 2D models are researched,
three stability system designs are determined. One diagrid design with a top angle of 90° and a ring
beam every floor and two external braced frame designs. One external braced frame design has a
single brace with slope 1:2 and the other has a double brace with slope 1:2.

The parametric model will create preliminary designs for all the combinations of the parameters.
In the parametric model first the ULS element checks are performed where every timber element and
connection is sized individually. These checks include a regular ULS member check, a fire member
check and the connection design component. In the fire member check the reduced cross-section
method is used to account for fire safety. The connection design component can increase the number
of rows used in the connection and it can increase the timber element heights to increase the connection
capacity. The component also calculates the axial stiffnesses of the connections which is included in
the parametric model. After the ULS checks the model is sized based on the SLS checks including
the global displacement and the along-wind acceleration. When the SLS requirements are not met
the global stiffness of the stability system will be increased by increasing the timber element heights in
groups. In the exploratory study on the design for SLS it is seen that increasing the connection stiffness
can also be used to enhance the global stiffness. This is not included in the parametric model to reduce
the scope of the research.
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From the results it is seen that all buildings are sized on the connection design or on the along-
wind acceleration. The diagrid designs have a higher global stiffness so they are sized more often
on the connection design whereas the braced frame designs are sized more often on the along-wind
acceleration. The diagrid designs use 3x more steel than the braced designs. The results for the other
parameters are:

+ Plot size: A smaller plot size requires a higher floor load to meet the acceleration requirement,
therefore the large plot size is more material efficient.

* Floor span: The floor span in the external braced frame has a large influence on the designs with
a small plot size. That is because the facade with the smaller span becomes normative for the
global displacement. When this happens a smaller floor span decreases the material efficiency
significantly. In the larger plot size the influence of the floor span on the braced frame designs
is insignificant. For the diagrid designs the larger floor span causes higher normal forces in the
diagonals. This increases the material usage in the facade. However, considering the internal
structure of the building the large floor span is still more efficient.

 Floor weight: A higher floor weight is more timber efficient for a small plot size, and the lowest
floor weight is the most material efficient for a large plot size. With a higher floor weight the steel
usage always increases since the connection designs are sized on the ULS checks only.

» Element width: The steel efficiency increases when the element width increases. This is a result
of the chosen connection design. The timber usage is similar for all the element widths.

Some of the designs with a small plot size and low floor weight are unfeasible since the elements in
the facade are too large. This is aresult of the choice to only increase the timber element heights and not
the connection stiffness to improve the global stiffness. Therefore, it is recommended to study how the
global stiffness can be improved more material efficiently. Other recommendations for further research
are on the stability system design and the connection design. Since in this thesis many designs are
fixed in simplified exploratory studies to decrease the design space of the parametric model.
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Introduction

1.1. Introduction to the subject

The Netherlands is currently dealing with a housing shortage. In the coming years a decrease in
new construction of houses is expected. This is caused by the issuance of building permits that are
temporarily halted due to nitrogen and PFAS problems [45]. In a report by the CBS [27] a prognosis is
made about the number of inhabitants in the Netherlands. By the year 2035 the population will have
grown by 1.3 million. The biggest housing shortages will take place in the large cities and especially
those in the Randstad. To deal with this growth it is very important that enough extra houses are built in
the upcoming years. Next to the housing shortage, there is another big problem in the building industry
and that is the climate crisis. In a report from the United nations environment program (2020), it is
stated that the building industry was responsible for 38% of the CO2 emissions in 2019 [75]. In the
Netherlands we want to decrease the emission of greenhouse gasses with 50% in 2030 and 90% in
2050 [43]. Meaning that there is a lot of correction needed in the built environment. For this reason,
bio-based materials like timber have been gaining in popularity. Not only for low-rise buildings but also
for high-rise buildings. One example of a bio-based high-rise building is Haut in Amsterdam with a
height of 73 meters.

Providing enough structural stability with timber can be challenging as it has a lower material stiff-
ness and lower density than concrete or steel [25]. Building with timber is relatively expensive because
you need more material to achieve the same global stiffness and the material is expensive. Moreover,
the production of these structural timber elements is still quite new which drives up the prices. Con-
sequently, projects that were first fully imagined in timber can get a non-timber stability system due to
budget considerations. Using less material in the timber stability system can make the building cheaper
in order for the prices to compete with the concrete or steel stability systems. In addition, decreasing
the amount of material decreases the environmental load.

The type of stability system used in the building has an influence on the amount of material needed
to provide enough structural stability. From literature it is found that for timber high-rise stability systems
the diagrid system appears to be the most material efficient system [21] [41] [71] [62]. After this comes
the external braced frame system [74] [23] [41] [71]. Both the diagrid and the external braced frame
are externally braced stability systems and will be researched in this thesis. The less material efficient
stability systems that will not be studied are cores, shear walls, outrigger, semi-rigid frames, and internal
bracing.
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1.2. Problem description

Different types of stability systems can be used to make a high-rise timber building. Since timber has
a low material stiffness, putting the stability system as far away from the neutral axis of the building as
possible would increase the moment of inertia [23]. Thus increasing the material efficiency. Literature
attests this and states that a diagrid is the most material efficient system and after that the external
braced frame. Both systems have their stability systems along the perimeter of the building. Yet,
from reference projects mentioned in chapter 2 and appendix A it can be concluded that only external
braced frames are realised in practice, and could even be more material efficient than a diagrid [3].
No timber high-rise building with a diagrid structure has been built as of now. This means that there
is a disconnect between literature and practice. One of the reasons for this disconnect could be the
connections between the timber elements. When previous studies from literature compare hypothetical
stability system designs the connections are not taken into account in detail. Despite, the connections
having a lot of influence on the global deformation, element size and dynamic behaviour of a timber
high-rise building [41] [60] [71] [24] [33] [49]. The connections will have a connection stiffness that will
decrease the global stiffness and worsen the dynamic behaviour of the stability system. The dynamic
behaviour of timber stability systems for high-rise was found to be normative for the element sizes of
two reference projects [12] [5]. For another reference project the connection design was found to be
normative for the element sizes [69]. The influence of the connections on the global stiffness and the
element sizes makes an integral comparison considering both the timber elements and connections
crucial. When the connections are taken into account a fair comparison can be made on the material
efficiency of the diagrid and external brace frame stability systems. From this comparison it will be
possible to conclude if literature is correct by claiming the diagrid system is the most material efficient,
or if practice is right in using external braced frame stability systems for timber high-rise buildings.

1.3. Goals and objectives

Goal

The goal of this research is to perform a literature, exploratory and parametric study to determine the
influence of different design choices on the material efficiency of externally braced stability systems for
timber high-rise buildings. In this study both the material usage of the timber elements and steel in the
connections between the elements will be considered.

Objectives

The following objectives are set to accomplish the goal:

» Determine the relevant parameters that influence the material efficiency of timber high-rise exter-
nally braced stability systems

» Define the relevant ranges for the parameters with exploratory studies to reduce the options that
will be studied in the parametric model

» Develop a 3D-parametric model that can calculate the material usage of a stability system includ-
ing the connections

» Compare results of the parametric model to conclude how different parameters influence the
material efficiency of the timber stability system
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1.4. Research questions and structure

Main question

How can different design choices influence the material efficiency of an externally braced timber
stability system for high-rise buildings, based on an integral comparison considering both
connections and timber elements?

Report outline and sub-questions
» Chapter 1: Introduction
» Chapter 2: Externally braced timber high-rise

— What are the most significant design parameters and design considerations for the material
efficiency of an externally braced timber stability system?

— What is the most material efficient connection type for externally braced timber stability sys-
tems?

» Chapter 3: Connection design
— How can a slotted-in steel plate connection be designed to be more material efficient?
» Chapter 4: Model definition

— How can the global stiffness of an externally braced stability system be increased in a ma-
terial efficient way?

» Chapter 5: Parametric model
* General results

* Results per parameter

+ Discussion

* Conclusion and recommendations

Structure

Figure 1.1 shows the structure of this thesis. Chapter 2 will start with a general explanation on timber
externally braced stability systems. Then knowledge gained from literature combined with knowledge
gained from personal correspondence on externally braced timber high-rise stability systems will be
reported. Chapter 3 will discuss the exploratory study on the connection design. First the calculation
method is explained and then results from the study will be shown. Finally, the parameters in the
connection design will be fixed to decrease the options that will be studied in the parametric model. In
chapter 4 the model will be defined. The chapter will start with defining the ranges of the parameters.
From these ranges stability system designs will be made. With an exploratory study the three most
material efficient designs will be chosen to study further to limit the options studied in the parametric
model. Then, the loads working on the models and the flow of forces through the stability systems
will be shown. The design constraints that are used to size the elements are also defined. Lastly,
an exploratory study to increase the global stiffness in a material efficient way for the SLS design
is performed. Chapter 5 will describe how the parametric model works and what assumptions are
made. Then the results will be shown and afterwards discussed. Finally, conclusions are drawn and
recommendations are made.
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Chapter 1: Introduction Literature study

Literature study & personal

Chapter 2: Externally braced timber high-rise
correspondence

Chapter 3: Connection design

Exploratory study
Chapter 4: Model definition

Chapter 5: Parametric model Parametric study
Chapter 6: General results

Chapter 7: Results per parameter

Chapter 8: Discussion

Conclusion & recommendations

Figure 1.1: Thesis structure

1.5. Methodology

Literature study & personal correspondence

In the literature study, first the external braced stability systems are studied in general. Next, litera-
ture on the most influential parameters will be studied. Then, reference projects with externally braced
timber stability systems will be studied. For the reference projects a lot of knowledge will be gathered
from literature. To gain even more insight multiple structural engineers who have worked on these
projects are contacted or interviewed. The information from the personal correspondence will be re-
ported among the findings from literature.

Exploratory study

The amount of design options for the stability systems and the connections are very large. Therefore,
exploratory studies will be conducted to decrease the number of options for the parametric study. First
a study will be performed on the connection design in chapter 3. This is done to find how the amount of
steel can be decreased while obtaining the biggest possible capacity efficiency of the timber elements.
After this study many parameters in the connection will be fixed. For the other parameters that can
not be fixed a method will be developed to create a connection design within the parametric model
without adding extra options to the parametric model. An exploratory study will also be performed on
the stability system designs. For this study simplified 2D models are compared in chapter 4 to find the
most material efficient stability system designs. This is done to decrease the amount of stability system
designs to three. Due to time constraints more designs are out of the scope. The last exploratory
study is on increasing the global stiffness efficiently of an externally braced stability system when the
SLS requirements are not met. The SLS requirements are the global displacement and along-wind
acceleration of the building. In this study it will be investigated what connections or timber elements in
the stability are the most material efficient to increase. Finally, it will be defined what timber elements
will be increased in the parametric model to increase the global stiffness to meet the SLS requirements.
Increasing the connection stiffness in the parametric model is out of the scope of this research.

Parametric study

With all the parameters and input determined a parametric study is performed. The parametric study
can give preliminary designs for many different stability system designs quickly. This is useful to study
the influence of different parameters. The parametric model will create a preliminary design for the
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stability system where the timber elements are sized and connections are designed individually for
all timber elements in the stability system. The design constraints that are checked in the model are
ULS timber element checks, fire safety for the timber elements, global deflection and the along-wind
acceleration requirement. The output of the models will be the amount of timber required per design
constraint, the amount of steel used and the global deflection and acceleration.

1.6.

Scope

This study will have some scope limitations due to the time frame of the graduation thesis. These
limitations are:

Location & building type: The building will be a residential building placed in Rotterdam the
Netherlands. Thus European Eurocodes and Dutch annexes will be used to perform the checks
and determine the floor loads. The building regulations from the dutch Bouwbesluit for residences
will be followed when designing the building. As well as, the foundation design being based on
soil conditions of the area.

Material: Only timber stability systems will be considered. These stability systems can have
connections from other materials. Nevertheless, all structural elements should be made from
timber because the goal is to study the feasibility and optimization of timber stability systems.
The material stiffness as a parameter is out of the scope of this research and will therefore be
fixed.

Building elements: This study focuses on the stability system design. That is why all the ele-
ments in the stability system will be designed including connections. To make a fair comparison
between the different floor systems the timber for the internal structural system is also calculated.
Other elements such as facades and installations are taken into account but not designed. Only
the material efficiency of the superstructure will be considered. The number of foundation piles of
the substructure will be determined based on the required amount of piles to resist the maximum
support reactions. Thus, the foundation will not be taken into account in the comparison of the
material efficiency but the internal floors, columns and beams will be.

Building design: The building will have a fixed height and only two plot sizes will be considered.
Only three stability system designs will be studied in the parametric model. These designs will be
determined in an exploratory study to find material efficient stability system designs. The building
geometry will also be determined in the model definition.

Design constraints: The timber elements are checked on axial stress, shear stress, bending
stress, combined stress, buckling and fire safety. The connections are checked on the Johansen
failure mechanisms, block shear of the timber, shear resistance of the bolts, bearing resistance
of the steel plate and block tearing of the steel plates. The global checks that are performed
are checking the global displacement and the along-wind acceleration caused by wind. The floor
vibrations are not taken into consideration. For the acoustics of the floor a minimum value of
200 kg/m? sand is added to the floors to comply with the acoustic requirements for floors. The
acoustics for walls, facade and connections are not taken into consideration.






Externally braced timber high-rise

In this chapter the literature review that was performed on externally braced timber high-rise buildings
will be discussed. First, the externally braced timber stability systems will be explained in general.
Secondly, the design parameters are studied. In this paragraph a summation of all design parameters
that influence the material efficiency according to literature is given. Next, three reference projects
that have a timber externally braced stability system, Treet, Mjgstarnet and Monarch will be studied.
From these reference projects insight will be gained on the design process, the most important design
considerations, and lessons learned during the making of the building. The three most important design
considerations from the reference projects will be discussed afterwards. These considerations are the
dynamic behaviour caused by wind, the fire design and the connections. All four paragraphs will be
used to answer the following questions:

What are the most significant design parameters and considerations for the material efficiency of
an externally braced timber stability system?

What is the most material efficient connection type for externally braced timber stability systems?

2.1. Timber stability systems

A structural system of a building must transfer the gravity forces to the ground but it must also withstand
lateral forces like wind. The elements in the structure that keep the building from failing under lateral
forces are called the ’stability system’ or the ’lateral load resisting system’ as can be seen in figure 2.1.
In structural engineering a stable building is one that will return to its equilibrium state when it gets a
small displacement. An unstable building will proceed to move away from the equilibrium, for example
by tipping over or collapsing [15].
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Figure 2.1: Stability system load path [67]

The stability systems in timber are made with either 2D-elements like timber panels or 1D-elements
such as timber columns, beams and braces. These elements are typically made of engineered wood.
Engineered means that the wood is processed after it arrives from the forest in boards. Timber is an
anisotropic material meaning that properties like the strength differs in different directions [82], thus
processing can create elements with a higher strength. To create 1D-elements a type of timber called
glulam, which is an abbreviation for glued laminated timber, is often used. The creation of this product
is shown in figure 2.2. The boards are selected on their strength and defects are removed. Then the
boards are connected in the length of the element, layered, glued and heated to create whatever length,
width, depth and shape is desired. When creating glulam all elements are layered in one direction to
create a timber that is strongest in the length of the element [37]. It is also possible to create elements
where the layers are stacked at a 90 degree rotation to their previous layer. This is done in the 2D-
elements to make the strength similar in both directions of the plate. Different stability systems for
timber are possible with 2D and 1D elements. Externally braced stability systems use 1D elements
to resist the lateral forces. Under the externally braced systems fall the externally braced frame and
diagrid stability systems.

Sustainable forests Structural timber Controlled drying
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Figure 2.2: Glulam production process [26]
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2.1.1. Externally braced frame
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Figure 2.3: Load path under lateral load for braced frame structures [31]

A braced frame structure can be used in the interior of a building but also on the exterior of a building
as an externally braced frame. It consists of beams and columns as well as, diagonal elements called
braces. The beams and columns are used to transfer the vertical loads. When a braced frame is
loaded laterally the horizontal forces are primarily taken up by the braces in the system. These braces
are loaded mainly axially. The usage of braces can eliminate all moments present in the beams and
columns of the system, depending on the placement of the brace. Figure 2.3 shows examples of
bracing patterns exposed to a lateral load. If an element is under compression a (c) is shown next to
the element, ifitis in tension a (t) is shown, and if no force is present in the element a (0) is shown. Good
examples of timber structures with a braced frame stability system are Treet and Mjgstarnet. Mjgstarnet
uses an external braced frame in the facade with a few large diagonals as braces. The bracing pattern
of the building is the same as the fourth bracing pattern in figure 2.3. Treet uses more small diagonals in
the exterior and interior of the building as braces. The bracing pattern is a more elaborate version of the
fourth bracing pattern in figure 2.3. Both Treet and Mjgstarnet will be discussed further in paragraphs
2.3.1. and 2.3.2. respectively.

2.1.2. Diagrid

Figure 2.4: Diagrid module under (a) gravity load, (b) overturning moment and (c) shear force [64]
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A diagrid system has a perimeter grid and uses triangulation to provide structural integrity. This
means that the connections between the members can be hinged [62]. The diagonals can take up
the vertical forces as well as the lateral forces making the use of columns unnecessary. A diagrid
in its purest form has only diagonals and beams. The beams are necessary to create the structural
triangulation. Figure 2.4 shows the forces present in a triangular diagrid module under gravity load,
overturning moment and shear force. Next to elements under compression a (c) is written and the
elements in tension are marked with a (t). Besides triangulation another defining feature of a diagrid
is the ring beam that encompasses the entire facade [65]. The tension present in the ring beam keeps
the diagrid structure from bulging outward. The lateral load path caused by wind forces in the plane of
the facade is shown in figure 2.5. In yellow the diagonals subjected to tension are shown and in red
the elements under compression. A diagrid has a uniform stress distribution across the whole facade.
According to literature this uniform stress distribution is the reason why a diagrid is more material
efficient than an external braced frame [41] [71]. Figure 2.6 shows the load path of the diagrid building
'Poly International Plaza’ in Beijing. This building is made of steel and concrete and has shear walls
in the middle. From this figure it can be seen that the lateral load between the facades is transferred
partially via the floor and partially via the facade.
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Figure 2.5: 2D lateral load path of a diagrid in plane of the facade [32]
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Figure 2.6: 3D lateral load path of a diagrid [63]
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2.2. Design parameters

A literature study is performed on the material efficiency of timber high-rise buildings. From this lit-
erature study multiple parameters are found that influence the material efficiency of externally braced
stability systems. This paragraph will give an overview of these parameters. The material strength also
has an influence but this is out of the scope and will therefore not be discussed.

2.2.1. Timber element size

According to Abrahamsen (2022) using fewer large elements is more material efficient than using more
smaller elements. This was learned from designing Treet and the reason why the design of Mjgstar-
net featured larger elements [3]. When the fire safety checks are performed the outer-layer of the
timber is not considered because of the reduced cross-section method, this method will be explained
in paragraph 2.4.2. For this reason, Ramage et al. (2017) state that mega structural members are
more efficient because a larger percentage of the element remains. Due to the reduced cross-section
method a square cross-section is also more efficient than a rectangular one [60].

2.2.2. Building height and slenderness

The higher a building is the more dominant the lateral forces will be. The slenderness of a building
is determined by dividing the height of the building by the width of the building. According to Trinh &
Zhang (2020) with increasing height and slenderness the overturning moment increases with a power
of two and the sway at the tip of the building with a power of four [71]. For both Treet and Mjgstarnet
the lateral displacement and dynamic behaviour were normative for most element sizes. This results
in a limited height for timber high-rise buildings. Currently, the highest fully timber building reaches
a height of only 81 meters with a slenderness of 1:4.8. Theoretically heights of 140 meters for the
external braced frame system used in Mjgstarnet, and 200 meters for a diagrid can be reached [21].
However, these maximum heights are highly dependent on the acceleration comfort requirement used
for the building.

2.2.3. Foundation stiffness

The foundation stiffness can have an effect on the lateral displacement of the building and therefore
also on the dynamic behaviour. In literature it is found that the rotational and horizontal stiffness of
the foundation piles do not influence the global stiffness and will therefore not have an effect on the
dynamic behaviour and material efficiency of the building. The vertical stiffness of a foundation pile
should however be taken into account when evaluating the dynamic behaviour of a building [33] [41].

2.2.4. Angle of bracing

Figure 2.7: Triangular module of diagrid with forces and reaction forces

The angle of the bracing can have a large influence on the global stiffness and optimal usage of
the timber elements. Trinh & Zhang (2020) describe that the smaller the size of the triangular module
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the smaller the lateral displacement for a diagrid structure [71]. Figure 2.7 shows a triangular module
with a horizontal and vertical force in green and the respective reaction forces of the module in blue.
When the width of the module (L) is constant the triangular module becomes smaller if the top angle
(a) becomes larger. Felicita (2021) also concludes that the amount of material decreases with larger
top angles for the brace because it works more efficient to provide stability [21].

2.2.5. Floor weight

The weight of the floors influence the dynamic behaviour of the building. Trinh & Zhang (2020)
suggest that the mass of the building should be increased when the eigenfrequency is lower than 1 Hz
to improve dynamic behaviour [71]. In practice it is also seen that concrete floors are added to timber
high-rise buildings to meet the comfort requirements caused by the dynamic behaviour [12] [6].

2.2.6. Floor span

As stated by Ramage et al. (2017) it is important to lead as much of the vertical forces into the
stability system to resist the overturning moment caused by the lateral load [60]. This can either be
done by increasing the floor weight which would increase the loading on the internal structure of the
building requiring more material, or it can be done by changing the floor span. A larger floor span will
increase the amount of load that is taken up by the stability system in the facade. Changing the floor
span will change the design of the internal structure but does not increase the loading, therefore the
amount of material required is not necessarily increased.

2.2.7. Connections

The connection stiffness plays an important role in the global stability and timber element sizes of a
building. Kawar (2020) declares that it is often the most critical part of the structure [41]. Slight move-
ments in the connection can weaken the global stiffness [60] [24]. These movements can be caused
by slip in the connection and this slip can worsen the dynamic behaviour [71]. Slip in a connection is
the same as the axial stiffness of a connection. In a diagrid stability system the rotational stiffness of
the joint is said to have no influence on the global design [28]. According to Hjohiman et al. (2020)
the axial stiffness of the beam connections does not have an influence on the design for an external
braced frame. However, it is mentioned that the axial stiffness in a diagonal and rotational stiffness
of a beam connection in an external braced frame do effect the required amount of timber [33]. The
slip and rotational stiffness of the connections were found to have an important impact on accurately
predicting the dynamic behaviour of the structure [73]. For this research only the axial stiffness of
the connection will be considered, the rotational stiffness of the connections is out of the scope. This
choice was made because assuming the connections as hinged will give larger timber element sizes
since the bending moment in the element will be larger and in the connection it will be smaller as is
shown in figure 2.8. The dynamic behaviour would be improved if the connections were assumed to
have a rotational stiffness therefore assuming they have no rotational stiffness will give safe results.

Load?ogni?t?oiipport Bending moment diagram
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Figure 2.8: Bending moment diagram for a beam with hinged connections(top) and fixed connections (bottom)
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2.3. Reference projects

Figure 2.9: Braced frame system Treet Figure 2.10: External braced frame sys- Figure 2.11: Diagrid system Monarch
[76] tem Mjgstarnet [4] [69]

In appendix A a more extensive analysis of the reference projects can be found. This paragraph
will only discuss the most important findings.

2.3.1. Treet, Bergen Norway

Highest : o ULS and | ;

2 Timber Stability = - Increase o 5 Connection
“’.”b.e 5 » modules. ‘ system . dynar_mc element sizes . Fire design . design
building behaviour

Figure 2.12: Design process Treet

Treet is a residential building that was finished in 2015. It is 45 meters high and at the time it was
the highest timber building. The engineers were experienced with making timber bridges and used
this knowledge for the design of the building. The design process as can be seen in figure 2.12 first
started with wanting to built the highest timber building. After this the idea for stacking timber modules
on top of each other was born. These modules could not be stacked more than 4 floors so concrete
power storeys were made to support the groups of stacked modules [2]. The stability and vertical load
transfer system are made of many small glulam elements to create an external and internal braced
frame system, as seen in figure 2.9. Then the ultimate limit state (ULS) checks for the elements and
the service limit state (SLS) checks for the global behaviour of the building were performed. This led
to the conclusion that the dynamic behaviour of the building did not satisfy. To meet the requirements
a concrete roof was added and the sizes of the timber elements were adjusted [48]. As Treet was one
of the first fully timber projects a lot of research was done on the dynamic behaviour of the building.
This will be elaborated further in paragraph 2.4.1. Below an overview is given of the most important
properties of the reference project:
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Dimensions 45 meters high with 14 floors of 3-3.3 meters high, plot size 20.7 x 22.3 m

Structural system  Three small buildings with four modules each, on top of each other and power
storeys to support the small buildings

Stability system Braced frame with many small elements, complete facade used, hinges
assumed between all elements

Dynamic response  The acceleration of the building was 0.045 m/s?, damping of 1.9% was a good
estimation, building reacts stiffer than expected, concrete floors needed,
no slip in connections assumed

Fire safety Reduced cross-section, all steel elements embedded 65 mm in timber,
sprinklers used and structural elements covered by modules
Connections Slotted-in steel plates used because of experience, some elements had to be

enlarged due to connections & fire design

2.3.2. Mjgstarnet, Brummunddal Norway

Highest timber ’ Program of . ~ ’ Connection
building Requirements - design

Figure 2.13: Design process Mjgstarnet

Mjastarnet is a mixed-use building with a height of 81 meters and was finished in 2019. The same
engineers who worked on Treet did the design for Mjgstarnet [5]. As can be seen in figure 2.13, again
the ambition was to built the highest timber building. Because the building is a mixed-use building
an open floor plan was required, leading to a stability system in the facade. Large glulam diagonal
elements act as a brace and are used to resist the lateral loads as is shown in figure 2.10. This is
different from the smaller elements in Treet. Being that, using less but bigger elements was found to be
more efficient by the engineers working on Treet, especially for higher buildings. It is even thought that
this stability system could make buildings up to 140 meters high [3]. After the ULS and SLS checks it
was found once more that the dynamic behaviour should be improved. Therefore, the top 6 floors were
made in concrete [4]. Next, the timber elements were increased due to added load from the concrete
floors. The fire and connection design were the last step and just like in Treet some elements had to
be enlarged [3]. For Mjgstarnet there were stricter requirements for the fire safety than for Treet due
to the height of the building. As Mjgstarnet was the first fully timber building of 80 meters or higher,
experiments were performed to see if using the reduced cross-section method from Eurocode 5 was
applicable. In paragraph 2.4.2. this research will be explained further. The reduced cross-section
method where you subtract the outer-layer of timber under an accidental fire load situation to check
structural safety will also be explained in this paragraph. Below an overview is given of the most
important properties of the reference project:

Dimensions 81 meters high with 18 floors of 4 meters high, plot size 17 x 37 m
Structural system  Columns and beams, grid determined by hotel rooms
Stability system External braced frame with a few big elements, not the complete facade is

used, hinges assumed between all elements

Dynamic response  The acceleration of the building was 0.066 m/s?, determined with a damping
of 1.9% afterwards a damping of 1.5% and 2.3% was determined, acceleration
to high for the top floor & six concrete floors needed, no slip in connections

assumed
Fire safety Reduced cross-section, all steel elements embedded 85 mm in timber,
and sprinklers
Connections Slotted-in steel plates used because of experience, some elements had to be

enlarged due to connections & fire design
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.

Monarch IV is a project to create rapid availability of extra square meters of sustainable office space for
the dutch government in The Hague. To accomplish this a preliminary design was made for a timber
diagrid stability system by RHDHV. The stability system was based on having a flexible floor plan along
with architectural considerations [81]. In order to size the timber elements, first an example connection
was designed. From this connection a maximum allowable stress of 5.5 N/mm? in the timber elements
was derived. This decrease in allowable stress caused by the connection design increased the timber
element sizes significantly. Afterwards the ULS element checks and SLS global checks were performed
as well as reviewing the fire design. No elements in the stability system had to be enlarged due to these
checks [69]. Below an overview is given of the most important properties of the reference project:

2.3.3. Monarch IV, the Hague Netherlands

Timber
building .

Figure 2.14: Design process Monarch

Flexible
floorplan &
architecture

Dimensions
Structural system
h Stability system
Dynamic response

Fire safety

72 meters high with 20 floors of 3,6 meters high, plot size 20.7 x 44.7 m
Columns and beams, grid determined by floor system and floor height
Diagrid with many elements, complete facade is used, hinges assumed
between all elements and no columns used

Requirement of 0.2 m/s? a lot less strict instead of 0.06-0.08 m/s? like
in Treet and Mjgstarnet

Reduced cross-section, but not for connection design

Connections Slotted-in steel plates because of fire safety and aesthetics

2.3.4. Comparison

Treet has a slenderness of 1:2 and 1:2.2, Mjgstarnet of 1:2.2 and 1:4.8 and Monarch of 1:1.6 and 1:3.4.
This means that Mjgstarnet is the most slender. Where Treet and Monarch use more small elements,
Mijastarnet uses less but bigger elements. Treet and Mjgstarnet both have columns to transfer the
vertical forces, Monarch only has diagonals. In table 2.1 the amount of timber used in the buildings
is compared. From this table it can be concluded that the diagrid of Monarch uses more timber per
square meter floor than Mjgstarnet meaning it is less material efficient. However, Monarch has a higher
global stiffness and therefore less lateral displacement as can be seen from the unity check (UC) for
the global deflection. Treet seems the most material efficient but this is because the timber modules
add a lot of timber which is not considered here.

Height Floor plan Nr. Glulam  Glulam per Glulam per Global
floors building floor area  deflection
(m) (mxm) () (m®)  volume()  (m®/m?) ()
Treet 45 20.7x22.3 14 475* 2.29% 0.074 uC=0.79
Mjgstarnet 81 17x37 18 1400 2.99% 0.124 UC=0.86
Monarch 72 20.7x44.7 20 2787 4.18% 0.151 UC=0.57**

Table 2.1: Comparison amount of structural timber and global deflection [69] [77] [47]

*Treet'’s internal structure not taken into account
** UC is H/1000 instead of H/500

For both Treet and Mjgstarnet the comfort criteria from the dynamic behaviour was the most impor-
tant design criteria. Minority of the elements had to be enlarged due to fire safety and the connections.
In Monarch the connection sizes were the most important even without using extra timber to embed
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the connections for fire safety. This could partly be explained by the fact that the dynamic require-
ments used in Monarch for comfort are less conservative than those used in the Norwegian buildings.
Monarch also has a larger global stiffness than the other buildings because of the large amount of
diagonal elements. Furthermore, the Norwegian buildings had a more extensive dynamic behaviour
assessment. The dynamic behaviour of Treet was tested on-site and gave good results that were better
than the expected behaviour. For Mjgstarnet the first outcome of the research based on the on-site
testing was not very accurate. However, the measured accelerations were higher than the expected
accelerations. This could mean that the dynamic behaviour caused by wind was underestimated. It
was also found that the actual damping for the short direction of 1.5% was lower than the considered
damping of 1.9%. Table 2.2 compares the dynamic behaviour of all three buildings. The maximum
allowable acceleration depends on the frequency of the building that is why the unity check (UC) is
different. Mjastarnet and Treet both use the evaluation curve for wind acceleration of ISO 10137:2007
which can be seen in figure 2.16 and Monarch used the limit value curve for wind acceleration of NEN-
EN 1990+A1+A1/C2/NB which can be seen in figure 4.21. The limit curve used in Monarch is less strict
than the ones used in Treet and Mjgstarnet.

Damping Frequency Acceleration ucC Damping Frequency

ratio calculated m/s? ratio measured
used % (Hz) measured % (Hz)

Treet 1.9 0.75,0.89 0.048,0.051 0.051/0.049 1.84, 1.61, 0.97,1.12
=1.04 1.98 1.12

Mijastarnet 1.9 0.33,0.37, 0.045,0.066 0.066/0.062 1.5, 2.3, 0.50, 0. 54,
0.59 =1.06 2.2 0.82

Monarch* - 0.66 0.2 0.2/0.2=1 - -

Table 2.2: Dynamic behaviour of the reference projects
*Monarch has only been checked to see if it falls within the acceptable range as it is a preliminary design

The fire design of the buildings is also very important for the global design of the building, and
especially for the design of the connections. Monarch did not use the reduced cross-section method
for the design of the connections. Nonetheless, the connections were still normative for the element
sizes. This could be explained by the comfort criteria being less strict. All reference projects use
slotted-in steel plate connections due to either experience or fire safety and aesthetics. The allowable
compression stress in the slotted-in steel plate connection of Mjgstarnet is 12.4 N/mm? with a force
of -11500 kN and a tension stress of 5.9 N/mm? with a force of 5500 kN. This compression stress
is much higher than the allowable stress calculated for Monarch of 5.5 N/mm?. When re-calculating
the estimated connection design for Mjgstarnet with the current Eurocode [57] a maximum allowable
compression and tension force of 5039 kN is found. These calculations can be found in appendix B.
The large difference between -11500 kN and -5039 kN can be explained by the assumption made in
the Norwegian buildings that the column can be loaded end-grain to end-grain when it is loaded under
compression. In this study it is assumed that compression capacity is determined by the connection
design equal to the tension capacity and the columns will not transfer its forces end-grain to end-grain.

Another design consideration for the connections is that joints that connect two facades to each
other are important as making a 3D-connection can be complicated, this will be elaborated more in
paragraph 4.2.1. In paragraph 2.4.3. the connection design will be discussed further. A literature
review will be performed on different connection types and this will be compared to information on the
connections from the reference projects. This is done to investigate if slotted-in steel plate connections
are the most material efficient.
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2.4. Design considerations

From the comparison on the reference projects it can be gathered that the dynamic behaviour, fire safety

and the connections are very important design considerations. Therefore they will be elaborated further
in this paragraph.

2.4.1. Wind induced dynamic behaviour

In both Treet and Mjgstarnet the dynamic behaviour caused by wind was the most determining factor
for the sizing of the timber elements. There are three different responses to wind load as shown in
figure 2.15. According to the current Eurocode 1 on wind, the acceleration in the along-wind direction
needs to be checked for the serviceability assessments [55]. The along-wind response is the behaviour
for which the acceleration requirements were checked in Treet and Mjgstarnet and is the response that
will be discussed in this paragraph.

Torsion
‘ 9 Along-Wind

Wind Direction CrossAind

Figure 2.15: Wind response directions [50]

Dynamic behaviour of a building is caused by a temporary lateral force. This force will cause an
oscillation with a natural frequency that depends on the building parameters like geometry, stiffness,
weight and damping. The oscillating movement causes the building to have an acceleration that is
larger at the top of the building, as the deformation is largest there. The acceleration is calculated to
determine if the building meets the comfort requirements. To calculate the natural frequency the weight

and the global lateral displacement of the building are used. To calculate the acceleration the weight
and natural frequency are used.
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Figure 2.16: Evaluation curves for wind-induced vibrations from ISO 10137:2007 [29]
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Since timber high-rise is a recent innovation not much was known about the dynamics of these
buildings before designing Treet and Mjgstarnet. Timber is a very light construction material resulting in
a low structural weight and proportionally high buildings. Meaning they fall within a range where natural
frequency can cause discomfort. The higher the acceleration the more discomfort users experience.
According to the standard ISO 10137 the perception acceleration limit for 50% of the population is
0.049 m/s? and the limit for nausea is 0.098 m/s? [36]. Figure 2.16 shows the graph of permitted
acceleration according to ISO 10137:2007 where line 1 is for offices and line 2 is for residences.

To study the dynamic behaviour of Treet multiple researches were done beforehand, and afterwards
the real wind-induced accelerations of the building were measured to see if the predictions were correct
[12]. The results from these studies were:

» The common approximation for the eigenfrequency for buildings of f; = 46/h is a vast underes-
timation [77].

* Increasing the mass will give a lower eigenfrequency and a lower acceleration [77].

Reducing the height will give a higher eigenfrequency and a lower total mass. This reduces the
acceleration [77].

» A damping ratio of 1.9% is a good estimation for timber high-rise buildings [30].

When estimating the dynamic behaviour of Mjgstarnet the damping ratio of 1.9% was used as well.
In studies performed after construction a damping ratio of 1.5% was found for the short direction of
the building and 2.3% for the long direction [73]. Since Monarch was only a preliminary design the
dynamic behaviour was estimated by determining the global displacement from which the stiffness,
eigenfrequency and acceleration were derived [69].

The acceleration of both Treet and Mjgstarnet was calculated by using annex C of NEN-EN 1991-
1-4+A1+C2:2011. This method is shown in appendix D. During the calculations some important as-
sumptions were used. These assumptions are:

» A damping ration of 1.9% is used for the exponent of the mode shape &

» When calculating the mass per reference area u analytically 30% of the live load can be added
to the weight of the building

* For the structural logarithmic decrement of damping J§ a value of 0.12 for timber bridges is used.

2.4.2. Fire safety

In Eurocode 5 [57] a method is given to secure fire safety for a certain time period. This is called the
reduced cross-section method. Here the timber element is checked under loading of the accidental
design situation and the cross-section is reduced according to the time it needs to resist fire. The
following formulas can be used to calculate the reduced cross-section, where dy,, , is notional design
charring depth and d, is effective charring depth.

dchar n = ﬁnt (2-1)

def = dchar,n + kOdO (22)

For Mjgstarnet the main load bearing system must be able to endure a 120 minute fire and must
withstand a burnout scenario. Meaning the building must stop burning before it collapses [35]. This
was tested by calculating the parametric fire curve where the fire energy from the rest of the building
is taken into account. It was found that the charring would stop after 40 minutes with a depth of 30
mm [35]. Another experiment was performed to see how the timber elements would burn during the
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cooling-down phase of the building. Here as well, it was concluded that the fire would die out. After
a charring depth of 75 mm with a fire of 90 minutes the fire would stop [10]. Nevertheless, the more
conservative reduced cross-section method was used.

Next to using the reduced cross-section method on the stability system, other measures are taken
for both Treet and Mjgstarnet. These measures include sprinklers, fire resistant paint in escape routes
and making fire stops to create compartments where the fire will remain [42] [35]. The connection
design for both buildings is based on the reduced cross-section method. All steel elements are placed
the effective charring depth within the timber. In this way it is assumed that the steel connections will
not fail in case of a fire situation [48]. At this time the fire safety design of Monarch is based on the
reduced cross-section method for the stability system but the connections are not yet placed within a
protective layer of timber [9].

2.4.3. Connection

In Treet and Mjgstarnet slotted-in steel plates are used. No other connection types were considered.
These types of connections were used many times before in projects with timber bridges and are shown
to have big tension capacities and have performed well in the past [3]. For Monarch two connection
types were considered, a slotted-in steel plate or a glued-in rod connection. Figure 2.17 shows an
example of how a slotted-in steel plate could be used to connect five elements and figure 2.18 shows
how a glued-in rod connection could be used to connect six timber elements. The glued-in rods have
the advantage that the compression capacity is larger and that could lead to smaller timber dimensions.
The slotted-in steel plate connection has a better fire safety since the steel parts are encapsulated by the
timber and it is more aesthetically pleasing. The slotted-in steel plates had the architectural preference
so they were chosen for Monarch [9].

Q21mm glued-in threaded rods

Figure 2.17: Slotted-in steel plate connection [73] Figure 2.18: Glued-in rod connection [79]

To investigate if slotted-in steel plates and glued-in rods are the only connection types that can be
used for externally braced stability systems a comparison of connection types by Van Rhijn (2020) [79]
is discussed. The connection types explored are shown in figure 2.19 and are:

* Glued-in rods: In glued in rods steel or fibre-reinforced plastic rods are glued in the timber
elements to connect them. These rods can be directly glued into the connecting timber members.
Or the rods can be connected to for example a steel plate as can be seen in figure 2.19 option
A and H [66]. Connection B also uses glued-in rods but these are attached to a steel profile with
bolts. The tension forces of a glued-in rod connection need to be taken up by the adhesive that
connects the rods to the timber. The compression strength is taken up by the timber elements
end-grain to end-grain or by the steel element between the timber.
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+ Nails: Option F shows an example of a perforated plate with nails. The tension forces are taken
up by the shear forces in the nails and the tension force in the steel plate. The compression in
the connection is taken up by the timber elements end-grain to end-grain.

+ Steel plates with dowels or bolts: These types of connections can either have steel plates
slotted-in the timber like in option C,D and G or the steel plates can be placed on the outside
of the timber. The slotted-in steel plate connections are the connections used in all reference
projects. Both tension and compression forces are taken up by the connection.

» Screws: A connection with screws is shown in option E. The compression force is transferred
end-grain to end-grain by the timber elements. The screws will take up the tension forces and
can take up shear forces as well. Screws can be combined with steel elements similar to dowels
and bolts.

In the study it is found that glued-in rod connections, screws and nailed connections all have a
high compression strength that is the same value as the compression strength of the timber. The
slotted-in steel plate connections have a lower compression strength as the compression forces are not
transferred end-grain to end-grain but through the steel parts in the connection. The tension resistance
and axial stiffness of screw and nail connections is very low making them unsuitable for elements that
get big tension forces. The tension resistance of glued-in rod connections and slotted-in steel plates can
be large depending on the design of the connection. The axial stiffness of the glued-in rod is said to be
infinite as no slip can occur in the glue. The axial stiffness of the slotted-in steel plate is also dependent
on the connection design and can be increased by increasing the amount of dowels used. Only glued-
in rods and slotted-in steel plate connections would have enough tension capacity to be considered for
externally braced stability systems. Due to increased fire safety and the fact that slotted-in steel plates
have proven their good performance in practice, they are assumed to be the most suitable connection
type and will therefore be used in this study. However, without making detailed calculations for many
connection designs it can not be concluded if slotted-in steel plate connections are in fact more material
efficient than glued-in rod connections [79].
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Figure 2.19: Side views of connections for which capacities are calculated [79]
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2.5. Conclusion

The sub-questions that need to be answered are:

What are the most significant design parameters and design considerations for the material
efficiency of an externally braced timber stability system?

What is the most material efficient connection type for externally braced timber stability systems?

The most significant design parameters for material efficiency from the literature review were:

» Timber element size: When using the reduced cross-section method larger timber elements are
more efficient because a higher percentage of the element remains. However, element sizes can
be limited due to architectural considerations or production.

» Building height and slenderness: The higher and more slender a timber building the more
determining the overturning moment and dynamic behaviour becomes. Extra material will be
needed to satisfy the comfort requirements. For this research only one height and two slender-
nesses will be studied due to the scope.

+ Vertical foundation stiffness: The vertical foundation stiffness influences the lateral displace-
ment and dynamic behaviour of the building. Using a stiffer foundation will improve the dynamic
behaviour and decrease the lateral displacement. In this study the foundation stiffness is deter-
mined by the required foundation piles and the influence of the substructure is out of scope.

» Angle of the diagrid: When the lateral displacement and dynamic behaviour are determining for
the element sizes the material can be decreased by applying a bigger top angle. This gives the
diagonal or brace a flatter slope and more axial stiffness of the element in the lateral direction. To
reduce the scope only one angle for the diagrid and one angle for the external braced frame will
be modelled for the parametric study.

* Floor weight: Adding weight can improve the dynamic behaviour but this will increase the amount
of material needed. Three different floor weights will be modelled to see how the material effi-
ciency can be improved.

* Floor span: Adding extra loads to the short facade that must resist the most overturning moments
and could improve the dynamic behaviour. This will also influence the amount of timber that is
needed in the internal vertical load bearing system.

» Connection stiffness: The connection stiffness is determined by the amount of bolts in the
connection. Adding more bolts would increase the global stiffness of the stability system and
therefore improve the dynamic behaviour and lateral displacement but it would also increase the
material usage. To simplify the parametric model the connection stiffness will be determined by
calculating the amount of bolts required for the ultimate limit state axial capacity of the connection.
An increase in connection stiffness will be studied in the exploratory study to increase the global
stiffness in paragraph 4.5 but will not be implemented into the parametric model.

The most significant design considerations from the reference projects for the timber element sizes
were the dynamic behaviour, the lateral displacement and the connection design. The fire safety design
also had a large influence on the connection design. From the research on Mjgstarnet it was found that
the stiffness of the connection should also be taken into account when analyzing the dynamic behaviour.
The dynamic behaviour can be improved by adding more mass to the floors. Adding more mass will
also require more timber and larger connections. The dynamic behaviour and lateral displacement can
also be improved by adding stiffness to the stability system by increasing the timber element sizes or
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increasing the number of bolts in the connections. In both cases extra material is needed but without
further research it can not be said what option is the most material efficient. When studying different
connection types slotted-in steel plate and glued-in rod connections were found to be the only suitable
connection types. Without more in depth research it can not be said what connection type is the most
material efficient. However, due to increased fire safety and their good performance in practice slotted-
in steel plates will be the only connections considered in this study. Chapter 3 will study how a slotted-in
steel plate connection can be designed to be more material efficient.



Connection design

In this thesis slotted-in steel plate connections will be used to connect the timber members. This chapter
will first give background information on the calculation method for slotted-in steel plates. Afterwards,
the exploratory study on the material efficiency of slotted-in steel plates will be discussed. To include the
connections in an efficient way in the parametric model a method must be created where the model can
calculate and design connections for every timber member individually without adding extra parameters
to the model. Therefore, the goal of the exploratory study is to fix as many parameters in the connection
as possible or create rules that can determine the parameters based on the timber element sizes. To
fix the parameters for the connection design the following sub-question must be answered:

How can a slotted-in steel plate connection be designed to be more material efficient?

3.1. Calculation method

ddddd i & A

Figure 3.1: Failure mechanisms from the Johansen model

Slotted-in steel plate connections are dowel type fasteners. For these types of connections the Jo-
hansen model is used to determine the capacity of the connection. Johansen (1949) created a general
theory that could predict the capacity based on the assumption that both the steel and timber elements
of the connection would behave as rigid plastic materials [39]. The dowel will behave in this manner
under bending stress and the timber under embedment strength. The capacity of the connection will
therefore be limited to when either the embedment strength of the timber is reached or a plastic hinge
is present in the dowel [13]. 11 different failure mechanisms are defined and can be seen in figure 3.1.
These failure mechanisms are either for the outer parts of the connection or the parts located between
the steel parts called the inner parts. For a connection with multiple plates three different failure mech-
anisms are possible for the outer parts, namely f, g and h. For the internal parts only mechanism | and

23



24 3. Connection design

m are possible. Figure 3.2 shows all the possible different combinations. From these six combinations
the option with the smallest capacity determines the connection capacity. The embedment strength of
the timber is f;, , and the yield moment for when a plastic hinge occurs in the dowel is M, ..

ke My My My

= - -
tl 2 2 1l tl 2 2 tl 1l ©2 ©2 th
Mode 4 Mode 5 Mode 6

Figure 3.2: Failure modes for steel-to-timber connections with four steel plates

Next to the capacity of these failure modes of the Johansen model other capacities of the connection
are calculated as well. One of them is the block shear failure for the timber parts of the connection. Inthe
current Eurocode 5 [57] for timber this capacity is higher than in the draft version for the new Eurocode
5[16]. This is because the calculation is made material dependent. In this study the calculation method
of the draft version will be used as it is presumed to be more accurate due to the material dependence.
The block shear capacity is determined by calculating the shear resistance of the side planes F, ; shown
in figure 3.3 in yellow with the letter L and the tensile resistance F, ; of the head plane shown in blue
with the letter H. The maximum of F, ; and F; 4 is the block shear capacity of the connection.

Figure 3.3: Block shear of timber element with dowels [83]
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Other capacities that are checked can be seen in figure 3.4 and they are the shear resistance of
the bolts, the bearing resistance of the steel plates and the block tearing of the steel plates. In the
end the element with the lowest capacity will define the overall capacity of the connection. The load
carrying capacity of the connection will be tested for the ultimate limit state (ULS). Next to the capacity,
the stiffness of the connection is also determined. For timber dowel type fasteners the stiffness of the
connection is determined using the current Eurocode 5 [57]. The connection stiffness will be determined
for the serviceability limit state (SLS). In appendix B an example calculation for the capacity and axial
stiffness of a timber slotted-in steel plate connection with multiple plates is shown. The calculation
method used in appendix B is the calculation method used for all connections in this thesis.
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Shear resistance of Bearing resistance Block tear resistance
the bolts of the steel plate of the steel plate

Figure 3.4: Failure mechanisms steel [68][22][20]
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Figure 3.5: Example slotted-in steel plate connection with parameters

A slotted-in steel plate connection has a lot of parameters as is shown in figure 3.5. The exploratory
study has the goal to define as many parameters of the connection in order to decrease the options
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that need to be researched in the parametric model. The parameters h and b which are the height and
width of the timber element respectively, will not be defined in this exploratory study. The width of the
timber element will be a parameter in the parametric model and will therefore not be defined here. The
required element height of the timber will be determined by the unity checks performed in the parametric
model. The number of rows parallel to the grain n,.,, will also not be defined but will be researched
in this exploratory study. The component that calculates the connections will use the number of rows
n,.ow 10 increase the capacity of the connection this will be elaborated further in paragraph 5.2.5.

The exploratory study is divided and structured per parameter. To explore the influence of different
parameters on the connection two different approaches are applied. The first approach takes the con-
nection calculated in appendix B and changes one parameter. The connection calculated in appendix
B is the estimated connection design of the corner column to the foundation in Mjgstarnet. The con-
nection has 4 steel plates and 100 dowels. The timber element has a height of 1485 mm and a width of
625 mm. In a table the capacity of the connection and the normative mechanism will be given. The first
row in the table will always show the capacity for the connection design of appendix B which is 3786
kN. The second approach is to make multiple plots per parameter where the other parameters differ
as well. This is done because the most material efficient choice for a parameter depends highly on the
rest of the connection design. Some parameters will be dependent on the other chosen parameters
when they are not being researched. These parameters are:

* e,: the minimum value of 1.2 * d is used

* a,: the minimum value of 85 mm determined by the reduced cross-section method is added to
e,.

* a,: a, on both sides is subtracted from the height h and then divided by the amount of bolts 7.,,,
* as: is the minimum value of 7 * d

* t,: 85mm from the reduced cross-section method and t; will be subtracted from the width b
for both sides as well as the plate thickness t,,;,.. times the amount of plates. The remaining
thickness of timber will be divided by the number of plates minus one to make t,. Figure 3.5
helps to clarify this explanation.

The results of both approaches will be discussed per parameter. Where first a table will be shown
with the results of the first approach. Afterwards, one or two plots of the second approach will be
shown with an accompanying table where all parameters of the connection are shown. When one of
the dependent parameters is defined it will also be documented in the accompanying table. Appendix
C shows a more extensive exploratory study on the connection design. In this appendix more plots for
the second approach are shown.

3.2.1. Diameter of the bolt d

It was chosen to determine a bolt diameter first as it gives the limits for a lot of other parameters.
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Approach 1
H d [mm] Capacity [kN] Type H
15 3786 Block shear timber
10 4057 Block shear timber
8 3284 Johansen
5 1682 Johansen

From these results it can be seen that if the diameter is small the connection will fail on the capacity
of the Johansen failure modes. When the diameter is larger the block shear strength of the timber
becomes normative.

Approach 2

The minimum value of parameter a, is dependent on d that is why the maximum value of 100 mm or
(4 * cosa) * d is used for the following plots.

H H max capacity= 1881 d= 16.76 max capacity= 0.109 d= 16.76
Parameters
b 600 mm /\\\V E o010
1500 =
h 600 mm g 7 £ o008 f
Nplate 4 Z 1000 E 0.06 7
ty 40 mm -;‘; T 0044
Nrow 6 >0 § 0.02
o
Trow * ol, . , . 8 ool : , , .
tplate 15 mm 0 10 20 0 40 0 10 20 0 40
Diameter bolt (mm) Diameter bolt (mm)

The first graph shows the capacity of the connection on the y-axis and the diameter of the bolt on
the x-axis. The second graph shows the capacity of the connection divided by the amount of steel
used in the connection on the y-axis. If the capacity per steel used is higher the connection design is
seen as more material efficient. For the connection design plotted in approach 2 a bolt diameter of 16.8
mm is most material efficient and also gives the highest capacity. In appendix C 4 more connection
designs are researched where the most material efficient bolt diameters are 17.9, 14, 11.2, and 17.9
mm. The average of all five bolt diameters is 16 mm and this will be used as the bolt diameter in the
rest of the study. The study on the bolt diameter was not extensive enough to conclude that this is the
most material efficient diameter. In Treet the bolt diameter is derived to be 12 mm, in Mjgstarnet it is
derived to be 15 mm and in Monarch the diameter is 25 mm. The chosen bolt diameter of 16 mm fits
within this range and is thus seen as an appropriate bolt diameter.

3.2.2. Edge distance of the steel plate ¢,

exl

e, should have a minimal value of 1.2 *d and a maximum of 4t + 40mm. These values come from EC3
and can be seen in appendix B.
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Approach 1
H e, [mm] Capacity [kN] Type H
120 3786 Block shear timber
18.2 3786 Block shear timber

The connection from appendix B has a bolt diameter of 15 mm thus the minimum value for e, is 18.2
mm. From approach 1 can be concluded that e, seems to have no effect on the connection design.

Approach 2

The minimum value for e, is 19.2 mm for a connection with a bolt diameter of 16 mm. So the plots will
start at e, is 19 mm.

[ Parameters || max capacity= 4228 e2= 19.0 max capacity= 0.121 e2= 19.8

b 600 mm _
h 1000 mm 4400 E 0120

Mplate 3 Z 4300 §
ty 40 mm > 4 01151

Nrow 38 g 4200 e

Trow 8 S 00 | % 0110

tolate 15 mm g
d 16 mm 3% ™ 35 m 3 0 75 100 125 150
a, 100 mm €2 (mm) e2 (mm)

From approach 2 it can also be concluded that e, has no influence on the capacity. In appendix C
another connection is researched where this is also the case. This means that e, is the most material
efficient for the minimum required value. This minimum is 1.2 * d or 19.2 mm. Rounding upwards a
value of 25 mm is chosen to allow for production errors.

3.2.3. Thickness of the steel plates ¢,

t;;rate

Approach 1
H tpiate [MM]  Capacity [kN] Type H
15 3786 Block shear timber
10 3993 Block shear timber
8 4075 Block shear timber
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If t,14te iINcreases the thickness of the timber t; and t, in the connection will decrease slightly. When
the block shear of the timber is normative for the connection a decrease in timber will decrease the
capacity slightly. Figure 3.6 shows how an increase from a smaller plate thickness to a larger plate
thickness can influence the timber thicknesses. The old plate is shown in grey and the new plate is

shown in red. In blue arrows the old sizes for t; and t, are shown and in red arrows the new reduced
sizes are shown.

Figure 3.6: Decreasing ¢, and t, with an increased plate thickness ty;¢e
Approach 2

Connection 1:

H Parameters H max capacity= 3987 tplate= 5.0 max capacity= ©.162 tplate= 5.0
b 600 mm 4000 ; T el
h 1000 mm ETT7 %
s - %
Nplate 4 : 3500 1 3 ow
ty 40 mm & %
2 i
Nyow 10 & 3000 | a
Trow 10 g 0031
d 16 mm 2500 - : . , : 8 . , y T
a, 100 mm 10 20 30 40 10 20 30 40
thickness plate (mm) thickness plate (mm)
Connection 2:
H Parameters H max capacity= 1522 tplate= 5.0 max capacity= 0.273 tplate= 5.0
b 600 mm 1600 1 T 4
h 600 mm £9%]
- i s
Npiate 2 g 1530 3 0207
ty 40 mm ‘E A %
] ] g
Nrow 6 § 1500 1 :f;' o
Trow 6 g 0101
d 16 mm 1450 1 ' ' i ' 3 i ' i b
a 100 mm 10 20 30 40 10 20 30 40
thickness plate (mm) thickness plate (mm)

Here the results of approach 2 for two connection designs is shown. In appendix C three more
designs are studied. All designs had the same trends as connection 1 or connection 2. In connection 1
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the block shear strength is normative and in connection 2 the Johansen model is. For all connections
the material efficiency is the highest for the smallest plate thickness of 5 mm. However, this is a very
thin plate and in the reference projects plate thicknesses of 10, 15 and 25 mm are used. For this reason
a plate thickness of 10 mm is chosen as it is the smallest thickness used in practice.

3.2.4. Edge distance of the timber a,

fas

The smallest required value of parameter a; should be the maximum of either 80mm, 7 *d and 1.2 = d.
These requirements are determined in EC3 and EC5 and are shown in appendix B.

Approach 1
H a; [mm] Capacity [kN] Type H
120 3786 Block shear timber
105 3786 Block shear timber

The connection of appendix B has a bolt diameter of 15 mm thus the minimum value for a5 is 105
mm. az seems to have no effect on this connection design.

Approach 2

The minimum value of a3 is 112 mm for a connection with a bolt diameter of 16 mm so this will be the
bottom value of the plots.

[ Parameters || max capacity= 2899 a3= 112.0 max capacity= ©.113 a3= 112.0
b 600 mm _
E
h 1000 mm 00 1 E oo
Nplate 3 g §
ty 40 mm > | 2 0105
Nrow 3 g
Trow 8 S z 0100
2800 S
tplate 10 mm a
d 16 . : : . , — 8 0035 . : — , :
mm 125 150 175 200 225 250 125 150 175 200 25 250
aq 100 mm a3 (mm) a3 (mm)

The other connection plotted in the appendix has the exact same trend as the graphs shown here.
Therefore it can be concluded from approach 1 and 2 that the value of a; has no influence on the
capacity. A larger a; will increase the amount of steel used so it is chosen to use the minimum value
for a; and that is 112 mm.
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3.2.5. The number of steel plates ;.

Approach 1

H Npiate Capacity [kN] Type H
4 3786 Block shear timber
3 3941 Block shear timber
2 3657 Johansen

The capacity for the connection can be increased slightly by decreasing the number of plates. This is
because of the block shear failure of the timber. With less plates the thickness of the timber increases
a little therefore increasing the capacity.

Approach 2
max capacity= 4907 nplate 3.0 max capacity= 0.139 nplate 2.0
[ Parameters || pacitty P pacity P
b 500 mm + rg 014+
h 1500 mm * + £on
t 10 mm || £ %99 * =
plate A‘; E 0.10
ty 40 mm & . % 008
a8 ]
Nyow 10 5 4000 S oe .
10 + g
Trow g *
2 004
d 18 mm 3500 { ' ' ‘ ' ' + 8 +
a, 100 mm 2 3 4 5 6 7 8 2 5 6 A

n plate

n plate

In a timber element with small dimensions the block shear will be normative more often than in a
larger timber element with the same number of plates. When block shear is normative adding steel
plates will decrease the capacity slightly as can be seen in approach 1. In the graphs in approach 2 it
can be seen that the capacity of the connection increases when going from two to three steel plates.
When using two steel plates the Johansen model is normative and from three plates and up the block
shear becomes normative. For this particular connection design the capacity per steel is the largest
for two steel plates. The maximum width of a timber element in the parametric model will be 650 mm,
this will be defined in paragraph 4.1.2. For connections with this timber width the optimal number of
plates is always two or three. For the researched elements with a width or height smaller than 500
mm, two plates give the highest capacity. In all three reference projects there are a lot of elements with
either a width or height smaller than 500 mm. Hence, it is expected that in the researched parametric
models there will also be large numbers of elements with a size smaller than 500 mm. This together
with the fact that for some connections the most material efficient connection design is with two plates
while the maximum capacity is with three as shown in approach 2, is the reason why two steel plates
will be used in the parametric model. Nonetheless, a connection design with three steel plates is more
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material efficient for larger timber elements for which the capacity is not determined by the block shear
strength. As well as, using more steel plates will increase the connection stiffness and this will increase
the global stiffness. The exact number of large timber elements versus the number of small elements
in the parametric models is unknown so it can not be concluded if using two steel plates is actually
more material efficient than using three plates. The number of plates will not be input in the model as
a parameter as this is out of the scope of the research.

3.2.6. Thickness of the timber parts ¢, & t,

t; is the thickness of the timber outside of the steel plates, t, is the thickness of the timber between the

steel plates. These parameters are both dependent on the width of the timber. If t; gets larger t, get
smaller.

Approach 1

H t, [nm] t, [mm] Capacity [kN] Type H
40 105 3779 Block shear timber
60 91.7 3642 Block shear timber
20 118 3930 Block shear timber

For the connection from appendix B the capacity increases when t; decreases and t, increases. This
occurs when the block shear strength of the timber is normative for the capacity.

Approach 2
max capacity= 1979 t1,t2= (16, 56) max capacity= ©0.651 t1,t2= (16, 56)
| Parameters || ’ ’ ’ ’
b 500 mm 2000 £
h 800 mm E ]
= 1500 S 004
Nplate 5 ] ]
15 > 1000 &
Iplate mm g 5 002
Nrow 8 E 500 ;
Trow 5 0 'E 500 |
d 15 mm , ‘ ' ' ' : 3
aq 100 mm 25 50 75 100 125 150 25 50 75 100 125 150
tl (mm) tl (mm)

t,[mm] | O | 50 | 100 | 150
t, [mm] | 63.8 | 38.8 | 13.8 | -11.2
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Changing t; and t, adds no steel to the connection since only the location of the steel plates is
changed, consequently the graphs for capacity and capacity per steel are equal. When the block shear
strength of the timber is normative for the capacity, the smallest value t; gives the highest capacity. This
can be explained by the calculation method of the capacity. The effective thickness of the inner parts
between the steel plates is always t,. For the outer parts the effective thickness is t,; = t; * 0.65 when
brittle failure of the timber is normative and not the ductile failure of the bolt. For most of the connections
the block shear strength is normative and this is a brittle failure. This means that the effective thickness
of the entire timber element can be increased by increasing t, and decreased by increasing t; as t;
is reduced with brittle failure. In figure 3.7 the effective thickness of two different connection designs
is shown. The red dotted lines in the figure signifies the reduced effective thickness of the outer part.
In the top connection the total effective thickness of the inner and outer parts is smaller than that of
the bottom connection which has a larger t,. All connection designs researched in appendix C with
a timber element width within the allowed range, give the highest capacity for a t; of 15.6 or smaller.
There is no bottom value for t; and due to the calculation method having the smallest possible t; seems
logical. However, t; must have a certain length to transfer the forces to the outer timber part. In both
Treet and Mjgstarnet a t; of 40 mm is used. For that reason it is assumed that a value of 40 mm is an
appropriate value for t; and will be used in the parametric model.

Figure 3.7: Effective timber thickness during block shear

3.2.7. Distance between bolts in direction of the grain a,

ai
ail
ai
ai
ai
ai
a1l
a1l

The minimum value of a, is the largest value of 1.2 x d or 5 * d. The maximum value is the smallest of
14  tp1q¢e OF 200 mm.
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Approach 1

H a, [mm] Capacity [kN] Type H
100 3786 Block shear timber
75 3786 Block shear timber

The minimum value for the connection from appendix B is 75 mm as the bolt diameter is 15 mm.
The capacity does not change when changing a; .

Approach 2

With a bolt diameter of 16 mm and plate thickness of 10 mm the range for a; is 80-140 mm.

Connection 1:

max capacity= 1323 al= 80.0 max capacity= 0.111 al= 860.0©
[ Parameters ]| pacity pacity
b 600 mm 1375 | T on!
h 600 mm || _ 5
= 1350 -
Nplate 2 X %‘ 0.10 -
ty 40 mm g BE DL T —————————r. &
" [
Nrow 10 2 1300 S 0091
T 6 - £
row 1275 A ™
d 16 mm e 5 008
totate 10 mm 80 % 100 110 120 130 140 8 9 100 110 120 130 140

Connection 2:

al (mm)

max capacity= 3537 al= 140.0

al (mm)

max capacity= 0.1 al= 80.0
[ Parameters | pacity
b 650 mm 3500 T 0100
h 1500 mm §
= 3400 - 0.095
Nplate 2 = %
4
t 40mm | £ 3300 7 0090
] T
nTOW 10 § 3200 2 0.085
rrow 10 3100 E 0.080
d 16 mm , i . i i i . 8 . . : : : ; i
tplate 10 mm 80 % 100 110 120 130 140 80 9 100 110 120 130 140

al (mm)

al (mm)

Connection 1 fails on block shear of the timber and connection 2 on the Johansen model. This

means that a; has no effect on the capacity when block shear occurs. When the capacity of the Jo-
hansen model is normative increasing a; can increase the capacity slightly. However, the capacity per
steel usage is always the largest with a minimum value of a,. Therefore, a minimum value of 5 = d is
chosen which is 80 mm for d = 16 mm.
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3.2.8. Number or rows perpendicular to the grain and distance between the bolts
perpendicular to the grainr,,, & a,

—

az az az az

 —————»
rrow

The number of rows of bolts 7,.,,, determines the distance between the bolts a, since the height of the
beam is not a parameter. The minimum value of a, is 4 = d or 2.4 = d the maximum value is 14 * t;4¢¢
or 200 mm.

Approach 1
H r.ow a,[mm] Capacity [kKN] Type H
10 85 3786 Block shear timber
12 70 3636 Block shear timber
8 109 3955 Block shear timber

The minimum value for a, for the connection calculated in appendix B is 60 mm as the bolt diameter
is 15 mm. Decreasing the number of rows can increase the capacity for this connection. This is caused
by the block shear being normative. When calculating the block shear strength of the timber the tensile
failure resistance determines the capacity for this connection. The head tensile plane is shown in blue
and indicated with an H in figure 3.3. The length of the head tensile plane is b,,; and this is calculated
with the formula bt = (a, — d,) * (10w — 1) and shown in figure 3.8. Decreasing the rows of bolts
will increase the area of the timber that can resist the tensile stress and hence increase the capacity.

le dp | az lak
~

| a1 ‘ a1 | ai
\ 1
L’I:On

2
»
-

Figure 3.8: Length of head tensile plane b,,; from the Eurocode 5 draft [16]
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Approach 2

For a connection with a bolt thickness of 16 mm and a plate thickness of 10 mm we get a range for a,
of 64 mm and 140 mm.

Connection 1:

max capacity= 0.201 R rows= 6.0

max capacity= 1439 R rows 6.0
| Parameters || pactty
b 600 mm 1400 | + T 020 +
h 600 mm § 015
Z 1300 4 x
nplate 2 § E
t 40 mm || £ 1200 { + 7 018 +
6 g g
Nrow 3 1100 1 g 0.17
d 16 mm 1000 2 016
1 [-%
tplate 10 mm + : : . : 3 * : : : :
a; 30 mm 40 45 5.0 55 6.0 40 45 5.0 55 60
number of rows r number of rows r
Trow 4 6
a,[mm] | 130 | 98 | 78

Connection 2:

max capacity= 3359 R rows 10.0

max capacity= 0.131 R rows= 10.0

I Parameters ||
b 400 mm . T o[+
h 1500 mm 3300 1 + £ t
Mplate 2 g 3200 1 A % 012 +
ty 40 mm g 3100 1 o, % +
B 5 011 +
nTOW 10 g 3000 + + a +
d 16 mm + g 0.10 - T
2900 1 + B +
tolate 10 mm . . ' ' ' _+l g , . . ‘ ' '
aq 80 mm 10 12 4 16 18 20 W 12 4 1. 18 20
number of rows r number of rows r
Trow 10 1 12 13 14 |15 |16 | 17 | 18 | 19 | 20 | 21
a, [mm] | 144 | 130 | 118 | 108 | 100 | 92 | 86 | 81 | 76 | 72 | 68 | 65

Connection 1 shows that the capacity of the connection increases when the number of rows in-
crease. The normative failure mechanism in this connection is the Johansen model. In connection 2
the capacity decreases when rows are added. The capacity of this connection is determined by the
block shear strength of the timber. As discussed in approach 1 adding more rows will decrease the
area of timber that can resist the tensile strength. In the parametric model some of the connection
designs will be determined by the block shear and others by the Johansen model. Consequently it is
hard to define the best value for a, and r.,,,. Therefore, it is chosen to make the limits for the value of
a, leading. The minimum value is 64 mm with a bolt diameter of 16 mm and the maximum is 140 mm
with a plate thickness of 10 mm. The number of rows in the connection design will be determined by
dividing the available space for the bolts by 100 mm and then round the result and add one to give the
number of rows. In this way the value for a, will stay within the limits but it will differ per connection
design.



3.2. Exploratory study 37

3.2.9. Number of rows in direction of the grain n,,,,

Nrow

The exact number of rows in the direction of the grain will not be defined in this exploratory study. This
parameter will be used to be able to increase the capacity of the connection without increasing the
element size of the timber. A range for n,,, will be defined.

Approach 1

H Nyow Capacity [KN] Type H

10 3786 Block shear timber
8 3786 Block shear timber
6 3786 Block shear timber
4 3231 Johansen

30 3830 Block shear timber

For this connection the capacity stays the same for 10, 8 and 6 rows. This is because the tensile
capacity F;,; of the block shear strength of the timber is normative. For 4 rows of bolts the capacity
decreases and the Johansen failure mechanisms become normative. With 30 rows of bolts the capacity
increases as the capacity of the side shear planes F,; becomes larger than that of the tensile head.
The block shear strength of timber is determined with the following formula:

_ Fra = k¢ * bpet ¥t * froa
Fosra = max{ Foa =2%ky *Leon *t * fya
Where b,.; and L.,, are shown in figure 3.8. k, and k, are material dependent factors, t is the
thickness of the timber part and f,, 4 and f, 4 are the material design strengths. If the connection is
determined by the block shear increasing the rows of bolts does not increase the connection capacity
up until the point the capacity of the side shear planes F,; becomes larger than the tensile capacity F;.

Approach 2
H Parameters Hmax capacity= 1645 N rows 14.0 max capacity= 0.125 N rows= 2.0
b 650 mm e+ttt b+ -~ T
1500 | W E 012 +,
h 650 mm N E ‘y,
n 2 = 1250 - + H trip,,
plate ; + E 010 ++
tl 40 mm £ 1000 - + g N
I} N .
Trow 4 g ™01 + & 008 ¥,
toiate 10 mm 500 g ++++
d 16 mm 250 A . . : . ) E 0.06 1 +y
aq 80 mm 5 10 15 20 2 10 15 20 5

number of rows

number of rows
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When the block shear strength becomes normative for the connection the capacity will not increase
when the rows of bolts n,.,,, increase. In the plots from approach 2 this happens at 14 rows. Adding
bolts can however increase the stiffness of the connection. The range for the number of rows n,,,,
will start at one row and end at 15 rows. According to Bjertnaes (2022) a connection design is good
when the head tensile plane determines the connection capacity. When the side planes are normative
the connection is too long [11]. In approach 1 the design with 30 bolts is a design that is too long as
the side shear planes are normative. In approach 2 the capacity only increases up to 14 rows of bolts
and the material efficiency decreases with every bolt. In Treet and Mjgstarnet the connection between
the corner column and the foundation gets the largest tension force in the building and consequently
have the largest connection designs of the building. The connection in Treet has seven rows and
in Mjgstarnet the connection has 10 rows. Since the connection should not be too long, the graph
in approach 2 stops increasing capacity after 14 rows, the material efficiency decreases for every row
added and the reference projects have seven and 10 rows a maximum number of rows of 15 is chosen.

3.3. Conclusion

In this chapter the connection design of slotted-in steel plate connections was discussed. First the
calculation method was explained where the load carrying capacity is determined for ULS and the con-
nection stiffness for SLS. Afterwards, an exploratory study was performed. The goal of the exploratory
study was to define as many parameters as possible to simplify the parametric model. To define the
parameters in the exploratory study the following sub-question needs to be answered:

How can a slotted-in steel plate connection be designed to be more material efficient?

From the exploratory study it can be concluded that a material efficient design is dependent mostly
on what failure mechanism is normative. All connections researched were either determined by the
Johansen model or the block shear strength of the timber. When the block shear strength is normative
adding more plates and bolts does not increase the capacity of the connection. When the Johansen
model is normative increasing the number of plates and bolts can increase the capacity of the connec-
tion. The block shear strength is normative more often for smaller timber elements and the Johansen
model for larger elements. The parametric models will have large timber elements and small timber
elements so it will differ what failure mechanism will be normative for which member.

However, the material efficiency of the steel is largest mostly when using less steel. Therefore, it
is chosen to use only two plates, a distance between the bolts in direction of the grain a; of 80 mm
and a maximum of 15 rows of bolts n,.,,,. These parameters needed to be defined to reduce the scope
but it cannot be concluded that they are more material efficient for the entire parametric model without
further research. For the number of rows perpendicular to the grain 7.,,,, @ middle ground was chosen
where the distance between the rows a, is determined by the allowed range of the value 64 — 140 mm.
This is done by dividing the space for the bolts by 100 mm and then rounding to give a distance of a,
that is within the range. This does not optimize the material efficiency but will give correct connection
designs. For some parameters the minimum value gives the most material efficient design as these
parameters do not influence the capacity. This is the case for the edge distance of the steel plate e,
and edge distance of the timber a;. For the parameters t,,;4;., t; and t, there are no minimum values
given. For both ¢4, and t; the smallest values gave the highest capacity and material efficiency due
to the calculation method. However, in practice these values can not be endlessly small. Therefore,
it was chosen to define these parameters based on the smallest values from the reference projects to
ensure a connection design that could be used in practice. The entire exploratory study is based on
the bolt diameter d of 16 mm. If another bolt diameter were chosen the most material efficient design
of the connection would be different. So it must be noted that this choice has a lot of influence.
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The final defined parameters for the connection are:

e d=16 mm

* e, =25mm

* tplate = 10 mm

* az =112 mm
nplate:2

* t; =40 mm

* a; =80mm

* a, =64—140 mm

* Nyow =1—15






Model definition

This chapter will discuss how the parametric model is defined. First ranges will be defined for the
design parameters. Then, the three stability system designs that will be studied in the parametric
model are defined in an exploratory study. This will start with some design considerations caused
by the connections. Based on the design parameters and design considerations for the connections
externally braced stability systems will be designed. From these stability systems one option for the
diagrid and two for the external braced frame will be chosen based on material efficiency of the design.

After the stability system designs are defined the input of the loads working on the parametric model
will be discussed together with the flow of forces through the stability systems. Later, the design con-
straints used in the parametric model are treated.

Lastly, the final exploratory study on the design for the serviceability limit state (SLS) is discussed.
In this study it is investigated how the global stiffness of the stability system can be improved in the
most material efficient manner. The study will consider increasing the stiffness of the timber elements
as well as that of the connections. However, it is chosen to only increase the stiffness of the timber in
the parametric model and not increase the connection stiffness as this would add a lot of options to the
model. With this exploratory study the last sub-question will be answered:

How can the global stiffness of an externally braced stability system be increased in a material
efficient way?

4.1. Ranges of the global design parameters

In this chapter the ranges for the parameters that will be input for the parametric model will be defined.
The conclusions are partially based on literature, partially on personal correspondence on the reference
projects and partially on personal correspondence with experts from RHDHV.

4.1.1. Material

In the model the material GL28c will be used for all timber elements. The material properties are given
in table 4.1.
41
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finge 28 N/mm?
Eogmean | 12.5 kN/mm?
Pk 390 kg/m?3
Py mean 420 kg/m3
fto.9.k 19 N/mm?
ft90.9.k 0.5 N/mm?
feo.0.k 24 N/mm?
fe.90,9,k 2.5 N/mm?
fo.gk 3.5 N/mm?
Ego.0s 10.4 kN /mm?
Egoomean | 0-3 kN/mm?
Ggmean | 0.65 kN/mm?
Ego.05 0.54 kN /mm?

Table 4.1: Properties GL28c [17]

~ [[fd=16mm

tplate= 10 mm

85mm €2 €2 85mm 85mm tid0mm (=130mm " ti-40mm 85mm

> »
- |

—>
h= 250 mm b= 400 mm

Figure 4.1: Smallest timber element

All cross-sections in the model will have the same width to give a uniform facade design. The heights
of the elements will be determined in the parametric model. When the facade is thicker due to the
elements being wider there is less usable floor area in the building. This means that the width of the
elements should be limited. Since the largest element width in Monarch is 650 mm, and in Mjgstarnet
625 mm, a maximum width of 650 mm is used in this research. The minimum width will also be defined
to reduce the scope. The minimum width of the timber will be 400 mm. The width can not be too
small as this would give very high timber elements that can block to much of the facade area. Also, the
element must be wide enough to ensure sufficient capacity in the connection. With a width of 400-650
mm the capacity for a single bolt in the connection design is 47 kN when the width decreases to 350
mm the capacity decreases to 36 kN. That is why the range of 400-650 mm is applied. The minimum
height of the elements is determined by the connection design. In figure 4.1 the smallest timber element
size is shown. The smallest height is 250 mm. When adding the 85 mm of the reduced cross-section
method to the edge distance e, of 25 mm the height is 210 mm. As the timber sizes will be increased
in steps of 50 mm the smallest height will be 250 mm. The maximum length of a timber member is 16
meters as this is the largest size available at producers, and that can be shipped.

4.1.3. Building height

For this research only one building height will be chosen to reduce the scope. When looking at
residential towers in Rotterdam we find much taller buildings with concrete or steel used in the stability
system than with timber. Since in practice no height above 81 meters with 18 floors is reached for an
external braced frame timber structure, and a height of 70 meters with 20 floors for a diagrid structure
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seems feasible in Monarch, a building height of 70 meters with 20 floors was chosen, every floor level
had a height of 3.6 meters. Since Monarch is an office and the buildings in this research are residential
the floor height could be decreased to 3.4 meters which gives a building height of 68 meters. This height
of 68 meters will give relevant results because it is within a buildable range for timber high-rise but is
also challenging to realise fully in timber. As can be seen in the completed building Haut in Amsterdam
with a height of 73 meters and designs for the building Sawa in Rotterdam with a height of 50 meters.
From these buildings it can be seen that a concrete core is used to provide the lateral stability due to
financial considerations [19] [54].

4.1.4. Slenderness of the building

To reduce the scope of this research only two plot sizes for the building will be considered with
their respective slendernesses. Table 4.2 shows the dimensions and slendernesses of the highest
timber buildings for whom all dimensions could be found. Slenderness ratios in timber buildings range
anywhere between 1 and 2.4 for the long side of the building and between 1.6 and 4.8 for the short
side. With a height of 68 meters the long side of the building ranges between 68 meters and 28 meters.
The short side will range from 43 meters to 14 meters. The chosen plot sizes are 27.2 x 27.2 meters
and 40.8 x 27.2 meters. The slenderness for 27.2 meters is 2.5 and for 40.8 meters itis 1.67. The plot
sizes are based on common plot sizes in residential buildings.

Timber building Height (m) Length floor Slenderness Width floor Slenderness
plan (m) plan (m)

Treet 45 22.3 2.0 20.7 2.2
Mjgstarnet 81 37 2.2 17 4.8
Haut 73 31 24 16.6 4.4
Brockcommons 53 56 1.0 14 3.8
Stadthaus Murray Grove 29 18 1.6 17 1.6
Monarch 70 447 1.6 20.7 3.4

Table 4.2: Slenderness of timber buildings

4.1.5. Angle of bracing

Due to the scope only one angle of bracing for the diagrid and one angle for the external braced frame
will be considered. In paragraph 2.2.4. it was stated that a larger top angle of the triangular module
would cause a smaller triangular module and therefore decrease the lateral displacement. As well as,
a larger top angle using less material since it is more efficient in providing stability. That is why a top
angle of 90° is chosen for the diagrid in this research. The angle of the external braced frame designs
will be determined in the exploratory study on the stability systems in paragraph 4.2.3.

4.1.6. Floor weight

The floor system consists of timber beams and timber box floors. These timber floors carry a lot of
noise so extra measures need to be taken when using such floors to meet comfort the requirements.
To decrease the noise sand will be put into the box floors. The sand increases the weight which will
decrease the sound transfer. The minimal required weight for a residential building is 200 kg/m?, this
value is based on personal correspondence with a building physics expert from RHDHV. This value
will be used as the minimum added permanent floor load. The other added loads are 380 kg/m?
and 520 kg/m?. The latter is the maximum amount of sand that fits within the largest box floor of
Lignatur [46]. Figure 4.2 shows the three different floor designs per added floor load. The free height
in residences should be at least 2.6 meters [14]. Hence, the total floor should not be bigger than 800
mm. For permanent floor load 3 the floor with installations is higher than the allowed 800 mm, however
the installations can be placed in the hallways of the residences where the minimum free height is 2.3
meters.
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Floor load 1 Floor load 2
100 100
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Floor load 3
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Figure 4.2: Floor designs for the three floor loads, sizes in mm

4.1.7. Floor span

Since the overturning moment will be critical for the short facade the floors will span in the direction
that will transfer the loads onto this facade. Figure 4.3 shows the four different floor plan designs. The
columns are shown with black squares and the beams that carry the box floors are shown in green.
The box floors span in the direction of the red arrows. The ’short’ facade will now be referred to as the
head facade which is indicated with a H in figure 4.3 and the ’long’ facade will now be referred to as the
side facade which is indicated with a S. This is done to avoid confusion when discussing the square
floor plan. A larger floor span will result in higher beam elements and the span of the box floors is also
limited when under heavy loading. Floor spans of 3.4 meter and 6.8 meter are chosen to investigate
as larger floor spans would result in higher floors and are not very common in practice.

Plot size 27.2x27.2 m Plot size 27.2x40.8 m
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Figure 4.3: Top view four floor plan designs. Columns portrayed as black square, floor beams in green and span direction in red
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4.1.8. Foundation stiffness

The vertical foundation stiffness in the building will be based on the vertical stiffness provided by
the required foundation piles. Information provided by RHDHV states that a regular foundation pole
has a capacity of 3000 kN and a corresponding vertical stiffness of roughly 150 MN /m? for Rotterdam.
All stability system designs for the three floor loads, two plot sizes and two floor spans are examined
and the maximum support forces are determined. From these maximum support forces the required
amount of foundation piles per support are defined. Figure 4.4 shows the amount of piles per support
for the stability system. When one foundation pile is required it is shown in grey, two piles in blue and
three in green.

6bod0bod

Figure 4.4: Number of foundation piles per support
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4.2. Exploratory study stability system design

In this exploratory study the most material efficient stability system designs for a diagrid and external
braced frame are researched. A system is seen as material efficient when the global lateral displace-
ment is smaller with the same amount of material used. A smaller displacement will cause a smaller
acceleration. The acceleration can also be decreased by adding weight but this will always increase
the required amount of material. First, some design considerations caused by the connections are
discussed as they influence the possible stability system designs.

4.2.1. Design considerations connections

The slotted-in steel plate connections give some considerations that need to be taken into account
when designing the stability systems.
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Diagrid

Figure 4.5: Diagrid with split-up members Figure 4.6: Diagrid with continuing member

The connection design for a diagrid will have less steel when one member continues, figure 4.6,
then when all the members stop at the intersection, figure 4.5. In a diagrid there are diagonals, beams,
and some corner columns that support the overhanging floors. The diagonals get the largest forces,
then the beams, and the corner columns get the smallest. Since slotted-in steel plate connections use
more steel with higher forces it is chosen to let the member with the largest forces be continuous. In this
way the most amount of steel can be saved. Consequently, the diagonals will continue where possible,
then the beams and finally the columns.

External braced frame

Figure 4.7: External braced frame connection with a slit

For an external braced frame, the forces are the largest in the columns, then in the brace, and the
smallest in the beams. This means that the columns will have the first priority to be continuous then
the brace and finally the beams. During assembly the steel plates are slid into slots in the timber and
then secured with dowels. As can be seen in figure 4.7, a connection where there are four diagonals
requires a large slot in the timber, this is indicated with a red dotted line. This will leave spaces in the
timber that need to be filled up. These empty spaces will decrease the capacity of the column. Due to
extra difficulty during assembly and decreased capacity this type of connection will not be used. And
therefore no crossed braces will be considered. Another consideration for the external braced frame
is that it is possible to make connections where one column meets two beams and two diagonals in
one point, figure 4.8. This type of connection will use less steel because there are less parts where the
steel plates need to cross the adjoining member, figure 4.9.
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Figure 4.9: Connection design when members do not

Figure 4.8: Connection design when members meet in > -
meet in one point

one point

Corner columns

Making connections in the corner columns is quite a challenge when trying to minimize the amount of
steel. When there is a connection that has four diagonal elements that meet both a column and beams
you must make a 3D-connection that will result in a steel box. A good example of this is the connection
of the Koning Willem | college shown in figure 4.10 and 4.11. In Mjgstarnet they avoided this problem
by not making the diagonals reach the corner columns in the longer facade. In Treet the connections
from the diagonals do not meet in one point. As can be seen in figure 4.12. To decrease the amount
of steel, making complicated 3D-connections must be avoided as much as possible. However, in the
diagrid stability system, corner columns are needed on some levels to support the overhanging floor.
As well as, the diagonals and beams from either facade are required to meet in one point for a diagrid
to work properly. When the corner columns have small forces and are not continuous the connection
design could be made simpler than a steel box. In this research it is assumed that the columns in the
diagrid can be connected with regular slotted-in steel plate connections without a large steel box.

Figure 4.10: Photograph corner connection Koning Figure 4.11: Detail corner connection Koning Willem | college
Willem | college [44] [38]

Figure 4.12: Corner connections Treet [8]
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4.2.2. Diagrid
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Figure 4.13: Diagrid designs

The diagrid design will have a top angle of 90° as discussed in paragraph 4.1.5. This gives the following
two diagrid designs that are shown in figure 4.13. Option 1 has a finer mesh with ring beams on every
floor and option 2 has ring beams every other floor. In the figure the hinges of the members are
shown as round ends. In option 1 it can be seen that the diagonals spanning from bottom left to upper
right continue across multiple floors while the diagonals spanning in the other directions are split into
members only spanning one floor. The maximum element length of 16 meters only allows for the
diagonals to span three floors. This option requires columns every other floor to support the floors in
the corners of the building. For option 2 all diagonals span two floors and here columns are required
three out of four floors to support the floors. Only one design will be researched further due to the
scope and time constraints.

A 2D model is made in SCIA engineer to research the effect of the wind force on the different diagrid
designs. On every floor a wind load of 76 kN is placed which is shown in figure 4.15. All member sizes
in both models are 200x300 mm and are made of GL28c. The displacement under wind loading is
shown in appendix F. In table 4.3 the total length of all diagonals is shown together with the total length
of the columns and the displacement per option.

| | Diagonals(m) Columns(m) Displacement(mm) ||

1 769 68 769
2 385 102 1926

Table 4.3: Displacement and element lengths of diagrid options

The displacement of option 1 is 2.4x smaller than the displacement of option 2. Option 1 has twice as
many diagonals and 2/3™ of the columns of option 2. Both options have the same amount of beams.
This means that option 1 has less than 2.4x the amount of material of option 2. Therefore, option 1 is
seen as more material efficient and will be the only diagrid option that will be researched further in the
parametric study.
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4.2.3. External braced frame

3.4m:7’4——
6.8m

Figure 4.14: External braced frame designs

The external braced frame design is based first on the assumption that the brace should connect in
a point where a column and beam meet, in order to decrease the amount of steel as discussed in
paragraph 4.2.1. In Mjgstarnet the slope of the brace on the short facade is 1:1.2 and on the long
facade the slope of the brace is 1:1.9. Multiple iterations of a slope of 1:1 and 1:2 are studied since
these are similar to Mjgstarnet and comply with the assumption of a brace, column and beam meeting
in one point. Figure 4.14 shows the different designs. The columns are shown in green, the beams in
grey and the braces in blue. The columns will span four floors and the brace will be split every time it
crosses a column. The beams are split when they cross a column or a brace. From these options only
two designs will be studied further in the parametric model due to time constraints.
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Figure 4.15: Forces on SCIA model

Again a 2D model is made in SCIA engineer to test the effect of the wind force on the different
stability systems. Figure 4.15 shows how the forces are placed on the model, this is the same for every
option. The results for the horizontal global displacement, normal force, moment, and support forces
are shown in appendix F. All members have the same size of 200x300 mm and are made of GL28c.
The larger the horizontal global displacement the larger the along-wind acceleration. From the literature
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research on Treet and Mjgstarnet in paragraph 2.3 it was concluded that the along-wind acceleration
was determining for stability system design. The most material efficient design will therefore be the
design that has the least amount of material and the smallest lateral global displacement. As mentioned
in paragraph 2.1.2 a uniform stress distribution is the reason why a diagrid is the most material efficient
[41] [71]. That is why when evaluating the options the ones with a more uniform stress distribution
are seen as more material efficient. In table 4.4 the slope of the brace, the length of the braces, the
displacement, the largest normal force in the column, the largest normal force in the brace and the
largest moment are shown.

[ | Slope | Brace(m) Displacement(mm) N,max(kN)col N,max(kN)brace M,, max(kNm) ||

1 1:2 152 428 1889 1688 16.7
2 1:2 304 297 1730 968 29
3 1:1 96 455 1880 2115 31.9
4 1:1 192 310 1671 1282 20.8
5 1:2 608 239 1633 524 4.4
6 1:1 384 243 1570 767 21.7

Table 4.4: Forces in external braced frame options

Options 3,4 and 6 all have a slope of 1:1. These options have shorter braces, higher moments in the
columns as well as moments in the braces. The normal force distribution is less uniform than for the
other three options. Next to literature stating that a more uniform stress distribution in material efficient
there is another reason why a uniform stress distribution would be beneficial. Since the stability system
will have elements who all have the same thickness a more uniform force distribution would be more
material efficient. Because of the more uniform force distribution and the smaller moments, options
with a slope of 1:2 are chosen to investigate further. When looking at options 1 and 2 we see that
with a doubling of the braces the deformation decreases with 31% . From 2 to 5, the braces are also
doubled but the deformation decrease is only 20%. That is why option 1 and 2 are chosen to study
further.

4.3. Loads

This section will describe the loads working on the model and the load combinations. Afterwards the
flow of forces through the different stability system designs will be shown.

4.3.1. Permanent loads

The permanent loads on the model are the self weight of the floor and the facade. There are three differ-
ent floor types for the model which were shown in paragraph 4.1.6. In the tables below the permanent
floor loads of these types is shown:

[ Loadt | qx (kN/m?) || Load2 [ qe (kN/m*) [[[| Load3 [ gix (kN/m?) ||
Wooden floor 0.5 Wooden floor 0.5 Wooden floor 0.5
Topping 1 Topping 1 Topping 1
Sand 2 Sand 3.8 Sand 5.2
| Total weight | 3.5 | || Total weight | 53 | | Total weight | 6.7 |

These floor loads are withing the range of permanent floor loads used in Mjgstarnet which were 2.5
kN /m? for the timber floors and 8.5 kN /m? for the concrete floors [11]. The chosen weights are limited
by the minimal required floor weight for acoustic requirements and the maximum size of the box-floors
as was explained in paragraph 4.1.6. How the floor loads work on the model is shown in figure 4.16. In
the figure a line load is displayed in green and the point loads are displayed with red arrows. For both
external braced frame designs the floor load is input as a line load on the head facade and as a point
load caused by the internal beam on the side facade. In the external braced frame the point loads are
transferred directly to the columns present in the facade. For the diagrid system the floor load is also
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input as a line load on the head facade. The point loads caused by the internal beams either transfer
directly into the joint between diagonals or in the middle of the beam, as is shown in figure 4.17. The
weight of the facade is 1.0 kN/m?. The load of the facade is multiplied by the height of a floor which
is 3.4 meters. This gives a line load of 3.4 kN /m. This line load is put on all beams in the head facade

and the side facade.
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Figure 4.16: Floor loads working on the model
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Figure 4.17: Diagrid side facade, load transfer of the floor beams

4.3.2. Variable loads

The variable loads working on the model are live loads, wind loads and moveable walls. For this re-
search the loads caused by snow and rain are not taken into account. The live loads are imposed loads
residencies for non-common floors of 1.75 kN/m? from NEN-EN 1991-1-1+C1+C11:2019/NB:2019.
These loads work on every floor and the roof, this is done to simplify the model. The movable walls
have a weight of 1.2 kN/m? and work on every floor. The wind load is determined in appendix D and
works on the facades of the building. The i)-factors per load are given in table 4.5.

[ | ac(kN/m*) | b [ 1 [ ¥, |

Imposed loads residencies, 1.75 040503
non-common floors
Imposed load movable walls 1.2 1 1 1
Wind 2.0 0 |02

Table 4.5: y-factors
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The live loads and moveable walls transfer their loads in the same manner as the floor loads in figure
4.16. The wind loads are put into the model as point loads. Figure 4.18 shows how the wind load is
put on the stability systems. For the external braced frame designs the wind is put on every joint where
a column meets a beam. This means that when the span of the loaded facade is 6.8 meters the wind
load is put in every 6.8 meters, and with a span of 3.4 meters every 3.4 meters as can be seen in figure
4.18. For the diagrid design the wind load does not change when the floor span changes.
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Figure 4.18: Wind loads working on the model

4.3.3. Load combinations

The following classes and load combinations are determined according to NEN-EN 1990+A1+A1/C2/
NB:2019. The consequence class of the building is CC2 as the building height is 68 meters, the in-
dicative design working life is 50 years and has class 3. The load combinations are given below for the
ultimate limit state (ULS) and service limit state (SLS). Where the permanent loads are called perm, the
imposed loads residencies for non-common floors are called live, the movable walls are called walls
and the wind loads are wind. In the parametric model the wind is tested from all four sides to ensure
that all the elements are sized correctly.

ULS:
6.10.a: LCO perm*1.35 + live*1.5*0.4 + walls*1.5
6.10.b: LC1 perm*1.2 + live(top 2 floors)*1.5 + live(rest floors)*1.5*0.4 + walls*1.5
LC2 perm*1.2 +wind*1.5 + live*1.5*0.4 + walls*1.5
LC3 perm*0.9 + wind*1.5 + walls *1.5
6.11: LC5 perm*1 + wind*1*0.2 + var*1*0.3 + fire reduction + walls *1.5
LC5 perm*1 + wind*1*0.2 + fire reduction + walls *1.5
SLS

char: LC6 perm*1 + wind*1 + walls *1.5
freq: LC7 perm*1 + wind*1*0.2 + walls *1.5

4.3.4. Flow of forces

Figure 4.19 shows how the flow of normal forces is under vertical loading for the three stability systems.
In green the line load on the beams is shown. When a member is under compression the force is shown
in orange and a member in tension is shown in blue. In the external braced frame options the vertical
load is transferred to the foundation predominantly by the columns and a small share is taken up by
the braces. In the diagrid the diagonals are under compression and transfer the vertical loads to the
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supports. The beams are in tension, this is because of the triangulation of the diagrid module as was
discussed in paragraph 2.1.2. In figure 4.20 3D images are shown of the normal forces in the systems
under wind loading. The wind load is portrayed with red arrows. One of the head facades is loaded
with wind in the figure. Again, a member with a compression force is shown in orange and one with a
tension force in blue. The scale of the normal forces is the same for all three stability systems shown.
The facade called the head facade is indicated with a H and the side facades with a S. The external
braced frame with a single brace transfers the loads to the foundation almost completely through the
side facades. In the external braced frame with the double brace the figure shows that the head facade
also takes up some of the normal forces. For the diagrid stability system the contribution of the head
facade is even more.
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Figure 4.19: Flow of normal forces in stability systems under vertical loading
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Figure 4.20: Flow of normal forces in stability systems under wind loading
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4.4. Design constraints
The sizes of the elements are based on the design constraints. These constraints can be divided in

element checks where the ultimate limit state (ULS) loads are applied and global checks where the
service limit state (SLS) loads are applied.

4.4.1. Element checks

The full calculations for the element checks of the timber are shown in appendix E. The timber elements
are checked on:

 Axial stress

» Shear stress

Bending stress

Combined axial and bending stress

Buckling

* Fire safety

The fire safety of the elements is determined by using the reduced cross-section method. The cross-
section of the elements is reduced with 85 mm on every face. For the capacity of the timber the design
strength in fire is used. With this reduced cross section and altered strength the timber elements are
tested for axial strength, shear stress, bending stress, combined axial and bending stress and buckling
under the load combinations for fire.

The connections are checked according to the formulas in appendix B. The fire safety of the con-
nections is provided by encapsulating all steel elements within 85 mm of timber from the reduced
cross-section method.

4.4.2. Global checks

The global checks under the service limit state load combinations that are performed are the global hor-
izontal displacement and along-wind acceleration. The along-wind acceleration is determined analyti-
cally with the natural frequency. The natural frequency is also determined analytically. The calculations
for the natural frequency and along-wind acceleration can be found in appendix D.

Global displacement

The global displacement should be smaller than :

Umax = h/500 = 68/500 = 0.136 m = 136 mm 4.1)

Natural frequency

The natural frequency (n) can be determined with the wind load (q), height of the building (), mass
of the building (m) and global horizontal displacement (u,,,,). Oosterhout (1996) developed this
method for timber high-rise buildings [78].

n = f(ah) * —_ (4.2)

umax

3=
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f(ah) is a function that depends on the type of deformation behaviour. For bending f(ah) = 0.198
and for shear f(ah) = 0.176. As both diagrid and braced frame structures can deform in bending and
shear [51] [80] the average of the two values is chosen to determine the natural frequency

f(ah) = 0.187.

Along-wind acceleration

The along-wind acceleration can be determined with the following formula from NEN-EN
1991-1-4+A1+C2:2011 annex C.

Ky K, ®(,2)

k 4.3
HUref * cDmax P ( )

Amax (¥, 2) = cg-p - Iy (26) - Urzn (zs) "R

The along-wind acceleration of the building should stay below the limit value of acceleration given
by the national annex NEN-EN 1990+A1+A1/C2/NB. This limit value is shown in figure 4.21. For resi-
dencies the value is that of gebruik 2 and gebruik 1 is for offices.
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Figure 4.21: Limit value for wind acceleration for occupied spaces in buildings [59]

The maximum acceleration allowed is dependent on the natural frequency of building. That is why
the limit is approached with a formula in the parametric model:

max(0.1 xn~%3%,0.1) (4.4)

4.5. Exploratory study design for SLS

The final step of the model definition is to define how the global stiffness will be increased in the para-
metric model when the SLS requirements are not met. The SLS requirements exist of the global dis-
placement and the acceleration. To meet the global displacement requirement the global stiffness of
the stability system needs to be increased. To meet the acceleration requirement the global stiffness
can be increased but also the weight of the building can be increased. When material is added to the
stability system only to increase the weight and not the global stiffness it is not seen as an efficient
use of the material. As well as, increasing the weight of the building is already accounted for with the
parameter of the permanent floor load. That is why an exploratory study is performed to find how the
global stiffness can be increased in a material efficient way. In this study the effect of increasing the
timber height, which increases the stiffness of the timber member, is researched per element type. The
increase of the connection stiffness by increasing the number of bolts is also studied per element type.
However, it is chosen to only increase the timber element height in the parametric model and not the
connection stiffness as this would increase the options in the parametric model significantly.
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This exploratory study is done by taking some first results of the parametric model. The single
brace, double brace and diagrid stability system design are all considered. The results are taken from
the design options with a plot size 27.2 x 27.2 m, floor span 6.8 m, permanent floor load 1 & 2 and
element width of 400, 450, 500, 550, 600 and 650. So, per stability system design 12 (2x6) options
are collected. In the tables with results the average value of the 12 options is shown. First the average
displacement and material usage for the 12 design options after the ULS member checks is determined.
Then the decrease in displacement (A d) and increase in material (A Steel or A Timber) are determined
for each options with increased stiffness. To find the influence of the decreased displacement per
increased material the A d is divided by the A Steel or A Timber. A higher number indicates more
material efficiency.

The options with increased material that are studied are:

* Multiplying the number of rows of bolts (n,,,,) in the braces (in the external braced frame) or the
diagonals (in the diagrid) by 2

* Multiplying the number of rows of bolts (n,,,,) in the beams by 2

» Multiplying the number of rows of bolts (n,,,) in the columns by 2

* Multiplying the number of rows of bolts (n,.,,,) in all elements by 1.4, these numbers are rounded
» Multiplying the timber element height (k) of the braces or diagonals by 2

» Multiplying the timber element height (k) of the beams by 2

» Multiplying the timber element height (k) of the columns by 2

* Multiplying the timber element height (k) of all elements by 1.33

4.5.1. Single brace

Increase rows of bolts

I | Brace *2 | Beam *2 [ Column*2 [ All* 1.4 ||

Ad (mm) 0 0.64 0 0.28
ASteel (m®) | 0.91 0.38 0.88 0.79
[Ad/ASteel [ 0 | 171 | 0 [ 036 |

Increase timber element height (h)

I | Brace *2 | Beam *2 | Column*2 [ All* 1.4 ||

Ad (mm) 11.12 0.09 6.50 8.90
ATimber (m®) | 155 364 347 288
[Ad/ATimber | 0072 | 0 [ 0019 [ 0.031 |

In the single brace increasing the rows of bolts of the brace and column does not influence the dis-
placement. Increasing the timber element height of the beam also has a very small influence of the
displacement. To give the single brace a higher global stiffness the connections of the beam or the
element size of the brace and column can be increased.
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4.5.2. Double brace

Increase rows of bolts

I | Brace*2 | Beam *2 | Column*2 [ All* 14 |

Ad (mm) 493 0.51 0 4.05
A Steel (m3) | 0.94 0.35 0.94 0.868
[Ad/ASteel | 526 | 145 | 0 [ 467 |

Increase timber element height (h)

I | Brace *2 | Beam *2 | Column*2 [ All* 1.4 ||

Ad (mm) 7.71 0.09 4.40 5.56
ATimber (m®) | 216 377 356 316
[Ad/ATimber | 0036 | 0 | 0012 | 0.018 |

In the double brace the increase of the connection stiffness of the columns and the increase of the beam
height have little or no influence on the displacement. To increase the global stiffness the connections
of the brace and beam and the timber element height of the brace and column can be increased.

4.5.3. Diagrid

Increase rows of bolts

I | Diagonal *2 | Beam *2 [ Column*2 [ All* 14 ||

Ad (mm) 8.23 0.20 0 467
A Steel (m®) | 1059 4.60 0.04 7.49
[Ad/ASteel | 078 | 004 | 0 | 062 |

Increase timber element height (h)

I | Diagonal *2 [ Beam *2 [ Column*2 [ All* 1.4 ||

Ad (mm) 8.36 2.42 0 5.36
A Timber (m?) 216 377 36 316
[Ad/ATimber | 0039 | 00064 | 0 | 0017 |

In the diagrid increasing the connection of the column and increasing the element height of the column
does not change the global displacement. To increase the global stiffness the connections of the di-
agonals and the element heights of the diagonals and columns can be increased. The increase of the
beam connections also decreases the displacement. However, its influence per steel increase is 19.5
times smaller than that of the diagonal connection, so the effect is seen as insignificant.

4.5.4. Discussion

Now the results of the exploratory will be discussed for a single braced frame design to demonstrate the
relationship between the timber element stiffness and connection stiffness. In figure 4.22 a timber ele-
ment is shown with a steel connection. The timber element will act as a spring with a stiffness (K;imper)
and the connection will also act as a spring with a stiffness (K.onnection)- YWhen the timber stiffness
is higher than the connection stiffness, the connection will cause more elongation of the element and
global displacement than the timber.
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Figure 4.22: Timber element with steel connection acting as springs

Figure 4.23 shows three average designs for a brace, beam and column. These average designs
are taken from the single brace design with a plot size of 27.2 x 27.2, floor span 6.8, permanent floor
load 2 and element width 400 mm. The average design of a brace has a height of 950 mm and 63
bolts, a beam has a height of 700 mm and 8 bolts and a column has a height of 1650 mm and 120
bolts.

Brace Beam Column

950 rrj= 9’ 1650/rm= 15

00 |rmy=4

1l

700x400 A=

950x400

Nrij=7

-+
1650x400 ni=8

Figure 4.23: Average element designs for a single brace design option

To calculate the spring stiffness of the connection the following formula from Eurocode 3 part 8
chapter 3 [56] can be used:

Stiffness per dowel per shear plane:

Prmean > * d 430 % 16
Kconnection = 3 *2 = >3 * 2 =12406 N/mm (4.5)

There are 4 shear planes per dowel:

Kconnection = 12406 * 4 = 49623 N/mm

To calculate the axial stiffness of the timber the following formula can be used:

ExA
Kiimper = T (4.6)
For timber GL28c E = 12500N /mm?. The half length of a brace is 3800 mm, a beam is 3400 mm and
a column 6800 mm. Using the formulas, the amount of dowels per element, element sizes and lengths
we get the following stiffnesses:
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I Brace | I Beam |
Timber 1250000 N/mm Timber 1029412 N/mm
Connection | 13126262 N/mm Connection | 396986 N/mm
I Column |

Timber 1213253 N/mm
Connection | 5954784 N /mm

From the exploratory study for the single brace in paragraph 4.5.1 it was seen that the an increase
of the connection stiffness of the brace has no influence on the displacement. Increasing the timber
element height of the brace did have a positive influence on the displacement. This is in agreement with
the results shown in the table above where it can be seen that the connection stiffness is around 10x
larger than the timber stiffness. For the beam the opposite behaviour was observed, where increasing
the connection stiffness had an influence and increasing the timber stiffness had no influence. It can be
seen that the timber of the beam has a 2.5x larger stiffness than the connection. In the column again
increasing the timber stiffness has an influence similar to the brace. Here the connection stiffness is
almost 5x larger than the timber stiffness.

4.6. Conclusion

In this chapter the input for the parametric model was defined. First the global design parameters were
defined and based on that stability system designs were created. From these stability system designs
the three most material efficient were chosen. Then, the loads and design constraints that are put in
the model are discussed. Lastly, the approach for increasing the global stiffness for the SLS checks is
defined by answering the sub-question:

How can the global stiffness of an externally braced stability system be increased in a material
efficient way?

Parameters

The global design parameters can be divided in fixed design choices and parameters.

The fixed design choices are:

» Timber element size: Minimum height of 250 mm
* Building height: 68 m with 20 storeys

» Foundation stiffness: Determined by the capacity of the foundation piles not a parameter in the
model

» Angle of bracing: 90°for the diagrid and a slope of 1:2 for the external braced frame designs
The parameters in the model are:
» Timber element size: Six options for the width: 400 mm, 450 mm, 500 mm, 550 mm, 600 mm

and 650 mm
» Slenderness of the building: Two plot sizes: 27.2 x 27.2 m and 27.2 x 40.8 m
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* Floor span: Two floor spans: 3.4 m and 6.8 m

« Permanent floor load: Three permanent floor loads: 3.5 kN/m?, 5.3 kN/m?, 6.7 kN/m?. The
permanent floor load of 3.5 kN /m? will be called load 1, the load of 5.3 kN /m? will be referred to
as load 2 and the permanent floor load of 6.7 kN /m? will be called load 3.

Stability system designs

The three chosen stability system designs are shown in figure 4.24. The first design is a single brace
with slope 1:2. The second is the double brace with a slope of 1:2 and the last design is a diagrid with

ring beams every floor. In the figure the stability systems are shown all with different parameters for
the plot size and floor span.

\/

VAVA
VAYA vavh
VA vAY

]
)
]
7
N
n
]
]
=)
N
)
]
L
N
5
N
N

N7/ NI LN L]
IN/&Z T IN TN

n
N
]
=
n
N
5
n
N
<
5
L]
N\
=
N
N
N
-
-

NI I NI T NZT T NVT T N/
LI UN T VN LN L VAN Y
VI LN L NA TRNA TNA
ALV VAN LA T LNTTT
WALV NAVNATNAT N

H 7

Type: Single brace Type: Double brace Type: Diagrid
Plot size: 27.2x27.2m Plot size: 272x272 m Plot size: 27.2x40.8 m
Floor span: 34 m Floor span: 6.8m Floor span: 34 m

Figure 4.24: Three examples of final designs
Increase global stiffness for SLS

The global stiffness of an externally braced stability system can be increased either by increasing the
connection stiffness or increasing the stiffness of the timber elements. It is found that in the single
braced frame increasing the stiffness of the beam connection, or increasing the timber stiffness of the
brace and column would increase the global stiffness. For the double braced frame increasing the
stiffness of the brace and beam connection and increasing the timber stiffness of the brace and column
would improve the global stiffness. In the diagrid increasing the connection stiffness of the diagonals
and increasing the timber stiffness of the diagonals and beams increase the global stiffness.

For this research it was chosen to only increase the timber element sizes in the parametric model.
To increase the global stability in a material efficient way the timber elements that do not influence
the global displacement, and therefore do not increase the global stiffness, will not be increased in
the parametric model. For the external braced frame systems increasing the beam stiffness had no
influence on the displacement but did add a lot of timber. For this reason only the brace and columns

will be increased. In the diagrid increasing the columns had no influence so only the diagonal and beam
elements will be increased.
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Overview parametric model

In figure 4.25 an overview is given of the parametric model with all parameters and design constraints
for which checks will be performed. The amount of design options is 3x stability system design, 6x
timber element size, 2x plot size, 2x floor span and 3x permanent floor load. This gives us 216 design

options that will be studied in the parametric model.
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Figure 4.25: Parametric model overview
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Parametric model

A parametric model is made to be able to study and compare many different building designs and
see what parameters will give the most material efficient design. Parametric studies are useful as
they can generate preliminary designs for stability systems quickly. The parametric model is made
in Grasshopper which is a visual programming software for the 3D modeling program Rhino. In the
model a grasshopper plug-in for structural engineering called Karamba 3D is used that can analyze
entire structural models. The plug-in Beaver that can analyze timber elements, and the plug-in Colibri
that can collect results for a parametric study are used as well. To create the component that can
calculate the connection design and to calculate the along-wind acceleration a python plug-in is used.

The parametric model that will be made for this study will size the timber members of the stability
system and generate a slotted-in steel plate connection design for every timber element individually. In
figure 5.1 the design process of the parametric model is shown. First, all the parameters are selected to
create the building geometry. Then, the stability system is designed based on the selected parameters.
Next the timber elements will be sized and the connection designs will be created. Afterwards the
global SLS checks will be performed and if the requirements are not met the timber element sizes will
be increased.

o Increase
Paramt_eter . Stability . ULS member fimber
selection system checks a
member size

Figure 5.1: Design process parametric model

In this chapter the workflow of the parametric model will be explained in detail together with all
the assumptions made. The workflow of the parametric model is divided into nine steps that will be
discussed individually. Before the workflow will be discussed a table with all the assumptions made per
step will be shown together with where it is explained in the thesis.
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5. Parametric model

5.1. Assumptions

Step Assumption Described in
paragraph
Step 1: Geometry & - All connections are modelled as hinges with an axial 2.2.7
assemble stiffness
- Timber material is GL28c, steel plates are $355 and dowels 411
are 8.8
- Floor load transfers to head fagade as line load 43.1
- Internal beams transfer floor loads as point loads to side 4.3.1
facade
- 1.2 kN/m? imposed load from moveable walls 43.2
- All live loads are imposed loads residencies for non-common | 4.3.2
floors of 1.75 kN/m?
- Facade load as line load on the beams with value of 3.4 43.1
kN/m
- Wind load as point load on joints 4.3.2
- Wind load tested from all four sides 433
- Accidental load combination for fire situation with reduced | 4.4.1
cross-section method
- In external braced frame models the columns continue for 421
four floors, the braces are split when they meet a column,
and the beams are split if they meet a column or beam
- In diagrid the longest diagonals span 3 floors, the beams are | 4.2.2
split when they encounter a diagonal, and the columns only
span one floor
- The internal structure with beams and floors is not
modelled
- The head facades are the same but mirrored around the
plane perpendicular to the facade
- The side facades are the same but mirrored around the
plane perpendicular to the facade
Step 2: Optimize - The unity check is set to 1.4 5.2.2
cross-section Karamba - The timber element height is increased in steps of 50 mm 5.2.2
Step 3: ULS member - The bending and normal force component from the plug-in | 5.2.3
check beaver is used
- The largest normal force and moment are determined from | 5.2.3
all ULS-combinations
- The timber element height is increased with steps of 50 mm | 5.2.3
Step 4: Fire member - The bending & normal force component from the plug-in 52.4
check beaver is used
- The largest normal force and moment are determined from | 5.2.4
the load combination for the accidental fire situation
- The reduced cross-section method with a reduction of 85 E.2
mm from all four element sides is used
- The material design strength for a fire situation is used E.2
- The timber element height is increased with steps of 50 mm | 5.2.4
Step 5: Connection - The draft version of Eurocode 5 is used to determine the 3.1&8B
design block shear capacity
- All steel is embedded within 85 mm of timber 4,1.2&5.25
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Connection design is based on the normal force, small
vertical forces on beams also considered as normal force

All connections have the following defined connection parameters:

Bolt diameter of d = 16 mm

Edge distance of the steel plate e, = 25 mm

Two steel plates are used nyge = 2

Plate thickness of ;¢ = 10 mm

Edge distance of the timber a; = 112 mm

Timber thickness of the outer partis t; = 40 mm

Distance between the balts in direction of the grain a; =
80 mm

Timber thickness of the inner par t, is derived from the left-
over space between the steel plates

The distance between the bolts in direction perpendicular
to the grain a; is derived by dividing the width of the steel
plate by 100 mm and then rounding this number to find
how many rows of bolts 1., fit

The maximum number of rows in direction of the grain
Miow — 15

The timber element height is increased with steps of 50 mm
The axial connection stiffness is determined for the SLS
situation

525

3.2

Step 6: Reassemble
Karamba model

The foundation stiffness based on the required amount of
foundation piles. One pile is a vertical stiffness of 150
MN/m?

Average axial connection stiffness determined per element
group and facade

4.1.8

5.2.6

Step 7: SLS global
checks

Natural frequency determined analytically with the formula
Annex C of NEN 1991-1-4+A1+C2:2011 used to determine
the acceleration of the building

Damping ration of £ = 1.9% & structural logarithmic é; =
0.12

30% of live load added to total weight of the building
Acceleration requirement for the Netherlands used
Acceleration requirement approached with formula

max (0.1 *n7%34,0.1)

Slip in connections considered

Only the timber element heights will be increased

In plot size 27.2 x 27.2 m both facades will be improved

In plot size 27.2 x 40.8 m only the head fagade with length
27.2 m will be improved

In the external braced frame, the columns and braces will
be increased together in steps of 10%

In the diagrid the diagonals and beams will be increased
together in steps of 10%

4.4,2
24.1

24.1
24.1
4.4.2
4.4.2
2.5
4.5
5:2:4
52.7
4.5

4.5

Step 8: Generate
results

The timber and steel in the internal structure are calculated
for the different design options. These values are added up
to the amount of steel and timber in the stability system to
compare the different plot sizes, floor spans and floor loads
The steel in the ‘crossing’ parts is considered

52.8

5.2.8
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5. Parametric model

5.2. Model workflow

The parametric model is divided into nine steps. How these steps are connected can be seen in figure
5.2. In the first step the model will be assembled in a karamba model. In the second step the timber
members will be sized individually within the karamba model by a karamba component. After this step
the karamba model will be disassembled. For each member the size and forces are gathered from the
disassembled model. These will be used to perform the ULS element checks in step 3,4 and 5. Then
in step 6 the complete model is reassembled to perform the global SLS checks. In step 7 the global
checks are performed. All the results of the designs will be collected after the global checks to see what
stability system need to have their global stiffness increased after the ULS design. The options that do
not satisfy then have their element heights increased in steps of 10% until they meet all requirements.
Then in step 8 the results are generated in grasshopper. All results will be collected with colibri and
afterwards excel is used to group the correct results.

Select parameters:
Stability system (3x)
Plot size (2x)
Floor span (2x)
- Element width (6x)
‘\- Self weight (3x)

I

-
Step 1:

Create geometry &

assemble

Karamba model

A4

Step 2:
Karamba optimize
cross-section

Figure 5.2: Parametric model workflow
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5.2.1. Step 1: Geometry & assemble

In the first step the geometry of the chosen design option is created. This geometry together with all the
load combinations, the timber cross-sections list and the material properties of GL28c are assembled in
a 3D karamba model. Karamba can then analyse the model to give the forces present in each member.
Figure 5.3 shows how first the model is assembled and afterwards analysed. The last part of the figure

shows step 2.
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Figure 5.3: Step 1 and 2 of the parametric model

5.2.2. Step 2: Optimize cross-section Karamba

Next the model is put through the optimize cross-section tool of Karamba. This tool checks the members
on axial stress, shear stress, bending stress, combined stresses and buckling for all load combinations.
This component uses Eurocode 3 for steel to determine if the members satisfy the unity checks but with
the material properties of GL28c timber. The maximum utilisation of the component is set to 1.4 to make
sure the timber elements are not overdimensioned. This step is useful as it gives starting member sizes
that are closer to the required member sizes. Consequently, the speed of the model is increased.

5.2.3. Step 3: ULS member check

M-max »
AR E ¥ B AN I l B

N-max»>

Figure 5.4: Member forces

The karamba model is disassembled and for every member the maximum normal force and moment for
the ULS load combinations is found. Figure 5.4 shows an example of this for a long diagonal member
that spans three floors. The maximum normal force, maximum moment, member size and buckling
length are put in to the bending and normal forces component of Beaver. This component checks the
axial stress, shear stress, bending stress, combined stresses and buckling for timber elements based
on Eurocode 5 for timber. The formulas used in these checks can be found in appendix E.1. Per
member the height from step 2 is made into a list of 15 values where the height is increased with 50
mm for each value. Figure 5.5 shows an example where a member with a height of 500 mm is made
into a list. The member heights from this list are then checked with the Beaver component which will
give a unity check value. If the value is 1 or lower the member height satisfies. From this list of unity
checks per member the smallest height that satisfies the unity check is selected as the new member
height. In the example in figure 5.5 this would be 600 mm.
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h(mm) uc
500 1.2
550 1.1
600 1.0
650 0.9
700 0.8
750 0.7
800 0.6

Figure 5.5: Element height (h) list and unity check (UC) value

5.2.4. Step 4: Fire member check

The maximum moments and normal forces are determined for the accidental load combination in the
case of fire. For this step the beaver component for bending and normal forces is used once more.
The material stiffness is altered for the fire situation. The design strength during fire is determined by
using a modification factor for fire as shown in appendix E.2. The member sizes are reduced by 85 mm
from the reduced cross-section method on all four sides of the member. The member heights minus
the reduced cross-section from step 3 are again made into lists where 50 mm is added per step and
the smallest height that satisfies the unity checks is selected. This is the same method as used in step
3.

5.2.5. Step 5: Connection design

The connection design in the parametric model is made by a python component. The input for this
component are the ULS forces (N), timber element heights from step 4 (h) and the timber element
widths are used. For the columns, braces and diagonals only the normal force is checked to get
the maximum load on the connection. For the beams in the model the normal force as well as the
shear force are checked to determine the maximum load on the connection as shown in figure 5.6.
However, all loads are seen as normal forces in the axial direction of the element when calculating
the connection design. Normally when the force working on the connection is under an angle the
characteristic embedment strength of the timber is reduced. The maximum shear forces in the beams
are never larger than 156 kN. This maximum force results in fairly small connections with 6 bolts or
less, depending on the timber member size. Overall this assumptions is expected to cause a small
underestimation of the amount of steel used for the beams as the connection designs affected use a
relatively small amount of steel so the possible increase would also be small.

Side view Top view

Side view

Determine forces Create connection design

Figure 5.6: Step 5 of the parametric model
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Figure 5.7: Connection design python component

The parametric model will have to determine the connection design for every timber element and be
able to increase the element height of the timber if the largest connection that fits has too little capacity.
The component is created with the programming language python. The formulas used in the python
script are all shown in appendix B. To calculate the block shear capacity only the draft version from
Eurocode 5 will be used [16]. Figure 5.7 shows the python component with an example calculation.
This calculation will be discussed to explain the component. In table 5.1 the input for the component is
shown with a description and unit. In table 5.2 the same is shown for the output of the component.

H Description Value  Unit H
N Normal force 1600 kN
width  Timber width 50 cm
height Timber height 50 cm
t Thickness outer 40 mm
timber part
Table 5.1: Input of the connection design
component

Steps of the connection design component:

H Description Value Unit H
steel  Amount of steel 9127344 mm?
in connection
bol Number of bolts 40 -
Ksls  Axial stiffness of 1916090 N/mm
the connection
Height Timber height 65 cm
n Number of rows 8 -
Nyrow
Fv Connection capacity 1680 kN
str Allowed stress in 7.8 N/mm?
the timber element

Table 5.2: Output of the connection design component

1. Input general: The material properties of timber GL28c, steel plate S355 and steel dowels 8.8
are input. The modification factors k., = 0.9 for wind and y,, = 1.3 for connections are input
and the design strengths are calculated.

2. Input connection design: The connection parameters chosen in the exploratory study are input
in the script. These values are d = 16 mm, e, = 25 mm, tyiqte = 10 mm, a3 = 112 mm,
Nplate = 2, t1 = 40 mm, a; = 80 mm.

3. Calculate t,: As can be seen in figure 5.8 the thickness of the inner timber part is calculated by
subtracting the plate thicknesses, the 85 mm from the reduced cross-section and t; of 40 mm
this gives a timber thickness of 230 mm for ¢,.
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Figure 5.8: Step three and four of the connection design component

4. Calculate 1., & a,: The component will first check if the element height is smaller than 320 mm
as this will give only one row r,,,,. This is checked since the calculation will differ slightly as
there is no value for a,. In the case of the example connection the element height is larger than
320 mm so now the number of rows r,.,,, will be calculated. This is also shown in figure 5.8. The
85 mm from the reduced cross section method and the end distance e, are subtracted from each
side of the element. For an element with a height of 500 mm this left over space is 280 mm. The
left over space is divided by 100 mm giving 2.8 and then rounded to 3. This means that the area
should be divided in to three parts meaning that there should be 4 rows of bolts so +1 is added.
Then the left over space is divided by 3 giving a value of 93 mm for a,.

5. Johansen model check: The failure modes of the Johansen model are calculated according to
the formulas used in appendix B.

6. Timber block shear check: The timber block shear capacity is calculated according to the draft
for Eurocode 5. These calculations can be found in appendix B. In this step the effective thickness
of the outer parts is dependent on the normative failure modes of the Johansen model. If the
normative failure mode is failure mode H from figure 3.1 t,; = t; and if another failure mode is
normative t,r = 0.65 * t;.

7. Steel elements check: The shear resistance of the bolt, the bearing resistance of the plate and
the block tearing resistance of the plate are calculated according to the formulas in appendix B.

8. Capacity: The smallest, and therefore normative capacity of all the checks is determined. The
unity check of the connection is then performed. If the capacity of the connection F., nection
in figure 5.9 is smaller then the force on the connection N the unity check will be larger than 1
meaning that the rows of bolts needs to be increased. If the unity check is smaller than 1 the
connection design satisfies and no rows will be added. For the connection from the example the
number of rows needs to be increased.

9. Increase number of rows n,,,,: Increasing the number of rows is the innerloop of the component
as seen in figure 5.9. The number of rows the component can choose from is 1,3,5,8,12 and 15.
Not all rows from 1 to 15 are chosen as this would decrease the speed of the model. The capacity
of the connection is calculated for all number of rows. If the unity check is larger than 1 with 15
rows the element height needs to be increased. For the connection from the example this is the
case.

10. Increase timber element height h: The element height is increased in steps of 50 mm and can
be increased 40 times. This is done to ensure a connection design with a sufficient unity check.
In the example connection the output element height is 650 mm which means that the element
needed to be increased in height three times. A unity check of 0.95 is reached with eight rows of
bolts n,,,, and a total of 40 bolts meaning r.,,, is five.
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Figure 5.9: Double loop process of step 9 and 10 of the connection component

11. Axial stiffness of the connection: When the connection design has sufficient capacity the axial
stiffness or slip of the connection is calculated for the SLS situation according to appendix B.

12.

Collect results: The final step of the component will gather the results for every connection

design. The total amount of steel in the connection is calculated based on the dimensions of the
steel plates and the number of bolts. The axial stiffness of the connections and the new element
heights will serve as input for the next steps in the parametric model.

5.2.6. Step 6: Reassemble Karamba model

Vertical foundation
stiffness

Loads & geometry

Figure 5.10: Step 6 of the parametric model

Side view Side view

hold |hnew

Axial connection

New member heights stiffness

After performing the element checks the karamba model needs to be reassembled to perform the
global SLS checks. As can be seen in figure 5.10, first the geometry and loads are gathered from the
disassembled karamba model from step 2. Other information gathered from the model is the maximum
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reaction forces at the supports. Based on the reaction force in z-direction it is determined how many
foundation piles with a capacity of 3000 kN are needed. Per foundation pile a vertical foundation
stiffness of 150 MN /m? is applied and this stiffness is put in to the model. Paragraph 4.1.8. showed
how many piles are used at what location. Next the member heights are altered to the new member
heights found after step 5. The connection stiffnesses for the new model are determined by calculating
the average connection stiffness per element group. The element groups are divided into head and
side facade and per element type. The element types for the diagrid are beams, diagonals that span
three floors, diagonals that span two floors, diagonals that span a single floor, columns and the ends
of the beams. The ends are pointed out with red arrows in figure 5.11. For the external braced frame
the element types are columns, beams and braces. After this step there is a 3D-karamba model with
the defined loads & geometry, new foundation stiffness, new element heights that are sized based on
the ULS element checks and average connection stiffnesses for each element group.
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05252508

e
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5.2.7. Step 7: SLS global checks

Figure 5.11: Beam ends in diagrid

Figure 5.12: Global displacement

In this step the assembled karamba model is analyzed with the karamba component called analyze.
First the global displacement of the structure is determined. This displacement (u) is checked to see
if it is smaller than the maximum allowed displacement of 68000/500 = 136 mm. The weight of the
stability system is gathered from the reassembled model in step 6. To calculate the modal mass of the
building 30% of the live load, the facade weight and the self weight of the floors including sand, topping
and moveable wall loading are added to the weight of the stability system. The weight of the timber in
the internal structure is also added by multiplying the amount of used timber by the density of GL28c.
The total mass of the building that is added to the mass of the stability system in the facade is given in
table 5.3. The amount of timber in the internal system used to calculate the mass will be discussed in
the next paragraph 5.2.8.
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| Plot size - floor span || Floor load 1 | Floor load 2 | Floor load 3 ||

27.2x27.2-3.4 8.62 * 10° 1.16 * 107 1.41 = 107
27.2x27.2-6.8 8.59  10° 1.14 = 107 1.37 * 107
27.2x40.8-3.4 1.28 * 107 1.73 * 107 2.07 x 107
27.2x40.8 - 6.8 1.26 * 107 1.70 * 107 2.04 * 107

Table 5.3: Mass of the building excluding the stability system in kg

With the mass of the building, the wind load and the displacement, the natural frequency of the
building is determined for the along-wind direction. Afterwards the acceleration is calculated with the
natural frequency and the modal mass. The method to calculate the natural frequency and the accel-
eration are discussed in paragraph 4.4.2 and appendix D. The acceleration is then checked to see if it
is smaller than the acceleration limit.

When one of the two SLS requirements is not met the element heights will be increased in steps
of 10%. For the external braced frame options only the heights of the columns and braces will be
increased. For the diagrid only the heights of the beams and diagonals will be increased. In the square
plot size of 27.2 x 27.2 m the elements of both the side and head facades will be increased. For
the rectangular plot size of 27.2 x 40.8 m only the short head facades will be increased as they are
determining for the maximum global displacement.

5.2.8. Step 8: Generate results

The results of the parametric model will be the amount of material that is used in the buildings as well
as the displacement, acceleration and acceleration requirement. The displacement, acceleration and
acceleration requirement can be gathered directly from step 7. How the material usage is determined
will be discussed now.

Timber

The results for the amount of material used will include the amount of timber in the stability system after
each sizing step of the parametric model. These steps are the ULS member check, the fire member
check, the connection design and the SLS global check. These results are determined by adding all
the timber element sizes together after the step. The total amount of timber in the building including
the internal structure will also be a result to provide a fair comparison between the different design
options. The timber usage of the internal structure is determined by calculating the amount of timber
of the internal beams, columns and floor elements for every different geometry and floor weight. In
appendix G an example calculation for the material used in the internal structure is shown. Table 5.4
shows the amount of timber per option in m3.

| Plot size - floor span [| Floor load 1 | Floor load 2 | Floor load 3 ||

27.2x27.2-34 2151 2902 3416
27.2x27.2-6.8 2077 2481 2983
27.2x40.8 - 3.4 3291 4431 5208
27.2x40.8 - 6.8 3210 3831 4595

Table 5.4: Amount of timber inside the building in m3

Steel

The amount of steel used in the building will also be part of the results. To calculate the amount of steel
in the facade steel needs to be added to the steel calculated by the connection design component. In
figure 5.13 and 5.14 a diagrid and external braced frame connection are shown, respectively. The steel
is only calculated for the blue parts in the figure by the connection design component. To account for
the red parts of the steel plate and bolts some simplified calculations are done.
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Figure 5.13: Diagrid connection with steel in cross- Figure 5.14: External braced frame connection with
ing part steel in crossing part

For the diagrid designs these calculations are:

Where one diagonal crosses a continuing long diagonal like in figure 5.13, the average height (h) of
the long diagonals in that facade is multiplied by the average plate width (w) of the short diagonals in
that facade and then multiplied by the number of plates and the plate thickness. Where a column or
a beam meets the diagonals 85 mm is added to the plate in order for the plate to reach through the
reduced cross-section zone of the diagonal. The bolts in the red section must keep the elements in
place and take up shear forces from the beams. These shear forces are a maximum of 300 kN which
can be taken up by four bolts. From detail drawings of Koning Willem 1 college and Mjgstarnet there are
always more bolts present in the red areas so four bolts is assumed to be the minimum amount of bolts
allowed. For each of these meeting points the area of four bolts is multiplied by the length of the bolt.
The length of the bolt is the timber element width minus the 85 mm from the reduced cross-section.

For the external braced frame designs these calculations are:

Where a beam crosses a continuing column as shown in figure 5.14, the average height (k) of the
columns in that facade is multiplied by the average width (w) of the plate of the beams and then mul-
tiplied by the number of plates and the plate thickness. For every brace connection 85 mm is added
to the plate in order for the plate to reach through the reduced cross-section zone of the beam. Four
bolts are also added to every meeting point in order to keep the elements in place and take up shear
forces similar to the diagrid.

To calculate the total amount of steel in the building the steel of the internal structure is added
to the steel in the stability system. The steel in the internal structure is calculated for every different
geometry and floor weight. The steel in the internal structure is from the connections between the
internal columns and beams. Table 5.4 shows the amount of steel in the internal structure for each
design option. In appendix G an example of how the steel is calculated for the internal structure is
given. This might be a slight underestimation as reference projects use a higher number of bolts for
these types of connections.

| Plot size - floor span [| Floor load 1 | Floor load 2 | Floor load 3 ||

27.2x27.2-34 1.21 1.36 2.23
27.2x27.2-6.8 0.98 1.09 1.54
27.2x40.8 - 3.4 1.91 2.13 3.51
27.2x40.8 - 6.8 1.63 1.81 2.57

Table 5.5: Amount of steel inside the building in m3
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5.2.9. Step 9: Brute-force

Brute-force implies that all possible combinations of the parameters are collected. To do this the soft-
ware colibri is used within the grasshopper script. Colibri will collect the results for all the 216 design
iterations in an CSV excel file.

Two sets of results will be gathered with the brute-force method. The first set will be after the
ULS element checks, meaning that the timber elements have not been increased yet due to the global
SLS checks of step 7. From these results it can be gathered what designs already satisfy the SLS
requirements based on the ULS design.

The second set of results gathered by colibri will be after the designs also satisfy the global SLS
requirements. These results will give the final designs that meet all requirements for all possible com-
binations. The CSV excel file with the results can then be ordered correctly and read either in excel or
in python.

5.3. Conclusion

This chapter described the workflow and explained the workings of the parametric model. In the first
paragraph all assumptions made for the model were described. Then all the steps within the parametric
model were explained. After the final step of the model the results are generated and processed so
that they can be discussed and shown in the following chapters.






General results

In the following chapters the results from the parametric model will be discussed. In appendix H all
the results collected by the model are shown. In this chapter the general results of the model will be
discussed. This is done to understand how the different stability system designs are sized within the
parametric model. In chapter 7 the results per parameter will be discussed. In that chapter the influence
of the different parameters on the material efficiency of the stability system will be shown.

The current chapter will first show the results for the ULS design. These results are the unity checks
of the displacement and acceleration SLS requirements. It will show what designs satisfy the SLS re-
quirements after the elements are sized for the ULS checks. Then, results are shown of the design
for SLS. Here the options that did not meet the SLS requirements have their timber element heights
increased. In the results the increase in timber will be compared to the new unity checks for displace-
ment and acceleration. Afterwards, the increase in timber for each performed check will discussed to
get an understanding of how the element sizes are increased. Lastly, the final designs of the stability
systems are discussed where timber element sizes and connection sizes will be shown.

6.1. ULS design

The first set of results is gathered after sizing all the elements with the ULS element checks. From
these results it can be seen that some stability system designs already meet the SLS requirements
and others do not. In table 6.1 the unity checks are given for all the design options. The value in the
table is the average unity check of all six element widths. Green cells represent that all six element
widths satisfy the requirements. In red the options are marked that do not satisfy the requirements.
One cell is marked orange for the diagrid with plot size 27.2 x 27.2, floor span 3.4 and floor load 2.
Here, the acceleration requirement was only met for element widths of 400 and 450 mm. In the figure
floor load 1 is the permanent floor load of 3.5 kN/m?, load 2 is 5.3 kN/m? and load 3 is 6.7 kN /m?.
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Stability Plot size Floor Floor span 3.4 m Floor span 6.8 m
system load | Displacement | Acceleration Displacement | Acceleration
Single brace | 27.2x27.2 |1 1.07 1.52 0.82 1.43
2 1.05 1.22 0.81 1.17
3 1.04 1.13 0.80 1.02
27.2x408 |1 1.09 1.04 1.06 1.04
2 1.07 0.84 1.04 0.84
3 1.06 0.73 1.03 0.73
Double 27.2x27.2 |1 0.76 1.41 0.57 1.31
brace 2 0.75 1.14 0.55 1.07
3 0.73 1.06 0.54 0.94
27.2x40.8 |1 0.73 0.96 0.68 0.94
2 0.71 0.77 0.66 0.76
3 0.70 0.67 0.66 0.67
Diagrid 27.2x27.2 |1 0.51 1.25 0.47 1.22
2 0.47 1.00* 0.43 0.99
3 0.44 0.93 0.41 0.86
27.2x40.8 |1 0.55 0.88 0.51 0.86
2 0.50 0.70 0.47 0.69
3 0.47 0.61 0.44 0.60

Table 6.1: Average unity checks for displacement and acceleration
*Only element width 400 & 450 mm satisfy the requirement

What can be gathered from the table is that all designs for the single braced frame with the plot size
of 27.2 x 27.2 m have a displacement and acceleration that are too large. The designs for the single
braced frame with plot size 27.2 x 40.8 m all do not meet the displacement requirement but the designs
with permanent floor load 2 and 3 do meet the acceleration requirement. All double braced frame and
diagrid designs satisfy the displacement requirement. The designs with plot size 27.2 x 40.8 m and
a double braced frame or diagrid also satisfy the acceleration requirement. The double braced frame
with plot size 27.2 x 27.2 m has a too large acceleration with permanent floor load 1 and 2, with load
3 only the designs with a floor span of 6.8 meters satisfy. For the diagrid designs with plot size 27.2 x
27.2 m and permanent floor load 1 the acceleration requirement is not met. With load 2 all designs with
a floor span of 6.8 meters, and the designs with floor span 3.4 meters and element width 400 & 450 mm
satisfy the acceleration requirement. For permanent floor load 3 all designs meet the requirements.

The unity checks for the single brace designs are the largest and the unity checks for the diagrid
designs are the smallest. This means that the single braced frame has the lowest global stiffness then
the double brace and the diagrid has the highest global stiffness. The unity checks for displacement are
always larger for the plot size of 27.2 x 40.8 m than that of plot size 27.2 x 27.2 m. For the acceleration
it is opposite where the unity checks are always larger for the 27.2 x 27.2 m plot size. When the
permanent floor load increases the unity check for the displacement decreases slightly, but the unity
check for the acceleration decreases significantly. The unity checks for the options with a floor span of
3.4 meters are always larger, or the same in the case of the single braced options with plot size 27.2 x
40.8 m.

6.2. Design for SLS

In table 6.2 the element heights have been increased up until the point that the global SLS requirements
are met. Again, the results will be shown as the average for all six element widths. In table 6.2 the
average unity check for the displacement is given in the column (UC d), the average unity check for
the acceleration is given in the column with (UC a). In the column (AUC a) the decrease of the unity
check from the unity check for the ULS design given in table 6.1 is shown. In the column (Timber) the
increase of the total amount of timber in the stability system in the facade is shown in percentages. To
show the material efficiency of the increase in timber for the different options the (AUC a) is divided
by the increase in timber and shown in percentages. A higher percentage represents more material
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efficiency, since it means the unity check is lowered more with less added timber. The results for the
double brace and diagrid with plot size 27.2 x 40.8 m are not shown as all options already met the
SLS requirements. From table 6.2 information can be gathered on the unity check of the displacement
(UC d), the increase in timber (Timber) and the material efficiency of the increase ((A a/ Timber). The
findings will now be presented per item.

Stability | Plot Floor Floor span 3.4 m Floor span 6.8 m
system size load | ucd | UCa | AUCa | Timber | Aa/timber | UCd | UCa | AUCa | Timber | A a/ timber
Single 27.2x | 1 0.66 | 1.0 0.52 | +760% 0.068 0.46 | 1.0 0.43 | +650% 0.066
brace 272 |2 0.70 | 1.0 0.22 | +414% 0.053 0.52 | 1.0 0.17 | +210% 0.081
3 073 | 1.0 0.13 | +235% 0.055 073 | 1.0 0.02 +15% 0.133
27.2x | 1 0.89 | 1.0 0.04 +26% 0.15 0.90 | 1.0 0.04 +27% 0.148
408 |2 0.99 | 0.83 | 0.01 +7.0% 0.14 1.0 | 0.83 | 0.01 +5.6% 0.18
3 1.0 | 072 | 0.01 +5.4% 0.19 0.99 | 0.72 | 0.01 +5.0% 0.2
Double 272x |1 0.64 | 1.0 0.41 | +528% 0.078 034 | 1.0 0.31 | +385% 0.081
brace 272 |2 0.65 | 1.0 0.14 | +264% 0.053 0.45 | 1.0 0.07 +53% 0.13
3 0.66 | 1.0 0.06 | +137% 0.044 0.54 | 0.94 - - -
Diagrid 272x |1 037 | 1.0 0.25 | +319% 0.078 034 | 1.0 0.22 | +250% 0.088
272 |2 045 | 1.0 0.01 +10% 0.1 0.43 | 0.99 - - -
3 0.44 | 0.93 - - - 0.41 | 0.86 - - -

Table 6.2: Decrease acceleration unity check and increase timber in the stability system

Unity check displacement (UC d)

 For the larger plot size the unity checks for the displacement are larger than for the smaller plot

size

» With a higher floor load the unity check for the displacement is larger

» The single brace has the highest unity checks and the diagrid the smallest

» The options with a small plot size and brace have a larger unity check with floor span 3.4 m than
with floor span 6.8 m

Increase in timber (Timber)

 For the larger plot size the increase in timber is smaller than for the smaller plot size

» With a higher floor load the increase in material is smaller

» The single brace has the highest increase in material and the diagrid the smallest

» The options with a small plot size and brace have a larger increase with floor span 3.4 than with
floor span 6.8

Material efficiency of the increase (A a/ Timber)

For the larger plot size the efficiency seems the largest, however the increase for floor load 2 and
3 is small so the results for these options is not very accurate

» With a higher floor load the efficiency increases, except for the options with a small plot size,
brace and small floor span

» The options with a small plot size, brace and floor span of 3.4 decrease in efficiency when the
floor load increases

» The single brace seems to have the least efficient increase and the diagrid the most

» On average the larger floor span has a higher efficiency than the small floor span
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6.3. Timber increase per check

When all the elements have been sized based on the three ULS checks including the ULS member
check (blue), the fire member check (orange), the connection design (green) and the SLS global checks
(red) the final designs of the stability systems are determined. To show how much each check increases
the timber usage in the stability system three graphs are shown for the single brace with a plot size
of 27.2 x 27.2 m and floor span 6.8 m. Three graphs are shown in figure 6.1 for the three permanent
floor loads. The graphs show the amount of timber in the stability system after each check per element
width. The three graphs have different y-axes.
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Figure 6.1: Timber in the stability system after checks, results for single brace with plot size 27.2 x 27.2 m and floor span 6.8

The three graphs show clearly that the increase in timber from the connection design to the SLS
design is higher with a lower permanent floor load. This was also seen in table 6.2. The relationship
between the increase in timber for the ULS checks which include the ULS member check (blue), the
fire check (orange) and connection design (green) does not change with increased permanent floor
load. It does however change with the element widths. The ULS and fire designs increase in material
usage when the element widths increase. Then when the connection design is made the amount of
timber used per element width becomes more similar. For the final timber usage determined by the
SLS design it differs what width uses the least timber. The effect of the element width on the material
usage in the final design will be discussed further in paragraph 8.2.4.
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The graphs shown in figure 6.1 only show the results for one stability system, one floor span and
one plot size. When studying the same graphs for designs with other parameters it is seen that the
relationship between the increase in timber for the ULS checks is similar. This means that the choice for
the stability system, floor span and plot size has no to little influence on the material increase between
the ULS checks.However, there is a big difference in material increase from the ULS checks to the SLS
checks for the other parameters. This material increase from the ULS to the SLS design was shown
in table 6.2 in the column (Timber). For this reason no additional graphs will be shown for the other
designs.

6.4. Final design

After the elements are sized based on the SLS checks all designs are finalized. In this paragraph two
designs are chosen to show how a final design looks and to gain insight into the element sizes. The
options that will be shown have a single brace, a plot size of 27.2 x 27.2 m, a floor span of 6.8 meters
and an element width of 500 mm. One option will have permanent floor load 1 and the other load 3.

The figures will show the timber element sizes in centimeters and portray the elements scaled as
their real size. First, a figure will be shown of the total head facade, then only the bottom part of the
head facade will be shown with timber element sizes and a blue circle. Lastly, the connection design
located in the blue circle will be shown. When the connection design is portrayed the number of bolts
will be indicated with 7.4, X 1,94, -

Permanent floor load 1

Figure 6.2: Head facade Figure 6.3: Bottom part of the head facade with element sizes (cm)

Figure 6.4: Connection design with timber element sizes (cm) and number of bolts
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From figures 6.2 to 6.4 it is visible that the timber element sizes are so large that they overlap. This
means that the design is not feasible. The largest columns have a size of 19000 mm, the largest beam
of 550 mm and the largest brace of 9500 mm. The connection design was not altered during the SLS
design so the connection size does not increase. The connection has four bolts for the beam, 56 & 48
bolts for the braces and 112 & 144 bolts for the columns.

Permanent floor load 3

103.5X50 155..

. Figure 6.6: Bottom part of the head facade with element sizes (cm)
Figure 6.5: Head facade

Figure 6.7: Connection design with timber element sizes (cm) and number of bolts

From figures 6.5 to 6.7 it can be seen that the timber elements do not overlap. This means that the
design is feasible. The largest columns have a size of 2530 mm, the largest beam of 650 mm and the
largest brace of 1150 mm. The connection design has five bolts for the beam, 56 & 48 bolts for the
braces and 120 & 168 bolts for the columns.

When looking at the designs for permanent floor load 1 and permanent floor load 3 it can be seen
that there is a significant decrease in timber sizes when the load increases. The large sizes for load
1 make the design unfeasible. In the discussion in paragraph 8.1.2 the largest element sizes for all
designs with element width 500 mm will be shown. Here, all the unfeasible designs made by the
parametric model will be discussed. For the connection design it can be seen that the connection sizes
for the braces are the same and the beam and column connections increase when the permanent floor
load increases.



Results per parameter

In this chapter the results of the influence of the different parameters will be discussed. Because the
type of stability system has a large influence on the results, the results will be split up for the three
stability systems. For each system the results will be discussed per parameter. The results will show
the amount of timber and steel used per parameter. The amount of material used in the stability system
and in the total building will be reported.

When one parameter is discussed the average value of the other parameters is taken. With the
exception of the plot size. The results will always be split-up per plot size as the results are considerably
different. For example, if the floor span parameter is discussed for the single braced frame design there
are a total of 72 designs. These designs are split up per plot size giving 36 designs. There are two
floor spans giving 18 designs per span. These 18 designs are divided into six element widths and three
permanent floor loads. The results shown in the table for the floor span will be the average value of the
18 designs for all element widths and permanent floor loads.

7.1. Single brace

The results shown in the tables are the amount of timber and steel in the stability system in the facade
and in the total building in cubic meters. This means that the steel connecting the internal beams and
columns, and the timber of the internal floors, beams and columns are added to the material in the
stability system in the facade. The values in the tables are the average values of the other parameters
as explained in the introduction of the chapter.

7.1.1. Plot size

The timber usage for plot size 27.2 x 27.2 m is much larger than that of plot size 27.2 x 40.8 m as can
be seen in table 7.1. The amount of steel used is smaller for the plot size of 27.2 x 27.2 m. For the total
amount of timber there is an increase of 42 % and for the total amount of steel 39 %. In the facade the
timber increase is 224% and the steel increase is 31%.

H Plot size (m) H 27.2x27.2m \ 27.2x40.8m H
Timber (m3) 8251 5817
Timber facade (m?3) 5583 1723
Steel (m?) 5.64 7.83
Steel facade (m?3) 4.24 5.57

Table 7.1: Material used
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7.1.2. Floor span

Plot size 27.2 x 27.2 m

From table 7.2 it can be seen that the total amount of timber used is larger with a floor span of 3.4 m
with an increase of 27%. The timber in the facade is also larger for the span of 3.4 m with an increase
of 34%. The total amount of steel used is smaller with a floor span of 6.8 m. The increase in steel in
the facade is 9% and in the total amount of steel is 15%.

I Span (m) | 34 [ 638 ]
Timber (m?) 9221 | 7281
Timber facade (m?3) || 6399 | 4768
Steel (m?) 6.03 | 526
Steel facade (m3) || 4.43 | 4.05

Table 7.2: Material used for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

Table 7.3 shows that the total amount of timber is fairly more for a span of 3.4 m with an increase of
6.1%. In the facade the timber used is larger for the span of 6.8 with an increase of 5.3%. The total
amount of steel used is smaller with a floor span of 6.8 m. The increase in steel in the facade is 6.1%
and in the total amount of steel is 11%.

Span (m) 3.4 6.8
Timber (m3) 5988 | 5646
Timber facade (m3) || 1678 | 1767
Steel (m?) 825 | 7.41
Steel facade (m?3) 5.74 | 5.41

Table 7.3: Material used for plot size 27.2 x 40.8 m

7.1.3. Permanent floor load

Load 1 is the permanent floor load of 3.5 kN/m?, load 2 is 5.3 kN/m? and load 3 is 6.7 kN /m?.

Plot size 27.2 x 27.2 m

In table 7.4 it is shown that the amount of timber used decreases when the permanent floor load in-
creases, for both the total amount of timber and timber in the facade. The increase between the options
with the least timber and the most is 216% for the facade and 84% for the total amount of timber. The
steel usage increases when the load increases. The increase in the facade is 29% and in the total
building it is 39%.

[ Load [ 1 [ 2 [ 3 |
Timber (m3) 11115 | 7592 | 6046
Timber facade (m3) || 9001 | 4903 | 2847
Steel (m?3) 478 | 551 | 6.64
Steel facade(m?) 369 | 428 | 4.76

Table 7.4: Material used for plot size 27.2 x 27.2 m
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Plot size 27.2 x 40.8 m

As seen in table 7.5 the total amount of timber used increases when the permanent floor load increases.
The timber in the facade is the least for load 2. The increase between the options with the least timber
and the most is 8.9% for the facade and 31.5% for the total amount of timber. The steel usage increases
when the load increases. The increase in the facade is 31% and in the total building it is 42%.

[ Load [ 1 [ 2 [ 3 |
Timber (m3) 5043 | 5777 | 6632
Timber facade (m3) || 1792 | 1646 | 1730
Steel (m?) 6.56 | 7.61 | 9.33
Steel facade (m3) || 4.79 | 5.64 | 6.29

Table 7.5: Material used for plot size 27.2 x 40.8 m

7.1.4. Element width

The element width has no influence on material usage of the internal structure, therefore only the
material used in the stability system in the facade will be shown.

Plot size 27.2 x 27.2 m

The amount of timber used from low to high per element width is 650, 600, 550 & 400, 500 and 450,
this can be seen in table 7.6. The difference between the option with the least and the most timber
is 5.8%. The steel usage is the largest for an element width of 400 mm. From a width of 400 to 550
mm there is a significant decrease in steel usage, where the decrease in these steps becomes smaller.
From a width of 550 mm to 650 mm there is a very small decrease in steel. The maximum difference
in steel usage is 46%.

[ Width (mm) || 400 | 450 [ 500 | 550 | 600 | 650 |

Timber facade (m?%) || 5598 | 5737 | 5687 | 5595 | 5458 | 5425
Steel facade (m?) 552 | 453 | 404 | 3.81 | 3.79 | 3.77

Table 7.6: Material used in facade for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

The results for the large plot size are shown in table 7.7. The amount of timber used increases when
the element width increases. The difference between the option with the least and the most timber is
9.2%. The steel usage is the largest for an element width of 400 mm. From a width of 400 to 550 mm
there is a significant decrease in steel usage, where the decrease in these steps becomes smaller.
From a width of 550 mm to 600 mm there is a very small decrease and 650 mm has the same usage
as 600 mm. The maximum difference in steel usage is 44%.

[ Width (mm) || 400 | 450 | 500 | 550 | 600 | 650 |

Timber facade (m3) || 1660 | 1667 | 1693 | 1731 | 1772 | 1814
Steel facade (m?3) 720 | 5.86 | 531 | 5.05 | 5.01 | 5.01

Table 7.7: Material used in facade for plot size 27.2 x 40.8 m
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7.2. Double brace

The results shown in the tables are the amount of timber and steel in the total building in cubic meters.
This means that the steel connecting the internal beams and columns, and the timber of the internal
floors, beams and columns are added to the material in the stability system in the facade. The values
in the tables are the average values of the other parameters as explained in the introduction of the
chapter.

7.2.1. Plot size

The timber usage for plot size 27.2 x 27.2 m is larger than that of plot size 27.2 x 40.8 m as can be
seen in table 7.8. The amount of steel used is smaller for the plot size of 27.2 x 27.2 m. For the total
amount of timber there is an increase of 18% and for the total amount of steel 39%. In the facade the
timber increase is 150% and the steel increase is 28%.

| Plotsize (mm) [ 27.2x27.2m [ 27.2x40.8 m ||

Timber (m3) 6752 5744
Timber facade m?3) 4079 1629
Steel (m3) 5.89 8.00
Steel facade (m?) 4.49 5.75

Table 7.8: Material used

7.2.2. Floor span

Plot size 27.2 x 27.2 m

From table 7.9 it can be seen that the total amount of timber used is larger with a floor span of 3.4 with
an increase of 36%. The timber in the facade is also larger for the span of 3.4 m with an increase of
56%. The total amount of steel used is smaller with a floor span of 6.8 m. The increase in steel in the
facade is 11% and in the total amount of steel is 15%.

I Span (m) | 34 [ 638 ]
Timber (m?) 7789 | 5714
Timber facade (m?%) || 4966 | 3191
Steel (m?) 6.30 | 5.48
Steel facade (m3) || 4.70 | 4.28

Table 7.9: Material used for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

Table 7.10 shows that the total amount of timber is fairly more for a span of 3.4 m with an increase of
5.5%. In the facade the timber used is larger for the span of 6.8 m with an increase of 8.5%. The total
amount of steel used is smaller with a floor span of 6.8 m. The increase in steel in the facade is 6.4 %
and in the total amount of steel is 11%.

I Span (m) | 34 | 638 |
Timber (m3) 5897 | 5590
Timber facade (m3) || 1562 | 1695
Steel (m?) 844 | 7.58
Steel facade (m?3) 5.93 | 5.57

Table 7.10: Material used for plot size 27.2 x 40.8 m
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7.2.3. Permanent floor load

Load 1 is the permanent floor load of 3.5 kN/m?, load 2 is 5.3 kN/m? and load 3 is 6.7 kN /m?2.

Plot size 27.2 x 27.2 m

In table 7.11 it is shown that the amount of timber used decreases when the permanent floor load
increases, for both the total amount of timber and timber in the facade. The increase between the
options with the least timber and the most is 192% for the facade and 60% for the total amount of
timber. The steel usage increases when the load increases. The increase in the facade is 27% and in
the total building it is 37%.

[ Load [ 1 1 2 [ 3 |
Timber (m3) 8766 | 5999 | 5490
Timber facade (m3) || 6652 | 3308 | 2276
Steel (m?) 5.03 | 5.76 | 6.89
Steel facade (m?) 3.94 | 454 | 5.00

Table 7.11: Material used for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

As seen in table 7.12 the amount of timber used increases when the permanent floor load increases.
The increase between the options with the least timber and the most is 14% for the facade and 39%
for the total amount of timber. The steel usage increases when the load increases. The increase in the
facade is 27% and in the total building it is 39%.

[ Load 1 12 [ 3 ]
Timber (m3) 4787 | 5792 | 6653
Timber facade (m?3) || 1517 | 1640 | 1730
Steel (m?) 6.80 | 7.78 | 9.45
Steel facade (m3) || 5.04 | 5.80 | 6.41

Table 7.12: Material used for plot size 27.2 x 40.8 m

7.2.4. Element width

The element width has no influence on material usage of the internal structure, therefore only the
material used in the stability system in the facade will be shown.

Plot size 27.2 x 27.2 m

The amount of timber used from low to high per element width is 400, 500, 550 & 600, 450 and 650,
this can be seen in table 7.13. The difference between the option with the least and the most timber
is 10%. The steel usage is the largest for an element width of 400 mm and then decreases when the
element width increases. The maximum difference in steel usage is 42%.

[ Width (mm) || 400 | 450 | 500 | 550 | 600 | 650 |

Timber facade (m?®) || 3843 | 4165 | 4009 | 4106 | 4112 | 4237
Steel facade (m?3) 568 | 465 | 435 | 4.15 | 4.10 | 4.02

Table 7.13: Material used in facade for plot size 27.2 x 27.2 m
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Plot size 27.2 x 40.8 m

The results for the large plot size are shown in table 7.14. The amount of timber used decreases from
400 mm to 450 mm and then it increases. The difference between the option with the least and the
most timber is 13%. The steel usage is the largest for an element width of 400 mm. From a width
of 400 to 550 mm there is a significant decrease in steel usage, where the decrease in these steps
becomes smaller. From a width of 550 mm to 600 mm there is a very small decrease and from 600
mm to 650 mm there is an increase again. The maximum difference in steel usage is 42%.

[ Width (mm) || 400 | 450 | 500 | 550 | 600 | 650 |

Timber facade (m3) || 1596 | 1552 | 1572 | 1626 | 1678 | 1748
Steel facade (m?3) 737 | 6.02 | 546 | 524 | 519 | 5.23

Table 7.14: Material used in facade for plot size 27.2 x 40.8 m

7.3. Diagrid

The results shown in the tables are the amount of timber and steel in the total building in cubic meters.
This means that the steel connecting the internal beams and columns, and the timber of the internal
floors, beams and columns are added to the material in the stability system in the facade. The values
in the tables are the average values of the other parameters as explained in the introduction of the
chapter.

7.3.1. Plot size

The timber usage in the facade for plot size 27.2 x 27.2 m is larger than that of plot size 27.2 x 40.8
m as can be seen in table 7.15. However, when the internal structure is included the large plot size
uses more timber. The amount of steel used is smaller for the plot size of 27.2 x 27.2 m. For the total
amount of timber there is an increase of 4% and for the total amount of steel 29%. In the facade the
timber increase is 49% and the steel increase is 26%.

[ Plotsize (mm) || 27.2x27.2m [ 27.2x40.8m ||

Timber (m?) 6213 6480
Timber facade (m?) 3544 2386
Steel (m?) 19.93 25.65
Steel facade (m?3) 18.53 23.39

Table 7.15: Material used

7.3.2. Floor span

Plot size 27.2 x 27.2 m

From table 7.16 it can be seen that the total amount of timber used is larger with a floor span of 3.4 m
with an increase of 7.3%. The timber in the facade is also larger for the span of 3.4 with a difference
increase of 3.7%. The total amount of steel used is smaller with a floor span of 3.4 m. The increase in
steel in the facade is 20% and in the total amount of steel is 16%.

I Span (m) | 34 [ 68 |
Timber (m3) 6432 | 5993
Timber facade (m3) || 3609 | 3480
Steel (m?) 18.47 | 21.39
Steel facade (m3) || 16.87 | 20.18

Table 7.16: Material used for plot size 27.2 x 27.2 m
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Plot size 27.2 x 40.8 m

Table 7.17 shows that the total amount of timber used is more for a span of 3.4 m with an increase of
3.9%. In the facade the timber used is larger for the span of 6.8 m with an increase of 7.8%. The total
amount of steel used is smaller with a floor span of 3.4 m. The increase in steel in the facade is 15.2%
and in the total amount of steel it is 12%.

I Span (m) | 34 | 68 ]
Timber (m3) 6606 | 6355
Timber facade (m?) || 2296 | 2476
Steel (m3) 24.24 | 27.05
Steel facade (m3) || 21.73 | 25.05

Table 7.17: Material used for plot size 27.2 x 40.8 m

7.3.3. Permanent floor load

Load 1 is the permanent floor load of 3.5 kN/m?, load 2 is 5.3 kN/m? and load 3 is 6.7 kN /m?.

Plot size 27.2 x 27.2 m

In table 7.18 it is shown that the amount of timber used is the smallest for permanent floor load 2. The
increase between the options with the least timber and the most is 230% for the facade and 86% for
the total amount of timber. The steel usage increases when the load increases. The increase in the
facade is 36% and in the total building it is 38%.

[ Load 1 [ 2 [ 3 |
Timber (m?) 8699 | 4685 | 5254
Timber facade (m?®) || 6585 | 1994 | 2054
Steel (m3) 16.72 | 19.96 | 23.10
Steel facade (m?) 15.62 | 18.74 | 21.22

Table 7.18: Material used for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

As seen in table 7.19 the amount of timber used increases when the permanent floor load increases.
The increase between the options with the least timber and the most is 20% for the facade and 38%
for the total amount of timber. The steel usage increases when the load increases. The increase in the
facade is 37% and in the total building it is 40%.

[ Load [ 1 [ 2 [ 3 |
Timber (m3) 5408 | 6535 | 7498
Timber facade (m3) || 2158 | 2404 | 2596
Steel (m?) 21.37 | 25.65 | 29.92
Steel facade (m?) 19.61 | 23.67 | 26.88

Table 7.19: Material used for plot size 27.2 x 40.8 m
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7.3.4. Element width

The element width has no influence on material usage of the internal structure, therefore only the
material used in the stability system in the facade will be shown.

Plot size 27.2 x 27.2 m

The amount of timber used increases when the element width increases, this can be seen in table 7.20.
The difference between the option with the least and the most timber is 14%. The steel usage is the
largest for an element width of 400 mm. From a width of 400 to 600 mm there is a significant decrease
in steel usage, where the decrease in these steps becomes smaller. From a width of 600 mm to 650
mm there is a small increase. The maximum difference in steel usage is 43%.

[ Width (mm) || 400 | 450 | 500 | 550 | 600 | 650 |

Timber facade (m?3) || 3238 | 3402 | 3561 | 3674 | 3685 | 3706
Steel facade (m3) || 23.94 | 19.37 | 17.20 | 16.78 | 16.72 | 17.16

Table 7.20: Material used in facade for plot size 27.2 x 27.2 m

Plot size 27.2 x 40.8 m

The results for the large plot size are shown in table 7.21. The amount of timber used first decreases
from 400 mm to 500 mm and then it increases. The difference between the option with the least and
the most timber is 6.3%. Again, the steel usage is the largest for an element width of 400 mm. From
a width of 400 to 600 mm there is a significant decrease in steel usage, where the decrease in these
steps becomes smaller. Then for a width of 650 mm the steel increases. The maximum difference in
steel usage is 43%.

[ Width (mm) || 400 | 450 | 500 | 550 | 600 | 650 |

Timber facade (m?3) || 2472 | 2361 | 2326 | 2339 | 2380 | 2439
Steel facade (m3®) || 30.28 | 24.45 | 21.74 | 21.16 | 21.11 | 21.58

Table 7.21: Material used in facade for plot size 27.2 x 40.8 m



Discussion

In this chapter the results will be explained and discussed. At first, the general results will be discussed
and secondly the results per parameter.

8.1. General results

Firstly, the change in the material usage for the stability system design from the ULS to the SLS design
will be discussed. Secondly, the final designs of the models will be discussed where the biggest element
sizes will be shown and the feasibility of the designs will be discussed.

8.1.1. From ULS to SLS design

The first results after the ULS design in table 6.1 showed that some designs did not have sufficient
global stiffness or weight to comply with the SLS requirements. All designs with plot size 27.2 x 27.2
m did not satisfy the acceleration requirements. Whereas, almost all designs with plot size 27.2 x 40.8
m satisfied the acceleration requirement except the single brace with permanent floor load 1.

Then, the design for SLS results were shown. In table 8.1 the trends described in paragraph 6.2
are summarized. It was seen that if the plot size increases the unity check for the displacement in-
creases, the percentage of timber added decreases and the efficiency of the added timber increases.
An increase in permanent floor load gives the same behaviour. There is an exception for this behaviour
indicated in the table with an asterisk. This exception will be explained in paragraph 8.2.2. With an
increase in span the displacement unity check decreases, the percentage of timber added decreases
and the efficiency of the added timber increases. The global stiffness of the single brace is the low-
est, the double brace has a higher stiffness and the diagrid has the highest stiffness. It was seen that
the stability systems with a higher global stiffness had a smaller displacement unity check, less tim-
ber added and a higher efficiency. From this table it can be seen that an increase in the displacement
unity check sometimes causes a decrease in added timber and other times a decrease in displacement
unity check causes a decrease in added timber. To explore why this is, first it is important to understand
the model response for acceleration. Then afterwards this phenomena is explained by exploring the
relationship between the global displacement and the building mass.

91
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ucd Timber (+%) | Aa/timber
Plot size T P J T
Floor load X X ¥ M
Span qN J + 1T
Global stiffness N J 4 (N
stability system

Table 8.1: Trends found for the design for SLS
*Not true for braced frame designs with floor span 3.4 m and plot size 27.2 x 27.2 m

Model response for acceleration

The options that did not meet the SLS requirements needed to have their element heights increased.
This was done to increase the global stiffness of the stability systems but it also increased the weight
of the building which can decrease the acceleration. The response of the parametric model to a de-
crease in displacement and increase in weight is shown in figures 8.1 and 8.2. To calculate the natural
frequency of the model the weight and the global lateral displacement of the building are used as can
be seen in formula 4.2. To calculate the acceleration the weight and the calculated natural frequency
are used as is shown in formula 8.1. In this formula u,.. represents the mass of the building and R(n)
and k,(n) are functions of the natural frequency.

Amax(M) = ¢s- p - I, - V2, - R(n) y Ko @
=cop- 1, V2 Ly oz T
e vom Hret (Dmax

k,(n) (8.1)

A smaller frequency will increase the acceleration if the weight remains the same. A larger weight will
decrease the acceleration if the natural frequency is the same. However, as can be seen in figure
8.1 the increase in weight in the parametric model will decrease the frequency but still decrease the
acceleration. Figure 8.2 shows that a smaller displacement will increase the frequency and therefore
decrease the acceleration. A smaller natural frequency will also increase the allowed acceleration.

Larger

Smaller
allowed
acceleration

allowed
acceleration

Figure 8.1: Effect of weight on the along-wind acceleration Figure 8.2: Effect displacement on along-wind acceleration

Relationship between global displacement and building mass

As just discussed, when the acceleration needs to be decreased you can increase the weight and de-
crease the displacement. In table 8.1 it was seen that global displacement unity check was sometimes
higher when the amount of added material was lower. And, sometimes the global displacement unity
check was lower when the added timber was lower. In figures 8.3 and 8.4 the relationship between the
weight of the building and the displacement is shown. When the displacement is smaller, less weight
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is required to meet the acceleration requirement. Figure 8.3 shows a situation where the unity check
for the displacement is 1, so the global displacement is 136 mm. In figure 8.4 the unity check is 0.5
and the global displacement is 68 mm. In these figures the average weight of the building per running
meter in height after the ULS design from each plot size and permanent floor load is shown with verti-
cal lines. With a blue line the acceleration of the building is plotted. The acceleration decreases with
increased mass of the building. In orange the acceleration requirement is shown. The acceleration
requirement increases with increased weight. A building satisfies when the requirement is larger then
the acceleration. With a displacement of 136 mm in figure 8.3 it can be seen that the building should
have a weight of approximately 225000 kg/m to meet the acceleration requirement this is indicated
with a black dotted line. When the displacement is 68 mm the required weight becomes less and is
approximately 190000 kg/m this is also indicated with a black dotted line.

Acceleration and acceleration requirement for UC displacement = 1

0.30 T
w—— Acceleration | 27.2%27.2m - Load 1
s Requirement w— 27.2x27.2m - Load 2
0.25 — 27.2x27.2m - Load 3

27.2%40.8m - Load 1
27.2x40.8m - Load 2
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—
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Figure 8.3: Acceleration and requirement for displacement UC = 1

Acceleration and acceleration requirement for UC displacement = 0.5
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Figure 8.4: Acceleration and requirement for displacement UC = 0.5
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Looking at table 8.1 once more it was seen that when the plot size is larger and the permanent
floor load is larger the displacement unity check is larger, and the required added timber is smaller.
When the plot size and permanent floor load are larger the total mass of the building is also larger.
Therefore, the acceleration requirement is met with a larger global displacement. Meaning that the
stability system requires less global stiffness. That is why almost all designs with a large plot size met
the SLS requirements after sizing for ULS, as was seen in table 6.1.

The other relationship that could be seen in table 8.1 is that a larger floor span and higher global
stiffness require less added timber. A larger floor span also increases the global stiffness on average,
this will be explained in paragraph 8.2.2. A higher global stiffness will result in a smaller global dis-
placement. consequently, when comparing figure 8.3 to 8.4 it can be sees that with a smaller global
displacement less building mass is required. This is why the diagrid needed the least added timber.

8.1.2. Final design

Not all final designs were feasible as was seen in paragraph 6.4. For all stability system designs with
an element width of 500 mm the largest element heights in millimeter per element type are given in
the matrix in figure 8.5. The values for the permanent floor loads were load 1: 3.5 kN/m?, load 2: 5.3
kN/m? and load 3: 6.7 kN/m?.In the figure the braces are also called diagonals. In paragraph 6.4 the
design for a single brace with a small plot size, floor span of 6.8 m with permanent floor load 1 and
load 3 was shown. The design for load 1 was unfeasible as the columns had the large element height
of 19000 mm and the braces of 9500 mm. These element heights caused the elements to overlap.
In figure 8.5 this option is therefore indicated in red. The other designs that are unfeasible are all the
braced frame designs with a plot size of 27.2 x 27.2 m and a floor span 3.4 m. The single brace with
a small plot size, a floor span of 6.8 m and permanent floor load 2. The double brace with the small
plot size, a floor span of 6.8 m and permanent floor load 1. And, the diagrid designs with a small plot
size and load 1. These results are shown for an element width of 500 mm. The element heights will
decrease with a larger element width, however this decrease still gives designs with element heights
that overlap or fill almost the complete facade. For this reason it is concluded that the designs marked
red in figure 8.5 are not feasible for every element width.

Stability | Plot size Floor Floor span 3.4 m Floor span 6.8 m
system load Column Beam Diagonal | Column Beam Diagonal
Single 27.2x27.2 |1 18900 450 11475 19000 550 9500
brace 2 8680 500 5320 7483 600 3468
3 5610 550 3230 2530 650 1150
27.2x408 |1 3510 450 2535 3938 550 2100
2 2438 500 1625 2818 600 1495
3 2400 550 1560 2805 650 1430
Double 27.2x27.2 |1 124800 450 6760 9075 550 3570
brace 2 6745 500 4260 2960 600 1120
3 3680 550 2080 1950 650 700
27.2x40.8 |1 1450 450 850 1850 550 850
2 1550 500 850 2050 600 850
3 1600 550 850 2200 650 850
Diagrid 27.2x27.2 |1 250 2960 5625 250 3330 5735
2 250 990 1815 250 1000 1850
3 250 1000 1650 250 1150 2000
27.2x40.8 |1 250 800 1450 250 900 1650
2 250 900 1700 250 950 1900
3 250 950 1900 250 1050 2150

Figure 8.5: Largest element heights (mm) for design with an element width of 500 mm
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Enhancing the final design

In this thesis the global stiffness of the designs was only enhanced by increasing certain timber element
heights. In the braced frame designs only the columns and braces were increased and in the diagrids
only the diagonals and beams. In the exploratory study performed on the design for SLS in paragraph
4.5 it was explored how the global stiffness could be increased. This study was performed on designs
with a floor span of 6.8 m and plot size 27.2 x 27.2 m. In this study it was seen that increasing the
column height was less material efficient than increasing the brace height in the braced frame systems.
To enhance the braced frame designs and make them feasible a solution could be to increase the
element height of the brace more than the element height of the column. In this parametric model
the element heights of all elements are always increased with the same percentage so the design is
not fully optimized. For the diagrid designs increasing the beam height was also less efficient than
increasing the diagonal height. Therefore increasing the diagonal height more than the beam height
could give better results.

From the exploratory study it was also seen that increasing the connection stiffness could enhance
the global stiffness. Increasing the connection stiffness would decrease the required timber element
heights. For the single braced frame design it was seen that increasing the beam connections would
increase the global stiffness. For the double brace increasing the brace and beam connections had a
positive influence. Increasing the brace connections is 3.5x more effective than increasing the beam
connections. In the diagrid designs increasing the connections in the diagonals could improve the
stiffness.

From figure 8.5 it could also be seen that the braced frame designs with a span of 3.4 m give more
unfeasible designs than those with a span of 6.8 m. Why this happens will be explained in paragraph
8.2.2.

8.2. Results per parameter

Now the parameters will be discussed to explore what design choices increase the material efficiency.
There were five parameters in the model. These parameters were the stability system, the plot size,
the floor span, the permanent floor load and the element size. This discussion will first start with a
comparison of the stability systems split-up per plot size. Afterwards, the parameters of the floor span,
permanent floor load and element width will be discussed. The parameters of the stability system and
plot size have such a large influence on the other parameters that they will be discussed within the
paragraphs of the other parameters. The element width will be discussed lastly as it has the least
influence on the other parameters.

8.2.1. Comparison of the systems

In figure 8.6 a matrix is given where the total amount of steel and timber in the complete building used
per design is shown for the designs with plot size 27.2 x 27.2 m. The total amounts in the building
including internal structure are used to make a fairer comparison between the systems. The results
in the tables are the average values of all element widths. This is done because the element widths
do not influence the other parameters and therefore the average value gives clear results. In grey the
unfeasible options are marked and in green the options with the least amount of material are shown.
When an option is unfeasible it will not be chosen as an option that uses the least amount of material.
From figure 8.6 it can be seen that the least amount of steel is always used for the smallest load. In
the external braced frame systems the span of 6.8 m uses the least steel and in the diagrid a span of
3.4 m. For the external braced frame the floor span of 6.8 m and permanent floor load 3 uses the least
timber. For the diagrid the least amount of timber is used with a permanent floor load of 2. The option
with the least timber is the double brace, the diagrid is second and the single brace is third. The least
amount of timber used per system does not differ much, the difference between the single brace and
double brace is only an increase of 2.2 %. For the steel the difference is much larger. From the double
brace to the single brace the increase is 15% and from the double brace to the diagrid the increase is
241%.
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Floor span 3.4 Floor span 6.8
[ Floorload | 1 [ 2 [ 3 | Floorload [ 1 | 2 [ 3 ]
Single brace [ Timber (m®) | 11398 | 8893 | 7538 Timber (m?) | 10832 | 6458 | 4554
Steel (m?%) 5.1 5.8 7.1 Steel (m?) 4.4 52 6.2
bouble b [ Floorload | 1 | 2 [ 3 [ Floorload T 1 | 2 [ 3 ]
ouble brace mimper im®) | 9407 | 7438 | 6524 Timber (m?) | 8126 | 4560 | 4456
Steel (m®) | 54 | 6.1 | 7.4 Steel(m®) | 47 | 54 | 64
[ Floorload | 1 [ 2 | 3 1 [ Floorload [ 1 [ 2 | 3
Diagrid Timber (m?) | 9049 | 4890 | 5358 Timber (m®) | 8349 | 4482 | 5150
Steel (m®) | 156 | 184 | 215 Steel (m®) | 179 | 215 | 248

Figure 8.6: Timber and steel for plot size 27.2 x 27.2 m

In figure 8.7 the results are shown for the plot size of 27.2 x 40.8 m. Here as well, the amount of
steel is smallest for the lowest load. In the external braced frame systems the span of 6.8 m uses the
least steel and in the diagrid a span of 3.4 m, this is the same as for the small plot size. For all options
the lowest permanent floor load gives the least timber. The option with the least amount of timber is the
double brace again. Now, the single brace is second and the diagrid is last. The difference in timber
between the double brace and the diagrid is an increase of 12.2%. For the steel the difference from
the single brace to the double brace is an increase of 3.2% and from the single brace to the diagrid the
increase is 225%.

Floor span 3.4 Floor span 6.8

[ Floorfoad | 1 | 2 | 3 | [ Floorload | 1 | 2 [ 3 |
Single brace Timber (m3) | 5037 | 6040 | 6888 Timber (m3) | 5049 | 5514 | 6376
Steel (m®) | 69 | 7.9 | 9.9 Steel (m®) | 6.2 | 7.3 | 87

[ Floorload | 1 | 2 [ 3 | [ Floorload [ 1 [ 2 [ 3 1
Double brace Timber (m3) | 4776 | 6029 | 6887 Timber (m?) | 4798 | 5556 | 6418
Steel (m?) | 7.2 | 841 | 10.0 Steel (m®) | 64 | 7.4 | 88

[ Floorlead T 1T [ 2 [ 3 ] [ Floorload T 1 [ 2 [ 3
Diagrid Timber (m?) | 5378 | 6745 | 7695 Timber (m?) | 5439 | 6325 | 7300
Steel (m?) | 20.2 | 241 | 284 Steel (m?) | 225 | 27.2 | 31.5

Figure 8.7: Timber and steel for plot size 27.2 x 40.8 m

8.2.2. Floor span
Steel

The amount of steel used in not optimised for the SLS design it is only calculated based on the ULS
requirements. For the floor span there is a difference in steel usage between the braced frame designs
and the diagrid. For the braced frame the options that use the least amount of steel have a floor span of
6.8 m, this can be explained by there being less connections. Because with a floor span of 3.4 m there
are twice as many columns in the building. For the diagrid it is opposite where the floor span of 3.4 m
uses less steel. This is caused by the difference in transferring the internal beam loads in the facade
shown in figure 4.17. The amount of steel mostly decreases in the diagonals, this is because the floor
span of 6.8 meters causes smaller normal forces in the diagonals on average. These relationships are
true for both plot sizes.
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Timber

To discuss the timber usage the discussion is split up in external braced frame and diagrid stability
systems.

External braced frame

__é » 71
1 <
N — || —

» 1

» -

] -1

Plot size: 27.2x27.2 m Plot size: 27.2x 27.2 m Plot size: 27.2 x 40.8 m Plot size: 27.2 x 40.8 m
Floor span: 3.4 m Floor span: 6.8 m Floor span: 3.4 m Floor span: 6.8 m

Figure 8.8: Floor span and plot size designs for single brace

In figure 8.8 the four different designs for a single brace are shown for the two plot sizes and floor
spans. As can be seen from the figure the options with plot size 27.2 x 40.8 m will always have their
short facade, which is normative for the global displacement, with a floor span of 6.8 m. Therefore a
change in floor span will not effect the displacement much. The amount of timber used in the facade
is larger for the floor span of 6.8 m but the total amount of timber used in the building is largest for the
floor span of 3.4 m.

In plot size 27.2 x 27.2 m with a span of 6.8 m you will have the same head and side facade but
with a span of 3.4 m the side facade will become normative for the displacement. The facade has
more connections and therefore the displacement of the facade is also larger and the global stiffness is
lower. This was clear from the results in table 6.1 and was also indicated in table 8.1. This is also why
more timber in the facade was required with a floor span of 3.4 for the plot size of 27.2 x 27.2 m. The
efficiency of increasing the timber is also lower for a span of 3.4 as was seen in table 6.2, this is because
the timber in both facades is increased while the facade with a span of 3.4 m is normative. The material
efficiency could therefore be enhanced for these designs by increasing the stiffness of the facade with
the short span first. Also, the designs for a span of 3.4 m were not investigated in the exploratory study.
For the designs with a span of 6.8 m it was already seen that increasing the beam connections would
have a positive effect on the global stiffness. With a smaller span the connection stiffness in the beams
is even less because of the smaller load transferred to the connection. Consequently, the designs with
plot size 27.2 x 27.2 m and floor span 3.4 could probably benefit even more from increasing the beam
connection stiffness than the options with floor span 6.8.

Diagrid

For the diagrid the change in floor span does not change the facade design, the only difference in the
load transfer is to the beams of the stability system. For the plot size of 27.2 x 40.8 m the amount of
timber used in the facade is larger for a floor span of 6.8 m, this is caused by the span giving larger
normal forces in the stability system. However, the total timber usage is larger for a span of 3.4 m due
to the higher timber usage of the internal structure.

For plot size 27.2 x 27.2 m the amount of timber used in the facade is larger for the span of 3.4 m.
These designs use less steel and have less bolts resulting in lower connection stiffnesses. With lower
connection stiffnesses more timber is required to provide the same global stiffness.
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8.2.3. Permanent floor load

The three different permanent floor loads are load 1: 3.5 kN/m?, load 2: 5.3 kN/m? and load 3: 6.7
kN /m?.

Steel

When looking at the steel usage for the different plot sizes the large plot size of 27.2 x 40.8 m uses
the most steel as there are more connections present in the system. With an increased permanent
floor load the amount of steel also always increases since the joints will get larger vertical forces and
therefore also need larger connections.

Timber

For the plot size of 27.2 x 40.8 m permanent floor load 1 always has the least amount of timber. This is
because of the weight of the building. From figure 8.3 it could be seen that with a unity check of 1 the
building weight was close to meeting the acceleration requirement and load 2 and 3 were very safe.
For the braced frame designs with plot size 27.2 x 27.2 m, load 3 used the least timber. However, for
the double brace load 2 and 3 did not differ much. The diagrid designs with this plot size used the least
timber with load 2. This is also because of the relationship between the global displacement and the
mass of the building.

The diagrid designs with a small plot size had a displacement unity check of roughly 0.5 after the
ULS design, so they can be compared to figure 8.4. From this figure it can be seen that with this
displacement the permanent floor load of 2, shown in the green vertical line is almost at the intersection
of the acceleration and the acceleration requirement. The single brace designs had a displacement
unity check of roughly 1 after the ULS design, so they can be compared to figure 8.3. The weights
closest to the intersection are the small plot size with permanent floor load 3 shown in red, and the
large plot size with load 1. These loads are also the same as the most material efficient designs.
This means that these kinds of graphs can help predict what kind of building mass is the most material
efficient when the range of the displacement is known. The graphs can also be plotted with acceleration
on the y-axis and displacement on the x-axis and then the type of stability system can be chosen based
on the required displacement unity check.

8.2.4. Element width

Steel
Timber and steel for single brace 27.2x27.2 m Timber and steel for diagrid 27.2x27.2 m
12000 10 12000
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Figure 8.9: Steel usage per element width for single brace Figure 8.10: Steel usage per element width for diagrid

The most interesting result for the steel usage comes from the element width. In figures 8.9 and 8.10
the amount of steel and timber is shown per element width. In figure 8.9 the result is shown for a single
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brace with plot size 27.2 x 27.2 m with permanent floor load 1 and in figure 8.10 the result is shown
for the diagrid with plot size 27.2 x 27.2 m and floor load 1. The difference between the steel usage of
some of the designs was that either the amount of steel used decreased slightly from a width of 600 to
650 like in figure 8.9 or it would increase slightly like in figure 8.10. However, the difference between the
steel usage was always relatively small. Therefore, it can be concluded that the elements widths of 600
and 650 on average use the same amount steel. For all designs the element width of 400 mm used the
most steel and it then decreased up until 600 mm. The options with an element width of 400 mm, 450
mm and 500 mm also use more bolts than the other widths giving the connections a higher stiffness.
This is caused by the capacity of the connection. In a thinner timber element the capacity per bolt
can be less because the bolt length is shorter. Shorter bolts do not decrease the connection stiffness
however. Also, the block shear capacity is reached earlier with thinner elements making adding rows
of bolts (n,,,,) ineffective. To get a higher connection capacity the timber element height will have to
be increased.

Timber

When looking at the results for the timber increase per check in paragraph 6.3 it was shown that the
increase in timber between the fire design and connection design was the largest for smaller element
widths. This is caused by the block shear capacity becoming normative and the elements requiring
a higher element height. Nonetheless, the timber usage after the connection design is very similar
for all element widths. For designs that are sized by the SLS requirements the element width with
the least timber usage differs quite a lot. The only real noticeable trend is that for the small plot size
with a double brace or diagrid the amount of timber required is lower for smaller element widths when
permanent floor load 1 or 2 are applied. This is because of these widths having more bolts and a
higher connection stiffness. In figure 8.10 this can be seen clearly where the amount of timber used
increases up until an element width of 550 mm. This is because the increased connection stiffness of
the brace and diagonals decreases the displacement and therefore less timber is needed to decrease
the displacement. For the single brace this effect is less because it was seen in the exploratory study
for the SLS design in paragraph 4.5.1. that the increase of connection stiffness of the brace had no
influence on the displacement. That is why this increase in steel is less efficient than for the other
designs as can be seen in the timber usage of figure 8.9.

For the diagrid designs that are sized based on the ULS design the least amount of timber is used
for the element widths in the middle of the range, so least for 500 mm and 550 mm and increasing a
litle when moving outwards. For the braced frame designs that are sized based on the ULS design the
element widths with the least amount of timber are from 400-500 mm and increases slightly when the
width increases.

8.3. Conclusions

From ULS to SLS design

The results and discussion on the sizing of the elements for ULS to SLS design showed that heavier
buildings were more often sized on the ULS checks. That is why the buildings with the larger plot size
met the acceleration requirement already when the displacement unity check was close to 1. For the
smaller plot size the designs with a higher load also needed less material increase. The same went
for buildings with a higher global stiffness requiring less added material. It was also seen that some of
the designs were unfeasible due to their large element sizes. These options were all of the small plot
size. No option with load 1 nor braced options with span 3.4 were feasible. To improve the designs the
exploratory study for the SLS design could be used. The external braced frames can be improved by
increasing the column heights less than the brace height and the diagrid designs can be improved by
increasing the diagonal heights more than the beam height. For braced frame designs where the facade
with a floor span of 3.4 m can become normative for the global displacement the material efficiency
can also be increased. This can be done by first only improving the facade with floor span 3.4 m until
it has the same stiffness as the facade with floor span 6.8 m. Also, the connection stiffness can be
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increased to decrease the element heights. This was out of the scope of this research but was studied
in the exploratory study for the SLS design. It was found that increasing the connection stiffness of
the beam would increase the global stiffness in the single braced frame designs. In the double braced
frame designs increasing the brace had the most effect and increasing the beam connection would
also improve the global stiffness. For the diagrid designs increasing the diagonal connections would
enhance the global stiffness.

Parameters

When the difference between parameters is smaller than 10% the influence is seen as insignificant.

* Plot size: The amount of steel used increases when the plot size increases. This increase in the
facade is around 30% for the braced frames and 26% for the diagrid. The total amount of steel is
increased with 39% for the braced frames and 29% for the diagrid. From this it can be concluded
that a large plot size uses more steel, where the increase is larger for the internal structure than
the facade.

The amount of timber used in the braced frames is more for the small plot size, In the facade the
increase is 150% and 224% and in the total building 42% and 18%. So in the external braced
frame designs the small plot sizes uses more timber especially in the facade. For the diagrid the
amount of timber used in the facade is 49% more for the small plot size and the total amount of
timber used is 4% more. This means the big plot size is still more timber efficient as the floor area
of the 27.2 x 40.8 m plot size is 1.5x larger than the 27.2 x 27.2 m plot size.

» Floor span: For the braced frame designs with a small plot size the amount of steel used is 10%
more in the facade and 15% in total with a floor span of 3.4 m than with a span of 6.8 m. For the
large plot size the amount of steel used in the braced frames is also more with a span of 3.4 m, in
the facade the increase is roughly 6% and the total building it is 11%. The external braced frame
designs are therefore more efficient with a span of 6.8 m. Although, the influence on the facade
in the large plot size is small. For all the diagrid designs the amount of steel used is higher for a
span of 6.8 m with roughly 18% for the facade and 14% in total. This means that the load transfer
through the facade with a span of 3.4 m is more steel efficient than a span of 6.8 m.

The timber usage in the braced frame systems with a small plot size is larger for floor span 3.4
m. The timber in the facade is 34% and 56% higher and the total timber in the building 27% and
36% higher. Thus, the span of 6.8 m is more timber efficient for a braced frame with plot size
27.2 x 27.2 m. Braced frames with a large plot size use less timber in the facade with a span of
3.4 m and use less timber in total with a span of 6.8 m. The increase is only around 7% in the
facade and roughly 5% in total. Therefore, the floor span is not seen as a significant influence
on the large plot size for the braced frame designs. For the diagrid designs with a small plot size
the timber usage is smaller for a span of 6.8 m with 3.7% in the facade and 7.3% in total. For
the large plot size the diagrid designs use less timber in the facade with a span of 3.4 m and less
timber in the total building with 6.8 m. The difference is 3.9% for the facade and 7.8% in total.
All increases for timber in the diagrid designs are below 10% so the influence of the span on the
timber usage is seen as insignificant.

» Permanent floor load: The three different permanent floor loads are load 1: 3.5 kN/m?, load 2:
5.3 kN/m? and load 3: 6.7 kN/m?. The steel usage in the braced frame designs is higher when
the permanent floor load increases. The increase in steel usage from permanent floor load 1 to
load 3 is around 30% in the facade, and 40% in the total building for all braced frame designs.
The steel usage in the diagrid is also more when the load increases. From load 1 to load 3 the
increase is around 38% for the facade and the total building. The steel usage will therefore always
increase when the permanent floor load increases for all designs.

In the braced frame designs with a small plot size the highest permanent floor load uses the least
timber. The increase from load 1 to load 3 is 192% and 216% for the facade and 84% or 60% in
total. The diagrid designs with a small plot size use the least timber with permanent floor load 2
and the most with load 1 the difference is 230 % in the facade and 86% in total. The second best
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option was permanent floor load 3 that used 12% more timber in total. For the large plot size all
designs use the least timber with the least load. The increase of timber for the braced frames in
the facades was 8.9% and 14% and in the total building 32% and 39%. For the diagrid designs
with large plot size the increase in the facade is 38% and in the total building 20%.

To compare if it is more material efficient to increase the permanent floor load or to increase the
timber in the facade, options with a load that is 'too high’ are compared to options with a load that
is 'too low’. The load is too high when the design with a lower load uses less material. Thus, all
options with a large plot size with a load higher than load 1 are seen as too high. In the designs
with the large plot size the total increase of timber in the buildings when using permanent floor load
3 instead of 1, ranges from 20% to 39%. And, the increase for the diagrid with a small plot size
from load 2 to 3 was only 12% as mentioned before. The small plot sizes use the least amount
of timber with permanent floor load 2 or 3, depending on the global stiffness of the system. The
increase from load 1 to the option with the least amount of timber for designs with a small plot
size ranges from 60% to 86%. These percentages are significantly higher than the percentages
for the increase when the permanent floor load is 'too high’. Also, the options for the small plot
size with load 1 gave unfeasible results. Therefore, it seems to be more timber efficient to use a
higher permanent floor load then to increase the timber in the facade.

* Element width: The steel usage in the facade per element width decreases from width 400
mm up until width 600 mm. Then from 600 mm to 650 mm the steel usage either is the same,
increases or decreases. The options with the least amount of steel are either 600 mm or 650
mm. The difference between the element width with the most steel usage and the least is for
every design between 42% and 46%. Consequently, it can be said that the steel efficiency is
higher with a larger element width. It was also discussed that from an element width of 400 mm
to an element width of 550 mm the amount of bolts decreased in the connections increasing the
connection stiffness.

The most timber efficient element width differs for all different designs. Therefore no conclusion
can be drawn on what width is the most timber efficient.

+ Stability system: When using the same parameters for both braced frame designs the double
braced frame design uses between 6.8% to 1.1% more steel in the entire building than the single
brace. This is a relatively small increase. The diagrid designs use between 150% and 300%
more steel than both braced frames. This an average steel usage of 3x more for the diagrid
designs. The diagrid design might have an even larger steel usage as the connections for the
corner columns might require a steel box as mentioned in paragraph 4.2.1. It can therefore be
concluded that the steel efficiency for the braced frame designs is similar and the diagrid designs
have a much lower steel efficiency.

The stability system with the least timber usage differs as the global stiffness of the systems is
highly related to the required permanent floor load. When looking at the matrices in figure 8.6
and 8.7 it could be seen that the double braced frame designs use the least timber in the total
building. However, for the small plot size the best options of the three stability systems only differ
2.2%, and for the large plot size it is 12.6%. Therefore it can be concluded that for the small plot
size the three systems are similarly timber efficient. For the large plot size the timber efficiency
is highest for the double brace, however the difference is not large.






Conclusion and Recommendations

9.1. Conclusions

The research performed in this study can be used to answer the main question:

How can different design choices influence the material efficiency of an externally braced timber
stability system for high-rise, based on an integral comparison considering both connections and
timber elements?

The following conclusions apply to the researched ranges of the parameters and buildings dimen-
sions. The studied designs have a height of 68 meters with 20 floors. The researched stability systems
are a braced frame with a single brace, a braced frame with a double brace and a diagrid. The plot
sizes are the small plot size of 27.2 x 27.2 m and larger plot size of 27.2 x 40.8 m. Floor spans of 3.4
m and 6.8 m. Three permanent floor loads with self weights of 3.5 kN/m?, 5.3 kN/m? and 6.7 kN /m?.
And six element widths of 400 mm, 450 mm, 500 mm, 550 mm, 600 mm and 650 mm. When a result
has an influence of 10% or less it is seen as insignificant.

Stability system design

» An external braced frame system has a very different load transfer than the diagrid system. This
results in a more uniform load distribution in the diagrid but causes more elements to have larger
normal forces resulting in a steel usage that is 3x higher than that of the external braced frame.
Therefore, the external braced frame is more material efficient when considering the steel usage.

» The diagrid stability system is more often sized based on the connection design as it has a higher
global stiffness than the external braced frame designs. The external braced frame designs are
more often sized based on the along-wind acceleration. For the buildings with a small plot size
this resulted in the diagrid requiring a lighter permanent floor load to get the most material efficient
design. The most timber efficient designs for the small plot size all used roughly the same amount
of timber, there was only a difference in timber usage of 2.2%. For the large plot size the external
braced frame options were slightly more timber efficient with a difference of 12.6%.

* The double brace designs uses less than 7% more steel than the single brace designs and the
single brace designs use slightly more timber. The most timber efficient designs of the single
brace use less than 6% more timber than the double brace designs. The material efficiency of
both braced frame designs is therefore similar.
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Design parameters

* Plot size: The plot size of 27.2 x 27.2 m requires heavier floors to meet the acceleration require-
ment than the plot size of 27.2 x 40.8 m. Therefore, the amount of material used per floor area
of the building is larger and therefore the material efficiency is less for a smaller plot size.

* Floor span, external braced frame: Having a smaller floor span in a facade that can be norma-
tive for the global displacement is not material efficient. This is seen in the braced frame designs
with a small plot size. The added steel connections between the elements add 10% more steel in
the facade with a floor span 3.4 m, and decreases the global stiffness of the building. This results
in bigger displacements which in its turn requires 34% or more timber in the facade. The steel
and timber usage of the internal structure is also larger for a floor span of 3.4 m than that of 6.8
m. This results in the total material usage in the building being 15% higher for steel and more
than 27% higher for timber when using floor span 3.4 m.

Having a smaller floor span in a facade that is not normative for the global displacement will also
decrease the steel efficiency in the facade with 6% and in the total building with 10%. This is
due to an increase in number of connections. However, a smaller floor span can cause a higher
timber efficiency of roughly 7% in the stability system. This was seen in the braced frame designs
with a large plot size. Nevertheless, the timber efficiency of the total building will still go down
when using the smaller floor span with 5% due to added timber in the internal structure.

* Floor span, diagrid: The larger floor span in the diagrid causes a larger average normal force
in the members of the diagrid. This causes roughly 18% more steel usage in the facade of the
diagrid with a floor span of 6.8 m compared to the diagrid with a span of 3.4 m. But, the total steel
usage is roughly 14% higher with the smaller span. Using a smaller span can also decrease the
timber usage in the facade which was seen in the large plot size, where the large span used 3.9%
more timber in the facade. Nonetheless, the timber efficiency of the total building is roughly 7.5%
higher for all diagrid designs when using a floor span of 6.8 m, due to the internal structure.

* Permanent floor load: The most material efficient permanent floor load depends on the displace-
ment of the building. When the wind force, building dimensions and building weight or global
displacement are known the acceleration requirement can be plotted against the acceleration.
Using these types of graphs can give a good estimation as to what floor load or displacement will
give material efficient designs without having to model the whole building. For the small plot size
a higher permanent floor load of 5.3 kN/m? or 6.7 kN /m? was more timber efficient. While, for
the large plot size the smallest load of 3.5 kN /m? was the most timber efficient. It was also found
that increasing the permanent floor load is more timber efficient than increasing the timber in the
stability system for the three researched permanent floor loads. The steel usage of the designs
increase when the load increases since the steel connections are only sized on the ULS checks
and no extra steel is added to improve the global stiffness of the stability system. Consequently,
under these conditions the steel efficiency is highest with the lowest loads.

* Element width: The amount of steel used in the stability system is the largest for the smallest
researched element width of 400 mm. The steel usage then decreases up until an element width
of 600 mm, this decrease is more than 40%. For the widths 600 mm and 650 mm the amount of
steel used is similar and gives the lowest steel usage. Also, the number of bolts used decreases
from a width of 400 mm to a width of 550 mm. From 550 mm to 650 mm the number of bolts
is similar. Using more bolts gives a higher connection stiffness. This can result in some of the
designs requiring less timber. In this research this was the case for some of the diagrid and
double braced designs with a small plot size. Because of the small plot size more global stiffness
was required in the designs and therefore the added connection stiffness had a positive effect.
Nonetheless, for most designs researched the element width with the least amount of timber used
differs. This means no definitive conclusion can be drawn as to what the most timber efficient
element width is.



9.2. Recommendations 105

9.2. Recommendations

This paragraph will describe recommendations for further research on the topic of timber high-rise
buildings based on the findings from this thesis.

* Dynamic behaviour: The along-wind acceleration was determining for many of the studied de-
signs. To determine the acceleration the natural frequency of the building is used. Determining
the acceleration and frequency of a timber high-rise building is challenging as there are not many
buildings in practice that can be used to verify if the behaviour is correct. In this thesis the analyt-
ical method was used to determine the frequency due to difficulties with the modelling software.
It is recommended to perform further research to prove if the analytical method to determine the
natural frequency for timber high-rise made by Oosterhout (1996) [78] is correct. When calculat-
ing the acceleration with the Eurocode the exponent mode shape ¢ and the structural logarithmic
decrement of damping &, are used. The commonly used value for the mode shape is based on
research done for the building Treet. Later research on the building Mjastarnet showed that this
mode shape might not be correct for all timber high-rise designs. The value used for the struc-
tural logarithmic decrement of damping was a value from the Eurocode for timber bridges. That
is why it is also recommended to further investigate the mode shape and structural logarithmic
decrement of damping for timber high-rise. During this investigation not only the axial connec-
tion stiffness should be regarded but also the rotational connection stiffness. Since the rotational
connection stiffness was found to have a large impact on the dynamic behaviour [73].

* Improving dynamic behaviour: In this study the dynamic behaviour was improved by either
adding weight or increasing the global stiffness. The global stiffness was enhanced by increasing
some of the timber element heights. From an exploratory study on the design for SLS it was seen
that increasing some of the timber elements was more material efficient than others. It was also
seen that increasing the connection stiffness of certain elements would also increase the global
stiffness. It would be interesting to study the relationship between increasing the connection
stiffness and timber element stiffness further to find what elements are the most material efficient
to increase. Another interesting way to decrease the dynamic behaviour that could be studied
would be to add dampers in the building. The dampers could decrease the floor load which would
decrease the material usage in the building.

+ Stability system design: In this study only three stability system designs were researched for
only two building dimensions. One diagrid design with a top angle of 90 degrees and a ring beam
every floor. And, two external braced frame designs with one or two braces and a slope of 1:2.
For the external braced frame designs it is interesting to study the material efficiency of short to
slender buildings. However, for the studied diagrid design exploring buildings with a slenderness
higher than 2.5 is interesting as it was seen in this thesis that the diagrid is not more material
efficient than the external braced frame for this slenderness. The angle of the stability systems
can also influence the material efficiency of the stability system. For instance a diagrid design
with a smaller top angle and ring beam every two floors might have resulted in a more material
efficient system. That is why further research towards the most material efficient stability system
design is recommended.

» Connection design: In this research it was concluded that the diagrid models use roughly 3x
more steel than the external braced frame designs. That is why it is recommended to study other
element types that might be more material efficient for diagrid stability systems. The slotted-in
steel plate connection designs used in this research can also be improved. In the parametric
model the connection design was mostly fixed to decrease the number of parameters. Neverthe-
less, from the exploratory study on the connection design it was seen that creating the most ma-
terial efficient slotted-in steel plate connection design is difficult. For this thesis the slotted-in steel
plate connection study was only a part and it is believed the connection design can be enhanced
further. Also, in this study two steel plates were used for all connection designs while three plates
were also considered. Using three plates would have increased the connection stiffness which
could have possibly decreased the amount of timber required. That is why it is recommended to
study the slotted in-steel plate connections more.
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* Internal structure design: The internal structure of the building would at times dictate what
design parameter was more material efficient. As this research focused mainly on the stability
system design the internal structure design was simplified and not optimized. For this reason,
studying the internal structure for timber high-rise with different floor spans and floor weights might
be interesting.
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Reference projects

A.1. Treet, Bergen Norway

Treet is a housing building with 62 apartments on 14 floors and has a height of 45 meters. This building
was finished in 2015, at the time it was the highest building with a timber structural system. The location
of the building is in urban and central Bergen close to the "Puddefiorden”. Treet is owned by housing
association BOB, Bergen og Omegn Boligbyggelag [8]. BOB wanted to make a 20 story high building
but this was not permitted since Bergen mostly has buildings of 6 floors high. So, BOB proposed to
make the highest tree tower in the world that could show in a modern way that Bergen is a timber city.
The project goals were sustainability, cost efficiency and prefabrication. Sweco was chosen as the
structural engineer and Moelven as the timber supplier. Both companies were selected because they
had the most experience with making large timber structures for bridges [42].

Figure A.1: Treet, Bergen [48]

A.1.1. Structural System

In figure A.2 the assembly of Treet is shown. First a concrete plinth is made and four floors of pre-
fabricated modules are stacked upon the plinth. The modules in the building are made from timber
framework. After this a glulam framework is placed on the outside and a power story is created on the
fifth floor. This power storey is also made of glulam elements and has a prefabricated concrete slab
on it that carries the load of the following four floors of modules. On the tenth floor there is another
power storey that supports the remaining three floors and the roof. The vertical forces are transferred
through the groups of four modules and then transported to the main frame by the power storeys [70].
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Figure A.2: Assembly structure Treet, [70]

The normal floors have a height of 3 meters and the power storeys have a height of 3.3 meters. The
frame work is designed to resemble the modern designs of timber bridges. Another reason why a lot
of smaller timber elements are used is because the design of this building started with the modules.
These modules could not be stacked higher than four storeys so the idea of making three smaller build-
ings stacked on top of each other was born [3]. The elevator shaft is made from CLT walls, these walls
are separate from the main structural system and do not provide extra stability. Wind loading causes
tension in the foundation. These forces are transported to the bedrock by steel core piles. The building
was made to be robust. Meaning that when a structural member were to fail the other members will be
able to take the force [48]. This was verified using the accidental limit state.

The materials used are GL30c and GL30h for the glulam in the frame work. Almost all timber
elements were protected from the outside weather by metal or glass sheeting. Climate class 1 was
used for inside members and class 2 for members next to the external walls on the cold side. The steel
used for plates is S355 and the dowels are made of A4-80 [48]. The stability in the building is provided
by the glulam framework made of K-shaped parts. This framework is mostly in the facade but also has
a frame between the modules. To connect the frames and transfer the horizontal loads, CLT floors are
used in the corridors on each level. As well as the power storeys with their framework and concrete
floors [77]. All the connections in the framework and power storeys are hinged joints. Most element
sizes are based on the ultimate limit state with wind and dynamic behaviour, this will be elaborated in
paragraph A.1.4. The remaining element sizes were governed by the fire design [8]. This could refer
to the design of the connection or that of the beam. The elements affected most by the connections
are beams that bear vertical loads [11]. The global deformation requirement caused by static effect of
wind is:

H/500 = 45000/500 = 90mm

The deformation for Treet is 71 mm and this equals H/634 [8].

A.1.2. Floor plan and loads

Treet has a plan of 20.7 x 22.3 meters. The floor plan for Treet is dictated by the modules as can be
seen in figure A.3. The vertical load transfer for this building goes from four modules stacked on one
another to its respective concrete floor on the power storey. The corridors in the middle of the building
are attached to the main frame on every floor. In figure A.3 in red the framework that carries the vertical
loads down to the foundation is shown. In blue the span direction of the concrete floors is shown. The
concrete floors rest on the power storey which transfers the loads to the framework in the facade and
columns in the middle of the building. The length between grid B and D and E and G is 9.3 meters so
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Figure A.3: Typical plan of Treet, [48]

each side gets 4.65 meters of floor loads [40].

The loads are determined using the Eurocode and the Norwegian national annexes. The maximum
wind speed was determined to be V = 44.8 m/s and this gives the equivalent wind pressure of g =
1.26 kN/m?. The wind load was checked from all four sides as well as diagonal directions of 45° and
135°. No wind tunnel was used because of the traditional shape of the building. The wind load was
determined to be the dominant load so according to the Norwegian method loads from earthquakes can
then be excluded. The self weight for the timber parts was 4.5 kN/m3 and the concrete to 25 kN /m3.
The live loads were set to 2.0 kN /m? for the apartments, 3.0 kN /m? for the common areas, 4.0 kN /m?
for the balconies and 5.0 kN /m? for the gym [48]. The highest compression force in a column is 4287
kN, the highest tension in a column was 296 kN and the highest tension in a diagonal was 930 kN.
The cross-sections for columns are either 405x650 mm or 495x495 mm. The typical cross-section for
a diagonal is 405x405 mm [8].

H Cross-section Force [kN] oy gq [N/mm?] H

405x650 -4287 16.3
405x650 296 1.12
405x405 930 5.7

A.1.3. Dynamic response

Since Treet was an innovative design not much was known about how this building would behave
when loaded horizontally by wind. Treet has a low structural weight and is proportionally high meaning
it falls within a range where natural frequency can cause discomfort. The natural frequency affects
the acceleration of the building. The higher the acceleration the more discomfort users experience.
According to the standard ISO 10137 the perception acceleration limit for 50% of the population is
0.049 m/s? and the limit for nausea is 0.098 m/s? [36]. Figure A.4 shows the graph of permitted
acceleration where line 1 is for offices and line 2 is for residences. To study the dynamic behaviour of
Treet multiple studies were done beforehand. And afterwards the real wind-induced accelerations of
the building were measured to see if the predictions were correct [12].

The first research was performed on the structural concept in 2012. During this research a 3D-
model was created in a finite element program. In the model the external timber frame for storeys 0 to
4,610 9, 11 to 14 and the power-storeys in storey 5 and 10 were modelled. Also the massive wooden
slabs in the corridors and the concrete slabs in storey 6 and 11 were included. The modules and the
rest of the building were modelled as added mass. Based on Eurocode 1-4 and matlab scripts from
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Figure A.4: Evaluation curves for wind-induced vibrations from ISO 10137:2007 [29]

the professor of structural dynamics at NTNU the structural damping of the frame structure is &= 1.5%.
Findings from the research were [77]:

» The eigenfrequency of the model was much higher than the common approximation for eigenfre-
quency f; = 46/h.

» The model had a much higher eigenfrequency when the mass of the modules was not included.
» Using a pinned or rigid support almost had no effect on the eigenfrequency.

* Increasing the damping ratio with 500% to &= 9% reduced the eigenfrequency with a maximum
of 0.3%. So the effect is negligible.

» The maximum acceleration calculated with Eurocode 1-4 is 70% to high for discomfort levels.

* Increasing the damping ratio will decrease the acceleration. If the damping ratio is £&= 4% or higher
the criteria for comfort are met. It could be argued that the building has such a high damping ratio
because of the complexity of the structure and the modules.

* Increasing the mass will give a lower eigenfrequency and a lower acceleration.

» Reducing the height will give a higher eigenfrequency and a lower total mass. This reduces the
acceleration.

» Using the dynamic wind load instead of the Eurocode gives a 10x higher acceleration but is
deemed to be incorrect due to faulty load calculations.

+ Since the top part of the building had a low stiffness Sweco proposed to add concrete slabs as
the roof, this reduced the acceleration and decreased the eigenfrequency. Which now are 1.09
Hz for the z-direction and 1.18 Hz in x-direction.

+ Stiffness in the connections has low impact on the global stiffness, although this should probably
be investigated further.

» The eigenfrequency was reduced when simplified models for the modules were added. This is
because the modules have high damping that increase the global damping ratio.

+ Estimating the damping ratio was difficult and resulted in fluctuating results.

From this research the final design of Treet was altered to have concrete roofs to decrease the accel-
eration. Now the accelerations at the top of the building become 0.059 m/s? for the z-direction and
0.058 m/s? for the x-direction.

Another study was done for the wind-induced motions of Treet [12]. First the modules were built to
scale and tested. Individual modules and stacked modules were used. The test was performed using
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an impact hammer and accelerometers that measured the acceleration time history. From these results
the natural frequency and damping were established. A simplified model with the same properties was
made for the modules. Than, a FEM-model was created for the whole structure including modules,
power storeys, the framework and concrete slabs on the power storeys as well as on the roof. Another
addition was made where steel braces were included under the power storey to avoid local deflections
and vibrations. The modules under the first power storey were not modelled since they are supported
solely by the foundation and do not connect to the truss work. In the model the modules are connected
in all adjacent joints because they cannot move independently. The weight of these modules was added
to the model. The foundation of the building with the basement and steel core piles were modelled true
to their geometry. However, in the dynamic analysis the basement was fixed in horizontal direction
and the weight was set to zero. Also, the piles only had axial stiffness. This was done to avoid local
effects. The damping ratio used in this model is 1.9% based on the ratio for timber bridges from the
Eurocode [53]. The natural frequency of four modules is a lot higher than the global frequency. This
results in the modules acting like a rigid body and following the vibration of the concrete slab they rest
upon. The results for the global design in the z-direction are a natural frequency of 0.75 Hz and a peak
acceleration of 0.048 m/s2. For the x-direction it is 0.89 Hz and 0.051 m/s2.

When the building was finished data was collected with accelerometers on the vibrations and dy-
namic properties. This data was processed in a thesis research from NTNU [30]. In this study the
damping ratio and accelerations were determined for different modes. These modes are the bend-
ing mode in Z-direction, the bending mode in X-direction and the torsional mode. The damping ratio
for these modes respectively are 1.84%, 1.61% and 1.98%. Meaning that the first research was to
conservative with a damping of 1.5% and the second research was higher with a ratio of 1.9%. The
natural frequencies for the building are 0.97 Hz, 1.12 Hz and 1.79 Hz. This is higher than the other
studies because non-structural elements are not modelled. These elements increase the stiffness of
the building and have a positive effect on the acceleration of the building. The maximum acceleration
measured in the day of the experiment was only 0.0082 m/s? [30]. This is so low because the wind
load on this specific day was not the maximum design wind load.

A.1.4. Fire design

The structural system of Treet needs to resist 90 minutes of fire without collapsing. For the secondary
load bearing systems this is 60 minutes. One protection measure is fire stops on the facade for every
two floors that are connected to the horizontal beams in the framework [48]. Other measures taken are
fire resistant paint on all exposed timber, sprinklers and escape routes that avoid combustible surfaces
and have an elevated pressure. The modules were also designed to resist a fire of 90 minutes so if
a fire catches in an apartment it will burn out in the module [2]. However, later tests showed that the
full course of fire for one apartment was 74 minutes and so the design of the modules was reduced to
withstand a fire of only 74 minutes [70].

The structural fire design is based on the reduced cross-section method from Eurocode 5 [58] and
does not take these extra measures into account. Meaning that the load bearing framework also needs
to be safe when exposed to fire for 90 minutes. The reduced cross-section method is used with the
accidental design situation. To calculate the reduced cross-section the following formulas are used:

dchar,n = ﬁnt (A-1)
def = dchar,n + kod, (AZ)
For this situation with glulam beams and unprotected surfaces exposed to fire for 90 minutes we get
the following calculation.
dy =7 mm
Bn = 0.7 mm/min
t =90 min
kO = 1
def =0,7-90+7-1=70 mm
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This gives a reduction of the cross-section of 70 mm [8].

The timber elements encapsulate the steel connections. Because the charring for 90 minutes
reaches a depth of 63 mm, all steel dowels are placed 65 mm from the edge of the timber. The
dowels are therefore assumed not to increase the heat flux towards the steel plates. The steel plates
are placed 108 mm from the outside of the timber. Some cross-sections had to be increased for fire
safety. All gaps and slots are protected with intumescent fire seals [48]. These seals expand when
they are exposed to heat. The seals fill up all the holes to stop the fire from spreading [34]. Figure A.5
shows a detail of a connection with a fire seal as well as how this seal would expand.

Fire safety for the load-bearing system is done with reduced cross-section method, fire resistant
paint in all escape routes [48], sprinklers [70] and fire is supposed to burn out already in the modules.
No extra gypsum added and gaps are filled with fire proof joint filler. Except for the power story the
modules do not have glulam elements running through it [42]. In the power storey the glulam is exposed
and will have sprinklers and reduced cross-sections.

Figure A.5: Connection detail with intumescent fire seals [42]

A.1.5. Connections

The connection design of Treet is highly affected by fire safety. To deal with this all dowels are placed
within 65 mm of timber and the plates 108 mm from the sides. The connections of Treet are all slotted-
in steel plates. These types of connections are used because the companies involved have a lot of
experience with this type of connection from previous projects with timber bridges. The connections are
known to perform well and can take up a lot of tension [11] [3]. Figure A.6 shows a detail of a connection.
However, the other view of the connection is not known. A possible design for the connection is derived
from other details. Very important to note is that this is highly speculative.

We know that the column has a size of 650x405mm. From figure A.6 it can be derived that the
connection has 3 steel plates with a thickness of 10 mm and that there are 7 rows of dowels parallel to
the grain. The steel plate has a maximum width of:

650 — 110 — 110 = 430mm
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Figure A.6: Joint detail column to foundation, [8]

From other details we can derive that the space between the outer-bolts and the end of the plate
is 25mm. This leaves 380 mm to place the bolts. In other details a space of 45 mm is left between
the bolts. So this means that 9 bolts would fit with a heart-to-heart distance of 47.5 mm. The bolts are
presumed to have a diameter of 12 mm. To calculate the capacity of the joint Eurocode 5 for timber
is used [52]. To calculate the capacity of steel to timber connections the Johanson model is used,
this model is explained in paragraph 3.1 and appendix B. The joint is also tested on block and plug
shear failure as described in the Eurocode. The calculations are done with formulas from appendix
B. The calculation determines that mode g and m from the Johanson model give the lowest capacity.
The shear capacity is decided by the back of the connection and not the sides. According to Magne
Aanstad Bjaertnes [11] a slotted steel timber connection is good, when the connections fails first at the
back. If it fails on the sides the connection is too long.

When checking the compressive strength of the column with the compression force of 4287 kN
the unity check for the effective cross-section is 0.85 which is good. However, the capacity of the
connection is calculated to be 1050 kN with a unity check of 4. This means that this connection is not
designed to withstand the compression force. The force is probably assumed to transfer directly to the
end plate supporting the column.

A point of interest for the construction of Treet is the connections in the corners of the facade like
in figure A.7. These connections do not meet at the same point because constructing a 3D-joint is
very difficult and also it would make assembly a lot harder. To avoid moments it is very important that
elements all join in one point and there is no eccentricity within the joint. The moments are also avoided
because you can make a closing force polygon with the horizontal beam and the column [3].

Slip in the connections can also have an influence on the dynamic behaviour of a building. Since
Treet has so many dowels it was presumed that no slip would occur based on knowledge from timber
bridge design [8]. Nonetheless, it was determined that slip in joints would have a minimal effect on the
force distribution and fundamental frequencies if it were to occur [77].



120 A. Reference projects

Figure A.7: Connection corner facades [8]

A.2. Mjgstarnet, Brummunddal Norway

Mijastarnet is a mixed-use building with apartments, a hotel, offices and a restaurant. It is 18 storeys
with an architectural height of 81 meters. This makes it the highest timber building in the world. The
building is located next to the biggest lake in Norway, lake Mjgsa and was completed in March 2019.
The building was initiated by investor Arthur Buchardt a Brummunddal native. He believed that the
building could be a representation of the green shift in the construction industry. As well as proof that
high-rise could be made using local suppliers, local resources and sustainable materials [5]. Moelven
Limtre was responsible for supplying all the structural timber and Sweco was the structural engineer for
the project [4]. These companies were chosen because they had also worked on Treet. The building
is made with 2600 m? cross- and glue-laminated timber from which most is locally sourced, reducing
the embodied carbon created by transportation.

Figure A.8: Mjgstarnet, Brummunddal [4]

A.2.1. Structural system

The load bearing system is made up of glulam trusses in the facade and has glulam internal beams
and columns. CLT walls are used to carry the vertical loads of the elevators and stairs. The global
stiffness is provided by the trusses in the facade. All the structural timber is located inside the facade
which increases the durability of the wood and decreases the maintenance. The floor systems of floor
2 to 11 are prefabricated wooden Tra8 systems. The upper floors 12 till 18 have a prefabricated bottom
where concrete is cast on top. This was done to increase the weight in the top of the building [5].
Increased weight, especially in the top, can decrease swaying of the building and increase comfort.
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The structural system is shown in figure A.9. Since the structure is light there will be big tension forces
at the foundation. Therefore, the foundation has considerable anchorage [6]. The glulam elements
are connected with dowels and slotted steel plates. Around 128 tonnes of steel is used in the super-
structure of Mjgstarnet [47]. The floor heights are on average 4 meters.

Figure A.9: Structural model Mjgstarnet, [4]

The stability in Mjgstarnet is provided by diagonals in the facade. On the short side of the facade
these span all the way across the facade to ensure enough global stability. In the long facade they did
not need to span all the way across the facade. There is quite a big difference between the structures
of Treet and Mjgstarnet. This is because from Treet they learned that using less but bigger elements
worked more efficient, especially for higher buildings. It is even thought that this stability system could
make buildings up to 140 meters high. The diagonals cross the beams and columns in the facade. This
does not cause moments because all the connections are presumed to be hinges. The columns in the
building span four floors. The columns continue when a diagrid crosses and the diagrid is split-up.
When a diagrid encounters a beam, the beam is split-up. The sizing of the elements in the stability
system was mostly determined by the dynamic behaviour caused by wind. Some of the elements had
to be enlarged because of the fire design and connections [3]. The global deformation is 140 mm.

H/500 = 81000/500 = 162mm

So the deflection of the building is L/579 [5]. The structure was made to be robust. This means that
when one element fails not the whole building will collapse. The most dangerous element to lose would
be one of the diagonals [11].

A.2.2. Floor plan and loads

The floor plan of the building is 17 x 37 m [23]. Figure A.10 shows a typical floor plan of the building. In
red the columns are shown. The CLT core is placed at the top in the middle. The grid of the columns was
determined by the sizes of the hotel rooms in the building [3]. To accomplish a floor span of 7.7 meters
a Tra8 floor system was used. This floor has a top plate of LVL and then glulam flanges underneath
it. This system uses less timber than using a CLT deck. The vertical forces are mostly taken up by the
columns and also a bit by the diagonals where they are present [5]. The loads that were used on the
building are[11]:

« Own weight of timber floors 2.5 kN /m?
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« Own weight of floors with concrete deck 8.5 kN /m?

+ Own weight facade 1.0 kN /m?

Variable floor load for hotel and homes 2.0 kN /m?

Variable floor load for offices 3.0 kN /m?

Variable floor load for balconies 4.0 kN /m?

Wind load 1.3 kN /m?
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Figure A.10: Typical floor plan Mjgstarnet [6]

Floors two through seven are offices and eight through 16 are homes and hotel rooms. Floor 17
has a variable load of 3.0 kN/m? and 18 of 4.0 kN /m? because it is an outdoor space. The vertical
loads are transferred to the columns in the facade from half the floor span, so for 3.85 meters. The
columns in the corner are larger than the other columns because they are part of the stability system
[11]. These columns have dimensions of 1485x625 mm and have the largest forces in them.

As can be seen in figure A.10 the floor spans in the long direction of the building. In this way the
floor loads rest on the short facade. The short facade also gets more wind force because it has to take
up all the wind force that hits the long facade. Loading the short facade with the floor loads can cause
the corner columns to have less tension force and a lower overturning moment.

H Cross-section Force [kN] oy gq [N/mm?] H

1485x625 -11500 12.4
1485x625 5500 5.9

The forces given in the table are that of the corner columns. Sadly, no forces in the diagonals are
known. The sizes of the diagonals on the short side are 625x990 mm and on the long side they are
smaller 625x495 mm.

A.2.3. Dynamic response

The design of the elements started with an analysis based on the dynamic response [3]. The knowl-
edge that was gained from Treet and the three researches mentioned in paragraph A.1.3. were used to
determine the dynamic response of Mjgstarnet. To calculate the peak accelerations a damping ratio of
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1.9% and a wind speed of 22 m/s were used. They found that the assumption of 1.9% corresponded
enough with the damping ratios found in Treet of 1.84%, 1.61% and 1.98%. The peak accelerations
found for the top floor are approximately 0.066 m/s? and 0.045 m/s?. This crosses the comfort criteria
but only for the top floor. This floor was sold with this information [5]. To achieve an acceptable accel-
eration the 6 top floors of the building have a concrete floor instead of a timber floor. It was actually
found that applying a 1.5 m layer of concrete on the roof of the building would be the most effective use
of concrete but distributing it over 6 floors seemed more reasonable [3].

A program was set up to quantify the structural damping of timber high-rise and Mjgstarnet is in-
cluded in this study. The program is called DynaTTB standing for The Dynamic Response of Tall Timber
Buildings under Service Load. The program will try to create a model that can accurately predict the
dynamic behaviour of timber buildings by comparing it to measurements from the building [7]. For
Mjastarnet the first measurements were done on-site but sadly the main document reporting these has
not been published yet [72]. However, some results were shared with thesis students who were a part
of the DynaTTB project. Figure A.11 and A.12 show the fundamental frequencies that were calculated
by Sweco for the design of the building and what was measured after the building was in use.

(a) Numerical model by SWECD

Mode Frequency [Hz] Mode directionality

1 0.33 Longitudinal
2 0.37 Transverse
3 0.59 ‘Torsional

(b) Measured (DD-581)

Mode Frequency [Hz] Mode directionality
1 0.50 Transverse
2 0.54 Longitudinal
3 0.82 Torsional

Figure A.11: Fundamental frequencies of Mjgstarnet [33]
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Figure A.12: Comparison of peak acceleration from on-site measurements by Tulebekova and Parametric model for Mjgstarnet
[33]

The differences can be explained by an underestimation of the stiffness of the foundation in the
model. The damping ratios were also determined from measurements for the first 3 modes being
1.685%, 2.458% and 1.863%. In the parametric model a damping of 1.5% is used. When comparing
the peak accelerations from the model and measurements we see that the measurements give higher
values. In the thesis they state that this difference is partially caused by the measurement instruments
being placed higher than the calculated points in the model. The peak acceleration based on the design
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wind load from the parametric model is 0.114 m/s? in transversal direction, which is twice as high as
the recommended threshold, and 0.038 m/s? for the longitudinal direction. No specific explanation is
provided as to why they think these accelerations differ so much from the ones calculated by Sweco.
Important to note is that their model gives a higher acceleration on the top floor for a higher damping
ratio.

The final conclusion of the research was that the frequencies were underestimated and that the
acceleration was highly dependent on the damping. Nevertheless, the damping used to recreate the
most accurate model was not the same as the damping found on-site. This can be explained by the un-
derestimation of the stiffness of the foundation and not including the stiffness of the exterior walls. The
parameters that had the greatest influence on the dynamic behaviour were: vertical stiffness of founda-
tions, material stiffness of timber frame, axial stiffness of connections in the diagonal bracing system,
rotational stiffness of connections in the timber frame and stiffness of exterior walls. Parameters that
had almost no influence were: horizontal foundation stiffness, rotational stiffness of foundations, tim-
ber floor material stiffness, timber floor connection stiffness, material stiffness of shaft walls, rotational
stiffness of diagonal connections and axial stiffness of beam connections [33].

In 2022 Tulebekova et al. published a paper on the modeling stiffness of the connections and non-
structural elements. The connections are modelled as ’connection-zones’ with a modified stiffness.
They propose that the stiffness of the ‘connection-zone’ is proportioned to the timber element sizes. In
this manner the influence of the glulam connection stiffness and stiffness of the non-structural elements
on the dynamic behaviour can be taken into account. It is concluded that the axial stiffness of the
connections from the diagonal are the governing parameter for the dynamic behaviour. Whereas the
rotational stiffness of the connections from the beam not having much effect. It is also found that the
connections behave as semi-rigid joints. The new found damping ratio for the short side is 1.5%, for
the long side it was 2.3% [73].

A.2.4. Fire design

For the fire design of Mjgstarnet it was determined that the main load bearing system must be able
to endure a 120 minute fire and must withstand a burnout scenario. Meaning the building must stop
burning before it collapses [35].

To ensure the safety during the cooling phase of the burnout tests were performed by SP Fire
Research for Sweco. The test pieces were three glulam columns of GL30C with a profile of 405x460
mm. One of the columns featured a slotted steel plate connection similar to the ones used in the
building. During the test the columns were exposed to a fire that corresponds with the ISO 834 curve
for a 90 minute fire [10]. A 90 minute fire was used because the Norwegian building regulations state
that the pre-accepted performance for the load-bearing main system is 90 minutes if a building is in
the fire class for buildings with more than 5 floors [18]. After the columns were burned in the oven for
90 minutes the decay period of the fire starts where no extra heat is added. But the specimen was
exposed to the remaining heat in the oven. It was found that the fire will eventually burn out without
using external extinguishing. After applying the fire for 90 minutes the charring depth was about 50
mm. During the cooling phase a maximum extra charring depth of 24 mm was reached before the
fire went out. The column with the connection had steel dowels that were placed 65 mm from the
edge of the wood and the temperatures were measured in these dowels [10]. The dowels reached no
more than 250 degrees at any point during the test and were therefore determined safe. It was also
determined that using wooden plugs instead of leaving the dowels holes open did not have a positive
effect because the charred wood expands and covers the hole [35]. In figure A.13 the charring process
for the columns without the connection can be seen plotted in blue and red. In green the design charring
rate for one-dimensional charring from the Eurocode is plotted.
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Figure A.13: Charring process of glulam column test [10]

The parametric fire curve was also used to calculate the charring depth for Mjgstarnet. With the
parametric fire curve the fire energy from the wooden structures that burn is added in the input for the
curve. This calculation is repeated 5 times until the calculations converge indicating that the charring
will stop at a certain depth. For Mjgstarnet this depth is 30 mm after 40 minutes. However, these results
were not used in the design. The reduced cross-section method from the Eurocode was used to be
on the safe side [35]. This gives us a one dimensional charring depth of 85 mm as can be seen in the
calculation below.

dehar o = Bot = 0.65 - 120 = 78mm

def = dchar,O + kod() =78 +7= 85mm

This is why all steel parts in every connection in Mjgstarnet are embedded in 85+ mm timber.

The protection measures taken for the structural system are the reduced cross-section method,
120 minutes fire resistance, sprinklers and every storey is sealed. Measures are also taken for the
secondary systems. The timber facade is covered with fire retardant and has non combustible insulation
materials. Also, the spread of fire is stopped between each floor. The same counts for the elevator
shaft. Sprinklers are installed in the complete building and non combustible materials are used in
hidden and technical rooms. All hotel rooms and apartments are their own fire cell as well as the office
floors. The floors, shafts and walls have a fire resistance of 60 minutes. As an extra safety measure
the fire brigade has a control room in the building, a fire elevator and direct connection with the alarm.

A.2.5. Connections

The connections in Mjgstarnet are slotted-in steel plates as well because of the expertise of the com-
panies involved in the project. The connection of the column with size 1485x625 mm to the foundation
has 4 steel plates. The column short side of the column is made from five parts of 125 mm with the
steel plates between them. The ends of the steel plates are left 340 mm from each side of the end
of the timber. The dowels are embedded 85 mm within the timber for the fire safety. In the direction
parallel to the grain there are 10 dowels. In the direction perpendicular to the grain there are also 10
dowels[11]. The thickness of the plates and dowels is measured to be roughly 15 mm. The distance
from the end plate to the bolt is 25 mm just like in Treet. Estimating the distances between the bolts
give a distance of 120 mm from the last bolt to the end of the column. The distance between the bolts
parallel to the grain is approximately 100 mm [11]. The distances between the bolts in the direction
perpendicular to the plane is roughly 85 mm.

In appendix B a connection calculation is shown for this connection. The calculated tensile and
compression capacity is 5039 kN. The unity check for the connection under a tensile load of 5500
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kN is 1.1 and for a compression of 11500 kN it is 2.3. Meaning the compression is again expected to
be transferred end-grain to end-grain. The capacity of the effective cross-sections are 0.47 for tensile
force and 0.63 for compressive force.

The connection design for the columns in the middle of the building is also interesting. These
columns are loaded purely under compression so no connection is needed. The columns are stacked
on top of each other end-grain to end-grain [3].

A.3. Monarch IV, the Hague Netherlands

The plot for Monarch IV was bought in 2018 by the government of the Netherlands. The main goal
of the project is to create rapid availability of extra square meters of high-quality, flexibly deployable
and sustainable office space for the government in The Hague. A building with 19000 m? gross floor
area should provide 900 work spaces should be created. The tower is designed to be 72 meters high
with 20 floors. This building should have flexible floor plans without having to change the stability
system and installations. Because the government needs to have extra office spaces before 2024 it
is paramount that the project can be realised in a short period of time. Since the building is made for
the government they see it as their social responsibility to create a green future proof building. This
entails using the least amount of materials with the least amount of CO2 emission and a possibility for
circularity. To accomplish these goals a stability design in timber was made. This design was made
parametric to increase the speed of the design process, and building in timber also increases the speed
of the construction. As well as having to do less with nitrogen requirements that can elongate the permit
process [81]. The principle design was created by Royal HaskoningDHV and the project tender closed
at 31 December 2021 [1].

Figure A.14: Render Monarch IV, the Hague [9]

A.3.1. Structural System

The stability system of Monarch is a diagrid in the facade of the building from the second floor up,
this can be seen in figure A.15. The system is made with laminated wood GL28c and steel slotted
plate connections. The floor heights are 3.6 meters. The diagrid has diagonal components as well as
horizontal beams that occur every floor. The rhythm of the diagrid is that there is a full cross on every
two floors. In this way the loads of every floor can be easily transferred to the diagrid. The width of the
diagrid is determined by the width of the facade panels. The diagrid has no columns so all vertical forces
go through the diagonals. The whole facade has diagonals so every part of the facade provides stability
to the building. This type of facade and stability system was chosen based on aesthetic considerations
from the architect. As well as this providing freedom in the floor plan which was required by the client
[9]. There is a CLT core present but this does not carry any horizontal loads, only vertical. Because
the core does not have a function in the stability system it could be placed anywhere in the floor plan
again giving extra freedom. The elevators and stairs are placed within the core. To take up the vertical
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forces between the diagrid and the core, columns are used. The core stops above the basement in
order to avoid obstructing the layout of the parking area. Below the second floor there is a concrete
plinth. Above ground there are concrete piers with steel wind bracing in the facade. These piers have
rigid supports to contribute to the stiffness and dynamic behaviour of the building. The floors from
the second floor down are all made in concrete. The CLT core also changes into a concrete core for
the bottom two floors and basement. Some columns in the basement need a larger spacing than the
columns on top so steel V-shaped constructions are used to transfer the load from two columns to one
[69].

Figure A.15: Structural model Monarch IV [69]

The stability system is modelled and calculated with a parametric script in Grasshopper. To opti-
mize the structure, Karamba was used. The only parameter in the script was the element size of the
diagonals and beams in the stability system. The sizes of the elements all had the same depth of 600
mm to make it easy to connect the facade and floors. The system was tested with own weight, live
loads and wind loads from all 4 directions. The criteria to which the model was tested was a maximum
stress of 5.5 N/mm? in the timber elements. After this the model was exported to SCIA Engineering
to do a more elaborate check. The diagonals are checked on stress in the joint and buckling under
compression. This is because no moment occurs in the diagonals due to it being a diagrid with hinged
connections. The horizontal beams are checked on stress in the joint, buckling under compression,
beam cross-sections subjected to either bending or combined bending and compression. These extra
checks are added because of the floor loads working on the beams. The deformations of the global
design are calculated in SCIA Engineering and are 41 mm in the slender direction and 8 mm in the
other direction. The requirement is:

H/500 = 72000/500 = 144mm

So this is easily satisfied. The second order effect is also calculated and this causes no problems
because the building is very stiff compared to the weight. In the final design we have four sizes of
beams for the diagrid. The smallest size is 400x600 mm, this is the most occurring size and can be
found mostly in the top of the building. The other sizes are 800x600 mm, 1200x600 mm and 1600x600
mm. The long side of the facade has relatively smaller elements than the short side of the facade. This
is logical since it has to take up more wind from the long facade and also has a smaller moment of inertia
than the long facade. The beams have 9 different sizes ranging from 400x600 mm to 820x600 mm.
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For both beams and diagonals the buckling and bending are not the normative checks and neither is
the dynamic behaviour or global deflection. The normative check is those of the joints for every profile
[69].

A.3.2. Floor plan and loads
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Figure A.16: Floor plan Monarch

The floor plan of the building is 44.7 X 20.7 m. The long side of the building is divided in 7.2 meters
between each column. The diagrid in the facade however, occurs every 4.8 meters. The short side of
the building is divided in 5 parts where the middle part is 4.8 meters in width and the other four are 3.6
meters wide. The diagrid is again 4.8 meters apart. The floor system is made of a box floor spanning
in one direction which is supported by beams spanning in the other direction. The beams are parallel
to the long facade and have a length of 7.2 meters. The floors have a shorter span and span in the
other direction. Figure A.16 shows the floor plan of Monarch with the internal columns in red, the core
in green and the diagrid in yellow.

The floor system was chosen based on a study of variants to see what option would give the least
floor height. The box floor is used instead of a CLT floor so that extra weight can be added in the floors.
This weight can improve the acoustic behaviour of the floor. [9]. This extra weight can also have a
positive effect on the dynamic properties of the building.

The loads working on the upper timber part are:

+ Own weight of floors 3.0 kN /m?

« Own weight facade 1.0 kN/m?

+ Roof 3.75kN /m?

+ Variable floor load for offices 4.0 kN /m?
+ Variable floor load for the roof 1.0 kN /m?
+ Load caused by snow 0.56 kN /m?

» Wind load 1.75 kN /m?



A.3. Monarch 1V, the Hague Netherlands 129

From the vertical loads of the floors 3.6 m/2 = 1.8 m will be transferred to the diagrid in the facade.
All the own weight from the facade will be carried by the diagrid. The maximum forces in the diagrid
are caused by the load combination where wind is the predominant load. The load combination for the
beams that give the highest forces is the one where the variable floor load for the offices is predominant.
The approximate highest forces we get for the diagonals are [69]:

H Cross-section Force [kN] oygq [N/mm?] H

400x600 -1200 5
800x600 -2600 5.5
1200x600 -3550 5
1600x600 -5100 5.5

A.3.3. Dynamic response

The wind vibrations are checked using the dutch national annex. Figure A.17 shows the limit values for
different types of spaces. Gebruik 2 is used for residential spaces and gebruik 1 for offices. These re-
quirements are a lot higher than the allowed values from the ISO standard used in Treet and Mjgstarnet.
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Figure A.17: Limit value for wind acceleration for occupied spaces in buildings [59]

To calculate if the dynamic response is satisfactory the required stiffness E1 of the building is calcu-
lated when the deformation at the top is 1/500 = L. The eigenfrequency is calculated with formula A.3
where the building is seen as a cantilevered beam with a rigid connection.

1 3EI

= 2n. ] 0.24ul% (A-3)

f

An eigenfrequency of 0.47 Hz is found and this gives a peak acceleration of 0.3 m/s? which is
to high. Hence, the deformation requirement is increased to 1/1000 = L. The eigenfrequency now
becomes 0.66 Hz with a peak acceleration of 0.2 m/s? and that is sufficient for offices. The peak
acceleration is calculated with the following formula:

Ky K, ®(y,2)

A.4
Href - q)max ( )

0ax(y,2) = ¢t p - Iy (z5) - vin (25) R -

where:
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¢s s the force coefficient

p is the air density

I,(zg) is the turbulence intensity at height z; above ground

vn(zs) is the characteristic mean wind velocity at height zg

zg is the reference height

R is the square root of the resonant response

K,, K, are constants

Urer IS the reference mass per unit area

®(y,z) isthe mode shape

..« is the mode shape value at the point with maximum amplitude

A.3.4. Fire design

The fire safety of Monarch is checked using the one-dimensional reduced cross-section method. With
a fire resistance requirement of 90 minutes that applies to the entire main supporting structure. Using
formula A.1 & A.2 we get:

dey =0.65-90+7-1=655mm

With the reduced cross-section the accidental situation is checked for the floor beams and the columns
and they both suffice with unity checks between 0.38 and 0.62. Regarding the wooden hollow-core
slab floors, the basic principle is that the floor itself has a fire resistance of 60 minutes and it is provided
an extra 30 minutes at the bottom with fire-resistant plating. The diagrid and slotted steel plates have
not been checked yet in this part of the design phase. According to Eurocode 1995-1-2 table 6.2 steel
plates with unprotected edges must be larger than 280 mm which is the case for the connection design
[69].

A.3.5. Connections

The connections of Monarch are slotted-in steel plates with steel dowels. These types of connections
are used because the steel is covered by timber. This is good for the fire safety and for the aesthetics.
Since the depth of all the diagonals and beams is the same the distribution of the plates can be the same
for all elements. For this design phase only one type of connection was calculated. The connections
in the corner meet at the same spot so probably a 3D-connection needs to be made. This connection
was made to fit a beam with an area of 600x600 mm and the steel parts of the connection were not
embedded within an extra layer of timber for fire safety. The connection has three steel plates and has
11 rows of dowels parallel to the grain and 4 perpendicular. The connection is tested with the Johanson
model and for block and plug shear failure. For this particular connection the normative failure mode for
the Johanson model was a combination of m for the inner-parts and g for the outer-parts, these modes
can be seen in figure B.6. The load capacity from the Johanson failure is roughly 3100 kN. However,
the block and plug shear failure give a smaller load capacity, namely, 987 kN. The first part that fails
are the sides and not the block tear of the end [69].

A.4. Comparison and conclusion

Treet is 45 meters high, 22.3 meters wide and has a depth of 20.7 meters. Giving it a width to height
ratio of 1:2 and 1:2.2 Mjgstarnet is 81 meters high, 37 meters wide with a depth of 17 meters. The
width to height ratios are 1:2.2 and 1:4.8. Monarch is 72 meters high, 44.7 meters wide and 20.7
meters deep. Giving it width to height ratio’s of 1:1.6 and 1:3.4. This means that Mjgstarnet is the
most slender. Where Treet and Monarch use more small elements, Mjagstarnet uses less but bigger
elements. Treet and Mjgstarnet both have columns to transfer a lot of the vertical forces, Monarch only
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Volume Volume
. Floor Volume Total Volume | glulam glulam of glulam glulam glulam of glulam Glulam Glulam
Height height Floorplan building | N7 floor Julam or per (m?) o per (m?) or per Global
eigl g B p p p .
(m) (m) (mx m) (™) floors | area facade volume square | facade volume square | facade, volume square deflection
(m?) (m) *10? | with (m) *10? | beams, (m) *10?
columns columns
20.7x 71 mm \.:wth
Treet 45 3-33 523 20772 14 6463 475* 2,29% 7,35 475* 2,29% 7,35 475 2,29% 7,35 foundation,
uc=0.79
140 mm with
Mijostarnet | 81 4.2-38 17x37 46798 18 11322 930 1,99% 8,21 1170 2,50% 10,33 1400 2,99% 12,37 foundation
UC=0.86
20.7x 41 mm \.:wthout
Monarch 72 3.6 447 66621 20 18506 1987 2,98% 10,74 2312 3,47% 12,49 2787 4,18% 15,06 foundation **
uUc=0.57

Figure A.18: Comparison reference projects on dimensions and timber usage [69] [77] [47]
*Treet does not have an internal structure with columns and beams like the other two buildings
**UC is H/1000 instead of H/500

has diagonals. In figure A.18 the amount of timber used in the buildings is compared. From this figure it
can be concluded that the diagrid of Monarch uses more timber per square meter floor than Mjgstarnet
meaning it is less efficient. However, Monarch has a lot less lateral displacement. Treet seems the
most efficient from figure A.18 but this is because the timber modules add a lot of timber that are not
considered here.

For both Treet and Mjgstarnet the comfort criteria from the dynamic behaviour was the most impor-
tant design criteria. Minority of the elements had to be enlarged due to fire safety and the connections.
In Monarch the connection sizes were most important even without using extra timber to embed the
material for fire safety. This could partly be explained by the fact that the requirements used in Monarch
for comfort are a lot less conservative than those used in the Norwegian buildings. Monarch could also
be a lot stiffer than the other buildings because of the large amount of diagonal elements. As well
as the building being a lot lighter because there are only timber floors present in the top part of the
building. Furthermore, the Norwegian buildings had a more extensive dynamic behaviour assessment.
The dynamic behaviour of Treet was tested on-site and gave good results that were better than the
expected behaviour. For Mjgstarnet the first outcome of the research based on the on-site testing was
not very accurate. However, the measured accelerations were higher than the expected accelerations.
This could mean that the dynamic behaviour was underestimated. It was also found that the actual
damping for the short direction of 1.5% was lower than the considered damping of 1.9%. Table A.1
compares the dynamic behaviour of all three buildings.

Damping Frequency Acceleration uc Damping Frequency
ratio calculated ratio measured
used (Hz) (m/s?) measured (% ) (Hz)

Treet 1.9 0.75,0.89 0.048,0.051 0.051/0.049 1.84, 1.61, 0.97,1.12
=1.04 1.98 1.12
Mjgstarnet 1.9 0.33,0.37, 0.045,0.066 0.66/0.62 1.5, 2.3, 0.50, 0. 54,
0.59 =1.06 2.2 0.82
Monarch* - 0.66 0.2 0.2/0.2=1 - -

Table A.1: Dynamic behaviour of the reference projects
**Monarch has only been checked to see if it falls within the acceptable range, so the real dynamic behaviour is different

The fire design of the buildings is also very important for the global design of the building and
especially for the design of the connections. Monarch did not use the reduced cross-section method for
the design of the connections. But the connections were still normative for the element sizes. This can
be explained by the comfort criteria being less strict. The allowable compression stress in Mjgstarnet is
12.4 N /mm? with a force of -11500 kN and a tension stress of 5.9 N/mm? with a force of 5500 kN. This
compression stress is much higher than the allowable stress calculated for Monarch of 5.5 N/mm?.
When re-calculating the connection for Mjgstarnet with the current Eurocode a maximum allowable
compression and tension force of 5039 kN is found. These calculations can be found in appendix B.
Presumably, the calculation for the capacity differs slightly and the design was not estimated correctly
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which can explain the tension capacity difference of 5500 kN to 5039 kN. However, the large difference
between -11500 kN and -5039 kN has another explanation. Namely, in the calculation method of
appendix B the tension and compression capacity is the same, as it is determined by the capacity of
the connection. In Mjgstarnet and Treet they most likely presume that the column can be loaded end-
grain to end-grain when it is loaded under compression. Nonetheless, they do not assume slip in the
connection. That would mean that the columns would need to be installed perfectly on top of each
other since the gap between the columns cannot be pushed closed, because there is no slip. These
assumptions of end-grain to end-grain loading and no slip are contradictory. Being, some installation
deviations always need to be taken into account and the surface of the columns is probably not perfectly
flat. This would result in the columns first needing to be pushed closed before end-grain to end-grain
loading can occur. Another design consideration for the connections is that joints that connect two
facades to each other are important because making a 3D-connection can be complicated. Also, all
elements connected to the joint must not give eccentricities.



Calculating a timber slotted-in steel plate
connection with multiple plates

This appendix will show how to calculate the capacity and slip of a slotted-in steel plate connection.
The connection used in this calculation is the same as the connection that connects the bottom of the
corner column to the foundation in Mjgstarnet. It is known that this connection can take up a tension
force of 5500 kN and a compression force of -11500 kN. Figure B.1 shows all the different parameters
in a slotted-in steel plate connection. The parameters d, t, a;, a,, a3, a, of the connection in Mjastarnet
are determined by measuring distances from a drawing provided by SWECO Norge therefore the real
values might differ slightly.
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Figure B.1: Example slotted-in steel plate connection with parameters
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134 B. Calculating a timber slotted-in steel plate connection with multiple plates

B.0.1. Characteristics connection

|| Material properties timber GL30h ||

o 390kg,/m> | Material properties plate ||
Pk 430kg/m3 fya 355N/mm§
frogk 19.5N /mm? fts 510N/mm
feogk 30N /mm?
for 3.5N/mm? | Material properties bolts ||

fta Kmoatogk/1.25 = 14 N/mm?* fub 800N /mm?

fea kmodcogk/1-25 = 21.6 N/mm? fts 640N /mm?

a 0
fuk fub
| Connection parameters || [| Connection parameters ||
b 625 mm as 120 mm
h 1495 mm a, 365 mm
nptlate 0 4 eq 120 mm
1 mm e, 25 mm
t, 105 mm P1 =a,
Nrow 10 D> =a,
Trow 10010 tyolate 15 mm
A mm d 15 mm
a, 85 mm
d=15
-~ > - i 15 5 i
340 25 85 85 85 85 1j:5 85 a5 85 85 340 ;?W “W ‘T’ T‘ WT;
Figure B.2: Connection Mjgstarnet
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B.0.2. Minimal distances

The Eurocode 5 [58] for timber and Eurocode 3 [56] for steel give some minimal distances for bolted
connections. These can be seen in figure B.4 and B.5 respectively.

Tabel 8.4 — Minimale tussen-, eind- en randafstanden voor bouten Afstanden en | Mini- Maximale maat "' ¥
:ll;:::::lrn. e :::ﬁ L':\ns.tnfcllcx' \"cn'n‘.lrd\g_‘q \‘.1|! stﬂnlwr!cn
N . figuur 3.1 overeenkomstig EN 10025 met uitzondering
Tussen-, eind- en Hoek Minimale afstanden y van staalsoorten overeenkomstig EN 10025-5
randafstanden
(zie figuur 8.7) Staal blootgesteld aan | Staal nict blootgesteld
— . . het buitenklimaat of | aan het buitenklimaat
a, (evenwijdig aan de 0 £a<360 4+ | 505”| )d aan andere corrosieve of aan andere
vezelrichting) invloeden corrosieve invloeden
. . Eindafsta 12dy |4r+40
a; (loodrecht op de 0 sa <360 4d datsiand % e
vezelrichting) Randafstand e; | 12dy |4+ 40 mm
ay, (belast eind) -90 <a <90 max (7d; 80 mm) Afstand ¢; 15de @
in sleufgaten i
as, (onbelast eind) 90 sa<150 (1+6 sina) d Afstand ¢4 15 9
o in sleufgaten X
150 € @ < 210 4d =i Kleinste waarde van | Kleinste waarde van
. . Sileck i 2.2d 141 of 200 mm 144 of 200 mm
210's 2 <270 (1+6 |sina|)d ST Kieinste waards van
_ _ i 14 of 200 mm
as, (belaste rand) 0=<a<180 max [(2 + 2 sina) d; 3d)) Stickn Kleinste waarde van
i Nk 28 of 400 mm
as, (onbelaste rand) 180 < @< 360 3d Steck py ¥ 344, |WKleinste waarde van | Kleinsie waarde van
141 of 200 mm 14t of 200 mm

Figure B.3: Minimal distances for timber from EC5 Figure B.4: Minimal distances for steel from EC3

The connection is checked for all the minimal distances and the results are given in figure B.5. All
values are within the allowed range.

al= 188 > almin= 75.8

aZ= 85 » aZmin= &8

a3= 128 > a3min= 185

agd= 365 > admin= 45

el= 128 > elmin= 18.8

g2= 25 » eZmin= 18.@

plmax= 288 > pl= 188 > plmin= 33.8
p2max= 288 > p2= 85 > pZmin= 33.8

Figure B.5: Minimal distances for the connection

B.0.3. Strength of the timber element

Tension strength:

14
Nrar = (h—nplate) b frg = 565 - 1485 - 7o = 11746kN

Compression strength:

Npgc = (h —nplate) - b - f,q = 5651485 -

B.0.4. Johansen-Failure modes connection steel timber

To calculate the different failure modes of the timber connection the Johanson model is used. Para-
graphs 8.2 & 8.5 from EC5 [58] are used for this calculation and all failure modes are shown in figure
B.6. If there are multiple plates in a connection all parts are considered as having a thick plate and
failure mode 4 is not possible as this would only happen with a very thin plate and very small ¢; [61].
This gives us the following possible failure modes for the inner and outer parts:
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dddddthh & fff

f g h

Figure B.6: Failure mechanisms for steel-to-timber connections, from EC5

ﬁ Made 1 Part IN:
1 f
\ode 2 . 0.5 frax-t2-d (3]
1 " F, g =min
H Mode 3 = ()
1 h 3
Part OUT:
*—* (Mode 4)
mi Soax ti-d ()
H Mode § Fom=mind fiss-ti-d-| [24—2Moem |, Fams
mj g Suaxd-ty 4 (g)
s e (k)
H Maode 6 Mode | or m Mode f,gorh 23-yM y.RE " f“-l-* -d + _4—’“
m h

Figure B.7: Possible failure modes for steel-to-timber connections with multiple plates [61]

Where:
M

yRk = 0,3fukd®*® = 0.3-800 - 15*¢ = 274188Nmm
frok = 0.082(1 — 0.01d)p; = 0.082(1 — 0.01 - 15) - 390 = 27.2 N/mm?
For a connection with four plates the possible failure modes are shown in figure B.8.
Using the formulas from figure B.7 for the capacity of the failure modes per shear plane we get:

1=05-27.2-105-15/1000 = 21.4kN

m=2.3-v274188-27.2-15/1000 = 24.3kN
f=272-40-15/1000 = 16.3kN

4-274188

g=1272-40-15- J2+

h=23-v274188-27.2 - 15/1000 = 24.3kN

For parts 2,3 and 4 the failure mechanisms | & m are present. These failure mechanisms are calculated
per shear plane but parts 2,3 and 4 all have two shear planes. Therefore, the capacities should be
multiplied by two for these parts. The total capacities of the connection can be calculated with the
following summations:

Mode1:2-f+2-3-1=2-163+2-3-214=161kN
Mode2:2-g+2-3-1=2-15+2-3-21.4 = 158kN

Mode3:2-h+2-3-1=2-243+2-3-214=177kN
Mode5:2-g+2-3-m=2-15+2-3-24.3 =176kN
Mode6:2-h+2-3-m=2-243+2-3-24.3 =194kN
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tl 2 2 tl il © 2 tl t © ©2 [
Mode 1 Mode 2 Mode 3
1 I 2 I 3 I 4 1 I 2 I 3 I 4 1 I 2 I 3 I 4
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Mode 4 Mode 5 Mode 6

Figure B.8: Failure modes for steel-to-timber connections with four steel plates
The capacity per dowel is F, gy gaower = 158kN from mode 2. The capacity of the total connection is:

E, Rk = Fy Rk, dowel " Mef - TOWS

n=10

nef = min n0’9 4 a; — 100[9 4 100 — 6 72
13d 13-15 ’

Fypk = 158.4 - 6.72 - 10 = 10644kN

k 0.9
Fyra = Fyric - —2% = 10644 - 13 = 7369kN
¥Ym .

B.0.5. Block shear failure

To calculate the block shear failure the current EC5 [58], Sandhaas et al. (2018) [61] and draft prEN
1995-1-1 (2021) are compared [16]. For connections with fully penetrating fasteners only block shear
failure is considered in the draft. In the current EC5 the inner parts will also fail only on block shear but
the outer parts can also fail on plug shear.

In the current EC5 & Sandhaas et al. (2018) the capacity is calculated in the following way:

The block shear capacity of the inner part becomes:

Lpete = (az - (Grow — 1)) = ((row — 1)) = (85-9) — (9 - 15) = 630mm
Lpetv = ((az + (Mo — 1)1) — (d - (o, — 0.5))) - 2 = ((120 + 9 - 100) — (15-9.5)) - 2 = 1755mm
t, = 105mm, for = 19.5N/mm?, f,, = 3.5N/mm?
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F 1'5‘4|lrl.l,fl.0.}\
=max
bs,Rk
0'7Ani'h\ f\,k
for L2 s fa 1
met:
<> A <> <>
Apery = Loeiity _ _ _
*—0—@
" . A 4, ./ﬁ
Lty bezwijkmechanismen (c, f, j/I, k, m) 2 o o o 1
= A y
net,v an\.\ B . v "
72 (Lm_l + 21¢[~) alle andere bezwijkmechanismen ° ° P
en /v_5 /v‘B /v_7 /v_B
- e B
Loy = Zﬁ vi
! Verklaring
1 vezelrichting
Ly =20 2 breukijn
i

Figure B.9: Block shear capacity from EC5

Fie = 1.5 Lpeee “ta - frok Fye = 1.5-630-105 - 19.5/1000 = 1935

Fos e = max{ Foe = 0.7 Lugey ts - for PO Fy = 071755105 - 3.5/1000 = 451 — 1935kN

The capacity of the outer parts is the minimum of the plug shear failure or the block shear failure. The
block shear capacity is:

Lpety = 630mm, Lyee, = 1755mm, t; = 40mm

Fe = 1.5- 630 -40 - 19.5 = 737
Fy. =0.7-1755-40-3.5 = 172

Fie =15 Lyt~ t1 - frok
Fys gk = max : 0.
bs Rk { By =07 Lnet,v "ty fv,k

The plug shear capacity is:

= max{ = 737kN

Lpety = 630mm, Lyee, = 1755mm, t; = 40mm

My g = 0,3fd?® = 0.3 - 800 - 15%6 = 274188Nmm
frox = 0.082(1 — 0.01d)p; = 0.082(1 — 0.01 - 15) - 390 = 27.2 N/mm?

My, Rk 2 274188 52
fhkd 27.2:15

Ler = My Ric - ’ 274188 = 22mm
tl[ 2+fh,k—dt%_1] 40[ 2+m—1]=22
Fie = 1.5 Lyets  t1 - frok
Fys ric = Max : 0
bs,Rle { Fy =0.7- (Lnet,v/z) : (Lnet,t + 2¢5) - fv,k
_ Fue = 1563040195 = 737 ~
Fospic = max{ Fo = 0.7 (1755/2) - (630 + 2 - 22) - 3.5 = 1449 — 1449kN

So for the outer part the capacity is Fysgrx = 737kN

The inner parts of the connection are twice as stiff as the outer parts due to the amount of shear
planes [61]. This is shown in figure B.9. This means that when the load in the outer plane reaches
737kN, the force in the inner plane is 2x as great as can be seen in figure B.10. This force does not
exceed the maximum force of 1935kN as itis 737 - 2 = 1474kN. The capacity of the outer parts is
737kN
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Figure B.10: Stiffness of a slotted steel plate connection with multiple plates [61]

The total capacity becomes:

Fpsrictor = 2737 +3-1935 = 7279kN

kmoa
Fpsrator = FbsRri,tot % =7279 - 13

0.9
— = 5039kN

In the draft for EC5 the capacity is calculated in the following way:

Fpsa = max (2Fyq4; Fra)

Fv,l,d = kvef “Leon - fv,d

Leon =a;-(ng—1) + as:

G
ky=04+1,4 | ——20_
Eo,mean

Fira = Kt " breter* fto,a

G
ki =09+14 |20
EO, mean

bret = (az —dy) - (ngg — 1)

With the geometry of the connection being shown in figure B.11

90 7 Mo
AN 7/
] AN\ N, T L e S | D
I AN 1S
& Foi=e—2\0
e e ,\?o e o o
§ 0 s e e o |
S

Figure B.11: Geometry of a slotted-in steel plate connection from EC5 draft
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For the timber used in this connection: GL30¢ Geq, = 650N /mm? and Eg peqn = 13000N /mm?

ky

650
13000

=04+14-

=0.71
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650
13000

Lcon = 05 . (Lnet,v + (Tlo - 05) . d)

bnet = Lnet,t

=121

ke =09+14-

The design strength becomes:

Foa=2F1a=2" kyet Leon* fud

Fra =121 Lpere -t froa
F, = max ; o
bsRd { Fya =2 F1a =2 Kyet Leon " fya

Kmod 0.9
fo.a = fou - ;:’1 =35 73 =242 N/mm’
19.5
ftoa = Kmoa - m =09+ — = 13.5 N/mm?
O Y 13

The inner part can only fail on block shear and the dowels fully penetrate the elements therefore t.; =
t,. The capacity becomes:

Fq = 1.21-630- 105 - 13.5 = 1083kN

Fospa = max{ Foq = 2-0.71-1020 - 105 - 242 = 368kN — 1081kN

The fastener in the outer part does not fully penetrate therefore the connection can fail on block and
plug shear. The block shear capacity for the outer part becomes:

(3) The effective thickness of outer timber members t.s should be taken from:

Ol tho if t:;—o <3
topay = o 'Lh_o) 11.46
efel e (l,l? e e tho ifflﬁ> 3 ( )
0,35 ey th,Cl d
with
an=1 for steel-to-timber connections where mode (f) governs;
aa = 0,65 for timber-to-timber connections and all failure modes excluding mode (f) in steel-to-timber
connections.

tho =t; = 40mm
tho/d = 40/15 = 2.667 Failure mode h from figure B.5 is failure mode f and this is not governing
tefel = 0.65 40 = 26mm

B Fig =121-630-26-135=268kN
Fospa = max{ Foo=2-071-1020-26- 242 = 92kN — 268KN

The plug shear failure capacity is:

2-Fyg =2 keer Leon - fud
E = max vld vef * “con " J v,
psd { Ft,d +2- Fv,b,Rd = kt : bnet ef * ft,O,d +2- kv “Leon - bnet ' fv,d
P 2:-0.71-26-1020-2.42 =91

psd = max{ 1.21-630-26-13.5+2-0.71-1020 - 630 - 2.42 = 2476 2476kN

Total capacity: The capacity of the outer part is the minimum value of block shear and plug shear
so the capacity is 268kN
Fpsrator = 2268 + 31083 = 3786kN
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B.0.6. Steel parts of the connection

For the following calculations Eurocode 3 part 8 chapter 3 [56] is used to calculate the capacities.

Shear resistance bolt

avfubA
F = —_
vRd Ym2
Ay = d = 15% =176.7 2
p =T 2 =1 Y .7 mm

a, = 0.6, fy, =800 N/mm? y=13

0.6-800-176.7

FU,Rd = 13 . kmod = 587kN

F,ratot = 58.7-10-10 - 8 = 46975kN

Bearing resistance steel plate

Stuikweerstand -2 ¥ koa,fdr

Yoz

Fora=

7.

waarin o, de kleinste van volgende waarden : o4 ; —— of 1,0;
—in de richting van de krachtsoverdracht:
e . 1
— voor eindbouten: ug = —— ; voor binnenste bouten: ag = L
3d, 3d, 4

— loodrecht op de richting van de krachtsoverdracht

— voor randbouten: &, is de kleinste waarde van

2882 17, 14 g— ~17en25

0 0

— voor binnenste bouten: 4 is de kleinste waarde van 1,4 P2 -1,7 of
0

25

Figure B.12: Design resistance for individual fasteners (Part of table 3.4 from NEN-EN 1993-1-8)

Sq—%=2.67
ap = min %_Z=3;E_i=1'97
ub — — =157
fu 510
1

282 -17= 2.8?—? —1.7=297
ky = miny 1422 — 17 = 1.4% -1.7=623=25
2.5
25-1-510-15- 15

Fyra = " - kmod = 198.6kN

Fprator = 198.6-10 - 10 - 4 = 79442kN
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Block tearing steel plate

Figure B.13: Area subjected to shear or tension

Vet 1,Rd = fu - Ant/Ymz + (1/V3)y - Any /Yo
Any = toate - (1 +9-p1) =15- (120 4+ 9 - 100) = 15300 mm?
Aner = tpjate - (P2-9—d-9) =15-(85-9 — 15-9) = 9450 mm?
Anez =tpjate *(P2-9—d-10+2-€,) =15-(85-9 —15-10 + 2 - 25) = 9975 mm?

9450 15300

Ant1 1 Any 1
=t =, =510- — + —= - 355" = 6843.2kN
Vettrg = min vz V3 vgo ] 1 = 3913.3kN
fu . y_ =510- ? = 3913.3kN
M2 .

Veff_ rd,tot = 3913.3:4- kmod = 14088kN

B.0.7. Capacity of the connection

F, ra = 7369kN
Fpsratotdraft = 3786kN
F, bs,Rd,tot,current — 5039kN
F, rator = 46975kN
Fprator = 79442kN
Veff,rd,tot = 14088kN

B.0.8. Axial slip of the connection

Per bolt per shear plane:
K _ Pmean'®-d 4301715
stsw = 23 T 23
There are 8 shear planes and 100 bolts:
Kgis.,00t = 11630.4 - 8- 100 = 9304320 N/mm
2

Ky = § “Kger

Ky tor = 11630.4 - 800 - 0.6667 = 6202901 N/mm

K15 t0¢ Will be used to determine the global lateral displacement and dynamic behaviour.

+2=11630.4 N/mm
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B.1. Conclusion

The capacity in Mjgstarnet was most likely determined with the current Eurocode for timber [58]. The
capacities calculated for the connection were 5500 kN under tension and -11500 kN under compression.
When performing the calculations from the current Eurocode a capacity of 5039 kN is found for both
compression and tension. The tension capacity can be 450 kN lower as the parameters d, t, a4, a,,
az, a, were probably not assumed correctly. The compression force difference can be explained by
the fact that during the design of Mjgstarnet the timber elements are expected to transfer the loads
end-grain to end-grain under compression. However, in this study it is assumed that the compression
force also needs to be taken up by the slotted-in steel plate connection so the compression force is not
transferred end-grain to end-grain.

The capacity calculated with the current Eurocode is 5039 kN and with the draft it is 3779 kN. The
capacity is reduced as the draft version uses the material dependent factors k,, and k; as well as a
reduction value for t;. In this study the calculation method from the draft will be used to calculate the
block shear capacity as it gives a lower capacity and is state of the art.
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Figure C.1: Parameters that will be studied

All parameters discussed in this appendix are shown in figure C.1 in red. The parameter n,.,,, will not
be defined in this study but the effects will be studied. To explore the influence of different parameters on
the connection two different approaches are applied. The first approach takes the connection calculated
in appendix B and changes the parameter in question. In a table the capacity of the connection and
the normative mechanism will be given. The first row in the table will always show the capacity for the
connection design of appendix B which is 3786 kN.

The second approach is to make multiple plots per parameter where the other parameters differ as
well. This is done because the most material efficient choice for a parameter depends highly on the
rest of the connection design. Some parameters will be dependent on the other chosen parameters
when they are not being researched. These parameters are:

145
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C. Exploratory study for the design of a slotted-in steel plate connection

oez

L] a4
€2

.az

-a3

* t,: 85 mm from the reduced cross-section method and t; will be subtracted from the width b
for both sides as well as the plate thickness ¢4 times the amount of plates. The remaining
thickness of timber will be divided by the number of plates minus one to make t,. Figure B.1

: the minimum value of 1.2 = d is used

: the minimum value of 85 mm determined by the reduced cross-section method is added to

: a4 on both sides is subtracted from the height h and then divided by the amount of bolts #.,,,

: is the minimum value of 7 = d

helps to clarify this explanation.

The results of both approaches will be discussed per parameter. Where first a table will be shown with
the results of the first approach. Afterwards the plots of the second approach will be shown with an
accompanying table where all parameters of the connection are shown. When one of the dependent
parameters is defined it will also be documented in the accompanying table.

C.1. d: diameter of the bolt

It was chosen to determine d first because it gives the limits for a lot of other parameters.

Approach 1

From these results we can see that if the diameter is small the connection will fail on the strength of
the failures modes from the Johansen model. When the diameter is large the block shear strength of

H d [mm] Capacity [kN] Type H
15 3786 Block shear timber
10 4057 Block shear timber
8 3284 Johansen
5 1682 Johansen

the timber becomes normative.

Approach 2

The minimum value of parameter a; is dependent on d that is why the maximum value of 100mm or

(4 * cosa) * d is used for the following plots.

Plot 1:
[ Parameters ||
b 600 mm
h 600 mm
nplate 4
t 40 mm
Nrow 6
rTOW 4
tplate 15 mm

Capacity(kN)

1500 A

1000 -

500 4

max capacity= 1881 d= 16.76

max

/T~

7

10

2 30 40

Diameter bolt (mm)

Capacity per steel(kN/mm?)

capacity= 0.1089 d= 16.76

0.10
0.08
0.06
0.04
0.02
0.00 4,

10 20 30
Diameter bolt (mm)
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Plot 2:
max capacity= 1826 d= 18.33 max capacity= 0.202 d= 17.94
| Parameters || _
b 600 mm E 0201
1500 - =
h 600 mm || o g 0151
z =
Nplate 2 2 1000 4 i
£ W 010
ty 40 mm 5 p
a
Nyrow 6 S 500 Z 005
o
Trow 6 ] f
t 10 mm 01 T T T - - G 000+ T T T T T
plate 0 10 20 30 40 0 10 20 30 40
Diameter bolt (mm) Diameter bolt (mm)
Plot 3:
max capacity= 3809 d= 14.8 max capacity= ©.158 d= 14.0
| Parameters |
b 500 mm F § 015
R 1200mm || Jwof  F s ﬁ?
g # T 010
Mplate 3 Z 2000 &
ty 40 mm 8 5
S 005
Mrow 7 3 1000 z
Trow 10 0 2
z 10 mm : - . T : 38 0004, ) . ; .
plate 0 10 2 30 “ 0 10 2 0 40
Diameter bolt (mm) Diameter bolt (mm)
Plot 4:
max capacity= 257 d= 28.97 max capacity= 0.277 d= 11.24
| Parameters ||
b 400 mm R — 1% "E op/,\ww
h 300 mm || o % $ o0o0] %
g ] =
Mplate 2 ) tooo 1% E -0.2 1 ?ﬁ
ty 40 mm 5 *‘1& B
& 2000 1 e a -04
Nrow 3 1% E’ 0.6 4
Trow 3 3000 1 kY s
¢ 10 mm ; . ; . ; 8 08+ . , : :
plate 0 10 20 30 40 10 20 30 40
Diameter bolt (mm) Diameter bolt (mm)
Plot 5:
max capacity= 1795 d= 17.94 max capacity= 0.158 d= 17.94
| Parameters || B
E 015
b 600 mm 1500 E
h 600 mm z §
Npiate 2 1000 g 010
- w
t 40mm || 2 T
| 2 005
Nrow 6 S 00 by
o
Trow 6 o4 g 0.00
tplate 15 mm 0 10 20 30 40 0 10 2 0 20
Diameter bolt (mm) Diameter bolt (mm)

The first plot shows the capacity on the y-axis and the bolt diameter on the x-axis. The second plot
gives the capacity per steel usage on the y-axis and the diameter of the bolt on the x-axis. The higher
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the capacity per steel usage the higher the material efficiency. These plots give the most material
efficient connections for values of the bolt diameter anywhere between 11 mm up until 18 mm. The
average of these values is 15.5 mm with rounding up we get a bolt size of 16 mm.

C.2. e,: edge distance steel plate

e, should have a minimal value of 1.2 xd and a maximum of 4t + 40mm. These values come from EC3
and can be seen in appendix B.

Approach 1

H e, [nm] Capacity [kN]

e ]

120

3786

Block shear timber

18.2

3786

Block shear timber

The connection from appendix B has a bolt diameter of 15 mm thus the minimum value for e, is 18.2
mm. e, seems to have no effect on the connection design.

Approach 2

The minimum value for e, is 19.2 mm for a connection with a bolt diameter of 16 mm thus the plots will
begin at a value of 19 mm.

Plot 1:
I Parameters || max capacity= 4228 e2= 19.0 max capacity= ©.121 e2= 19.0
b 600 mm _
h 1000 mm 4400 £ 01201
Mplate 3 Z 1300 £
tq 40 mm = g 0115
e R 17
Nyow 3 3 4200 b
T Q
Trow 8 C 200 g 01104
tolate 15 mm w000 g
d 16 mm % S0 75 100 125 150 35 0 75 100 125 150
a, 100 mm 2 (mm) €2 (mm)
Plot 2:
H Parameters Hmax capacity= 965 e2= 19.0 max capacity= 0.14 e2= 19.0
b 500 mm _
h 500 g0
mm 1000 £
— =
Nplate 3 Z g0 = 0131
ty 40 mm = i
= R *
S 960 hu
"row 4 a a 012
-
Trow 4 O 940 z
B
tolate 10 mm 920 2 011
T T T T T T o T T T T T T
d 16 mm 5 50 75 100 125 150 5 50 75 100 125 150
a, 100 mm 2 (mm) €2 (mm)
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From the plots it can be concluded that e, should be kept at a minimum value of 1.2 = d which is
19.2 mm as this is the most material efficient. With rounding upwards a value of 25 mm is chosen to
be safe for if the steel plates and hole placements have some errors.

C.3. t,ate: thickness of the steel plate

Approach 1

H tpiate [(Mm]  Capacity [kN] Type H
15 3786 Block shear timber
10 3993 Block shear timber
8 4075 Block shear timber

If t,1qce increases the amount of timber in the connection will decrease slightly. If the block shear
strength of the timber is normative the capacity can be increased a little by reducing the plate thickness.

Approach 2
Plot 1:
H Parameters H max capacity= 3987 tplate= 5.0 max capacity= 0.162 tplate= 5.0
b 600 mm 4000 mg 1
g 0151 %
h 1000 mm £ Y
Npiate 4 Z 3500 %‘
t 40 mm £ g 010
L -
Nyrow 10 & 3000 a
Trow 10 & 005
d 16 mm 2500 : : : : 3
10 20 30 40 H . 4 ;
a 100 mm . 10 20 30 40
1 thickness plate (mm) thickness plate (mm)
Plot 2:
H Parameters Hmax capacity= 1929 tplate= 5.0 max capacity= 0.24 tplate= 5.0
b 600 mm T 025 T
h 600 mm 1800 g 0.20 %‘
nplate 4 i =
t; 40 mm 2 1600 - jﬁ 015
@ "
Nyow 6 5 1400 - 2 010
Trow 6 g 0.05
d 16 mm 1200 - : : . ] : . . .
a, 100 mm 10 20 30 40 10 20 30 40

thickness plate (mm)

thickness plate (mm)
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Plot 3:
max capacity= 1522 tplate= 5.0 max capacity= 0.273 tplate= 5.0
| Parameters ||
b 600 mm 1600 1 T +
h 600 mm £ 0B
Npiate 2 g 1530 % 020
ty 40 mm ‘E S B B 0 ]
o @ 015
Nrow 6 & 1500 é
Trow 6 g 0101
d__ 16mm R — . , J 8 . . . .
a, 100 mm 10 20 30 40 10 20 30 40
thickness plate (mm) thickness plate (mm)
Plot 4:
max capacity= 2029 tplate= 5.0 max capacity= 0.216 tplate= 5.0
[ Parameters || pacity P pacity P
b 650 mm T T
h 1000 mm 2100 { E 0%
z =
nplate 2 Q;,‘ 2050 - E 0.15 4
ty 40 mm & - %
o [
Mrow 6 5 200 1 § 010 1
Trow 8 1950 2
[«
d 16 mm . : r . 8 0051 . . y u
aq 100 mm 10 20 30 40 10 20 30 40
thickness plate (mm) thickness plate (mm)
Plot 5:
max capacity= 377 tplate= 5.0 max capacity= ©.289 tplate= 5.0
[ Parameters ||
b 400 mm T 030 ¢
h 300 mm 350 | £ o2 5
Nplate 2 = = 020
t 40 mm £ ¢
1 2 300 4 ; 0.15
Nrow 6 U% =
> z 010
r‘l"OW 250 4 g
d 16 mm , ' . . g 00
a 100 mm 10 20 30 40 10 20 30 40
thickness plate (mm) thickness plate (mm)

The capacities of plot 1, 2 and 5 are all determined by the block shear strength. For plot 3 and 4 the
Johansen failure modes are normative. When the thickness of timber between the plates (t,) and on
the outside of the plate(t,) is smalll it is best to keep t,;4;. as small as possible so that the block shear
strength of the timber becomes slightly larger. The Eurocode does not give a bottom value for the plate
thickness so the connections in the reference projects are compared to find a bottom value. The plate
thicknesses in the reference projects are 15 and 10 mm. It is assumed that plates smaller than 10
mm are uncommon for large connections so the bottom value of 10 mm is chosen for the connection

design.

C.4. a;: edge distance of the timber

The smallest required value of parameter a; should be the maximum of either 80mm, 7 +d and 1.2 = d.
These requirements are determined in EC3 and EC5 and are shown in appendix B.
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Approach 1

H a; [mm] Capacity [kN] Type H
120 3786 Block shear timber
105 3786 Block shear timber

The connection of appendix B has a bolt diameter of 15 mm thus the minimum value for a5 is 105
mm. a; seems to have no effect on the connection design.

Approach 2

The plots will start at a value of 112 mm for a5 as this is the minimum value for a connection with a bolt
diameter of 16 mm.

Plot 1:
H Parameters H max capacity= 2899 a3= 112.0 max capacity= ©.113 a3= 112.0
b 600 mm _
h 1000 mm E
3000 - £ 0110
nplate 3 g g
t, 40 mm 2 2900 - £ 0105
Nrow 6 g :«13
8 0.100 A
Trow 8 2800 4 s
Iplate 10 mm T T r r : T 5 0.095 4
d 16 mm 125 150 175 200 25 250 125 150 175 200 225 250
a; 100 mm a3 (mm) a3 (mm)
Plot 2:
[ Parameters  [|max capacity= 330 a3= 112.0 max capacity= ©.171 a3= 112.0
b 400 mm _
h 400 mm g 0177
> 340 £
Nplate 2 £ 016
ty 40 mm = ¥
5 L ebetbbnbondethbfebesbebeefbededebbefoedebbb sttt b % 015
Nrow 3 -4 T
o a
Trow 3 S 304 z 014
tplctilte 10 mm 2 013
T T T T T T o T T T T T T
6 mm 125 150 175 200 225 250 125 150 175 200 25 250
a, 100 mm a3 (mm) a3 (mm)

The minimum required value of a; was 112mm for both plotted connections. The amount of steel
increases when a; is bigger and it has no effect on the capacity of the connection. So a minimum
required value of 112mm will be used.
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C.5. nyje: NUMber of steel plates

Approach 1

H Npiate  Capacity [kN] Type H

4 3786 Block shear timber
3 3941 Block shear timber
2 3657 Johansen

The capacity for the connection can be increased slightly by decreasing the number of plates. This is
because of the block shear failure of the timber. With less plates the thickness of the timber increases
a little therefore increasing the capacity.

Approach 2
Plot 1:
max capacity= 2125 nplate 3.0 max capacity= 0.141 nplate 3.0
| Parameters || pacity P pacity P
b 500 mm ¥ T owf,
h 800 mm * E
2000 + s o
toiate 10 mm Z =
ty 40 mm £ 1800 £ o1
-] [ +
Nyow 7 & N 2 o008
T 5 1600 z +
row 2 006 +
d 18 mm + E ' ' ' +
a, 100 mm 2 3 4 5 8 2 3 5 6 7 8
n plate n plate
Plot 2:
max capacity= 388 nplate 2.0 max capacity= 0.145 nplate 2.0
| Parameters || pacity P
b 400 mm + T 0.150 1
+
h 400 mm 350 § 0125 1
tplate 10 mm i 300 4 + % 0.100 1 +
2 ]
ty 40 mm = . % o |
n 4 8 250 1 g
o S Z 0050 1 +
Trow 4 200 4 8 +,
d 18 mm + 8 0.025 4 ' '
a, 100 mm 2 3 4 5 8 2 3 5 6 7 8

n plate
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Plot 3:
max capacity= 1284 nplate 2.0 max capacity= 0.164 nplate 2.0
[ Parameters || pactty P pactty P
b 600 mm - E T
h 400 mm 1250 - + 5 0.150 -
— +
toiate 10 mm £ 1200 .\ % 0125 - +
>
t1 40 mm “g 1150 A + g 0.100 1 +
n 10 2 a
row 3 1100 | - Z 0075 *
Trow 4 " *
2 +
d 16 mm 1050 1 + R — et —
a, 100 mm 2 3 4 5 6 7 8 2 3 4 5 6 7 8
n plate n plate
Plot 4:
max capacity= 1159 nplate 2.0 ity=
H Parameters H P y P max capacity= 0.168 nplate 2.0
b 450 mm + T T
4 +
h 600 mm 1100 . £ o150
tolate 10 mm < 1000 = 01251 +
= + b
ty 40 mm £ 9004 % 0100 N
-] [
n 6 3 + a 0.075 4
Tow 8 a0 4 = +
Trow 6 + g 0050 1 +
d 16 mm o O % 8 N
a, 100 mm 2 3 4 5 6 7 8 2 3 4 5 6 71 8
n plate n plate
Plot 5:
H Parameters H max capacity= 4600 nplate 3.0 max capacity= 0.145 nplate 3.0
b 650 mm o T
4500 - oy E 0141,
h 1000 mm + E
s + g w2
tplate 10 mm Z 4000 1 + E +
ty 40 mm g * % 010
[ [ +
n 10 T a
oW 3 S 3500 z 0087 +
Trow 8 +
d 16 mm r g %%
2 3 4 5 6 1 8 ! i J ) ! ! !
a, 100 mm n plate 2 3 4 np?ate 6 7 8
Plot 6:
max capacity= 4907 nplate 3.0 max capacity= 0.139 nplate 2.0
| Parameters || pacity P
b 500 mm + ng 014+
+
h 1500 mm + E 0.12
t 10 = 4500 + : .
plate mm x < 010
t 40 mm 2 ¢
1 2 4000 + o 008 +
Nrow 10 8 1 ; 0.06 +
Trow 10 ' rﬁ 004 Yo
d 18 mm Sy I — — 8 —— —
a, 100 mm 2 3 4 5 6 7 8 2 3 4 5 6 7 8

n plate
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In plot 6 three plates gives the highest capacity but the most material efficient design is with two
plates. When the connection has more than three plates the block shear strength will become normative
and the capacity will decrease since the amount of timber decreases due to the added plate. In plot
2, 3 and 4 the block shear strength is already determining with two steel plates therefore the capacity
will only decrease when more steel plates are added. In plot 1 and 5 again like in plot 6 the maximum
capacity is for three plates but the most material efficient design is with two plates. For the researched
elements with a width or height smaller than 500 mm two plates gives the highest capacity. In all
three reference projects there are a lot of elements with either a width or height smaller than 500 mm.
Hence, it is expected that in the researched parametric models there will also be large numbers of
elements with a size smaller than 500 mm. This together with the fact that for some connections the
most material efficient connection design is with two plates while the maximum capacity is with three
as shown in approach 2, is the reason why two steel plates will be used in the parametric model.

C.6. t; & t5: thickness of the timber parts

t, is the thickness of the timber outside of the steel plates, t, is the thickness of the timber between the
steel plates. These parameters are both dependent on the width of the timber. If ¢t; gets larger t, get
smaller.

Approach 1

H t, [nm] t, [mm] Capacity [kN] Type H
40 105 3779 Block shear timber
60 91.7 3642 Block shear timber
20 118 3930 Block shear timber

For the connection from appendix B the capacity increases when t; decreases and t, increases. This
occurs when the block shear strength of the timber is normative for the capacity.

Approach 2
Plot 1:
max capacity= 1388 t1,t2= (10, 390 ity= =
H Parameters H p y s (1e, ) max capacity= ©.155 t1,t2= (10, 3990)
b 600 mm 1400 1 '”;
h 600 mm E o4
Z 1200 = 1
nplate 2 2 g
tplate 10mm ||€ 7 012
g | e
Nyow 10 5 1000 E .
Trow 10 500 | ]
d 16 mm . , , . ; . 8 ; ; . . : .
a, 100 mm 5 S0 75 100 125 150 5 S50 75 100 125 150
t1 {(mm) t1 (mm)

t,[mm] | 0 | 50 | 100 | 150
t, [mm] | 400 | 300 | 200 | 100
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Plot 2:
[ Parameters || mex capacity= 5717 t1,t2= (127, 172) " capacity= .13 tl,t2= (127, 172)
b 1000 mm ;g
h 1200 mm 5500 E 012
= =
nplate 4 § 2000 E
tplate 15 mm % 4500 % 010
2 T
nTOW 6 § 4000 -%;_ -Z.: 1&
Trow 10 3500 % g 008 %
d 15 mm B % 1o 20 20 2 330 S y T y T T L;
a 100 mm o mm) 0 50 100 ul?r:m)zoo 250 300
t; [mm] 0 50 100 | 150 | 200 | 250 | 300
t, [mm] | 257 | 223 | 190 | 157 | 123 | 90 57
Plot 3:
max capacity= 2212 +t1,t2= (13, 130 ity= 0.092 t1,t2= (13, 130
H Parameters H p y ) ( ) max capacity ( )
b 500 mm 2000 T
h 800 mm || E 008
Nplate 3 £ 1500 1 = 0.06
> 8
tplate  15mm || £ 1000 | 2 004
LY
Nrow 8 &3 | s
J 500 £ 002
Trow 5 B
d 15 mm o ‘ : . : ' g 000 ; . , : ——
a, 100 mm 25 50 75 100 125 150 25 S0 75 100 125 150
t1 (mm) tl {(mm)
t; [mm] 0 50 100 | 150
t, [mm] | 1425 | 925 | 425 | -75
Plot 4:
max capacity= 1979 t1,t2= (16, 56 max capacity= 0.051 t1,t2= (16, 56
[ Parameters || pacity ( ) pacity ’ (16, 56)
b 500 mm 2000 ME
h 800 mm 1500 E 0041
= =
nplate 5 ol E
tplate 15 mm % 1000 |4
® 5 0021
Nyow 8 2 500 g
T 5 - g
row 0 é 0,00 -
d 15 mm ———.
a, 100 mm 25 50 75 100 125 150 25 50 IE) 100 125 150
tl (mm) tl (mm)
t; [mm] 0 50 100 150
t, [mm] | 63.8 | 388 | 13.8 | -11.2
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Plot 5:
max capacity= 1354 +t1,t2= (10, 190 ity= 0. =
H Parameters H p y ( ) max capacity= ©.121 t1,t2= (10, 190)
b 600 mm r—g 012
h 500 mm 1200 - E
z £ 010
nplate 3 g T
= 1000 1 g
tplate 10 mm g Y 0.08 A
Nyow 8 7 800 a
1 5 € 0061
row 600 4 3
d 18 mm T T T T T T 8 T T T T T T
aq 90 mm 25 50 ] 100 125 150 25 50 5 100 125 150
tl (mm) t1 (mm)
t; [mm] 0 50 | 100 | 150
t, [mm] | 200 | 150 | 100 | 50
Plot 6:
max capacity= 1388 t1,t2= (10, 390 ity= 0. =
H Parameters H p y ) max capacity= 8.155 t1,t2= (10, 390)
b 600 mm 1400 4 T
h 500 mm E 414
Z 1200 =
nplate 2 g E
tpiate 10mm || £ % 012
o
Nyow 8 E_ 1000 g -
Trow 5 800 | ‘é
d 18 mm T T T T T T S T T T T T T
a 90 mm 5 50 75 100 125 150 5 50 75 100 125 150
t1 (mm) tl (mm)

t,[mm] | 0 | 50 | 100 | 150
t, [mm] | 410 | 310 | 210 | 110

Changing t; and t, adds no steel to the connection since you are only changing the location of
the steel plates that is also why the graphs for capacity and capacity per steel are equal. When the
block shear strength of the timber is normative for the capacity, the smallest value t; gives the highest
capacity. This can be explained by the way of calculating the capacity. The effective thickness of
the inner parts between the steel plates is always t,. For the outer parts the effective thickness is
ter = t; * 0.65 when brittle failure of the timber is normative and not the ductile failure of the bolt.
For most of the connections the block shear strength is normative and this is a brittle failure. This
means that the effective thickness of the entire timber element can be increased by increasing t, and
decreased by increasing t; as t; is reduced with brittle failure. Excluding plot 2, the capacities of the
connections are the highest for a t; of 15.6 or smaller. Only in plot 2 the capacity is higher for a larger
t; this is because this element has a width of 1000 mm. The maximum element width in this study
is 650 mm thus the connection design of plot 2 will not be used. There is no bottom value for t; and
due to the calculation method having the smallest possible t; seems logical. However, t; must have
a certain length to transfer the forces to the outer timber part. In both Treet and Mjgstarnet a t; of 40
mm is used. For that reason it is assumed that a value of 40 mm is an appropriate value for t;. So a
t, of 40 mm is used.
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C.7. a,: Distance between bolts in direction of the grain

The minimum value of a, the largest value of 1.2 x d or 5 * d. The maximum value is the smallest of
14 * tyiqre OF 200mm.

Approach 1

H a, [mm] Capacity [KN]

100 3786
75 3786

LI

Block shear timber
Block shear timber

The minimum value for the connection from appendix B is 75 mm as the bolt diameter is 15 mm.
The capacity does not change when changing a; .

Approach 2

With a bolt diameter of 16 mm and plate thickness of 10 mm the range for a; is 80-140 mm.

Plot 1:
[ Parameters
b 600 mm
h 600 mm
nplate 2
ty 40 mm
Nrow 10
rT'OW 6
d 16 mm
tolate 10 mm
Plot 2:
| Parameters
b 400 mm
h 800 mm
nplate 2
tq 40 mm
nT‘OW 8
Trow 8
d 16 mm
toiate 10 mm

Capacity (kN)

Capacity (kN)

Hmax capacity= 1323 al= 80.0

1375 A
1350 4
B T T RN T e e
1300 A
1275
80 9 100 110 120 130 140
al (mm)

Hmax capacity= 1409 al= 80.0

1450

1400

1350

8

%0

100

10 120 130 140

al (mm)

max capacity= 0.111 al= 86.0

Capacity per steel(kN/mm?3)

110 120 130 140

al (mm)

80 90 100

max capacity= 0.13 al= 80.0

013

Capacity per steel(kN/mm?)

110 120 130 140

al (mm)

100
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Plot 3:
H Parameters H max capacity= 3537 al= 140.0 max capacity= 0.1 al= 80.0
b 650 mm 2500 | T 0100
h 1500 mm g o0
nplate 2 g 34001 %’
ty 40 mm 2 3300 £ 0090
a ]
"row 10 & 3200 g 0.085
Trow 10 3100 B
. 2 0080
d 16 mm 1 g ————
0 9% 110 10 120 130 40 80 9 100 110 120 130 140
tplate 10 mm al (mm) al (mm)
Plot 4:
H Parameters Hmax capacity= 1340 al= 140.0 max capacity= 0.139 al= 80@.0
b 500 mm T 0149
E
h 800 mm = 1300 s
Npiate 2 -‘i 'E' 013
ty 40 mm £ 1250 A &
m e
Nrow 6 E‘ a 012
1200 4 &
Trow 6 e
a
d 16 mm . : v . v . ' 8 0111, : " . . . :
tolate 10 mm B0 90 100 110 120 130 140 80 90 100 110 120 130 140

al (mm)

al (mm)

The connections in plot 1 and 2 fail on block shear of the timber and the connections in plot 3 and
4 on the Johansen model. This means that a, has no effect on the capacity when block shear occurs.
When the capacity of the Johansen model is normative increasing a, can increase the capacity slightly.
However, the capacity per steel usage is always the largest with a minimum value of a,. Therefore, a
minimum value of 5 = d is chosen which is 80 mm for d = 16mm.

C.8. r,ow & a5: number or rows perpendicular to the grain and dis-
tance between the bolts perpendicular to the grain

The number of rows of bolts 7, determines the distance between the bolts a, since the height of the
beam is not a parameter. The minimum value of a, is 4 * d or 2.4 x d the maximum value is 14 * t,;4¢¢
or 200mm.

Approach 1

[ rrow @, fmm] Capacity [kN] e |

10 85 3786 Block shear timber
12 70 3636 Block shear timber
8 109 3955 Block shear timber

The minimum value for a, for the connection calculated in appendix B is 60 mm as the bolt diameter
is 15 mm. Decreasing the number of rows can increase the capacity for this connection. This is caused
by the block shear being normative. When calculating the block shear strength of the timber the tensile
failure resistance determines the capacity for this connection. The length of the head tensile plane is
bne: and this is calculated with the formula bt = (a, — d,,) * (10w — 1). So decreasing the rows of
bolts will increase the area of the timber that can resist the tensile stress.
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Approach 2

For a connection with a bolt thickness of 16 mm and a plate thickness of 10 mm we get a range for a,

of 64 and 140 mm.

Plot 1:
H Parameters Hmax capacity= 1439 R rows 6.0 max capacity= 0.201 R rows= 6.0
b 600 mm ¥ N B
1400 1 g 020
h 600 mm g 015
Z 1300 4
nplate 2 i %
ty 40 mm || £ 1200 | + % 018 +
6 2 g
Nrow 3 1100 - ; 0.17
d 16 mm 1000 2 016
tptate 10 mm . 1 s L
a, 80 mm 40 45 5.0 55 6.0 40 45 5.0 55 60
number of rows r number of rows r
Trow 4 5
a, [mm] | 130 | 98 | 78
Plot 2:
max capacity= 3039 R rows 8.0 max capacity= ©0.165 R rows= 8.0
[ Parameters || pacity pacity
b 500 mm ¥ Cn T
3000 4 + E
h 1000 mm E o016
— + = +
Npiate 2 £ 2900 3
t, 40 mm g * % 0151 + +
(-] [
Nyow 10 5. 2800 + g
z | +
d 16 mm 2700 | g 0.14
tplate 10 mm 4.' T T T T T 8 T T T T T +
aq 80 mm 7 8 9 10 n 12 7 8 9 10 1 12
number of rows r number of rows r
Trow 7 | 8 |9 [10] 1112
a, [mm] | 132 | 113 [ 99 | 88 | 79 | 72
Plot 3:
H Parameters H max capacity= 2878 R rows 12.0 max capacity= ©.196 R rows= 12.0
b 650 mm ¥ T ¥
h 1000 mm 2750 1 . E +
= 2500 - Z o8
nplate 2 = + :‘j +
ty 40 mm ‘E 2250 1 . # +
Mrow 6 & 2000 | é o1
+
d 16 mm + g
1750 a
tplate 10 mm ¥ : ; r ; ; G 01417 . : : : :
7 8 9 10 1 12 7 8 9 10 n 12
a; 80 mm number of rows r number of rows r
Trow 7 [ 8 9101112
a,[mm] | 132 | 113 | 99 | 88 | 79 | 72
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Plot 4:
max capacity= 674 R rows 5.0 max capacity= ©.235 R rows= 4.0
| Parameters | pacity
b 400 mm + + T ¥
h 500 mm 650 g 0.23 N
n 2 z 2 0224
plate ; 600 r
(2] 40 mm £ % 0214
n 4 2 2
row 8 550 4 Z 0201
d 16 mm g
a
tplate 10 mm 500 1 + 8 o1 T ; - : T
aq 80 mm 30 35 40 45 5.0 30 35 40 45 50
number of rows r number of rows r
Trow 3 4 | 5
a, [mm] | 145 | 97 | 73
Plot 5:
max capacity= 3359 R rows 10.0 max capacity= ©.131 R rows= 10.0
I Parameters || pacity pacity
b 400 mm + T 013{*
+
h 1500 mm 300 + £ -
- + |
Npiate 2 3 3200 + % 012 + N
ty 40 mm £ 3100 o, . N
=] L] 1 -
Nyrow 10 E 3000 * + a +
Py -
d 16 mm + S 010 +
2900 + B .
tplate 10 mm . . y r , —1 8 . , . , , —
aq 80 mm 10 12 14 18 18 2 W 12 14 18 18 20
number of rows r number of rows r

Tow | 10 | 11 | 12 | 13 | 14 [ 1516 |17 [ 18 | 19| 20 | 21
a, [mm] | 144 | 130 | 118 | 108 | 100 | 92 | 86 | 81 | 76 | 72 | 68 | 65

Plot 1, 3 and 4 show that the capacity of the connection increases when the number of rows in-
creases. The normative failure mechanism in these connections is the Johansen model. In plot 5 the
capacity decreases when rows are added. The capacities of these connections are determined by the
block shear strength of the timber. Adding more rows will decrease the area of timber that can resist the
tensile strength. In plot 2 the capacity first increases as the Johansen model is normative for the con-
nection with 7 rows. Beyond this point the block shear capacity is normative. In the parametric model
some of the connection designs will be determined by the block shear and others by the Johansen
model. Consequently it is hard to define the best value for a, and r.,,,. Therefore, it is chosen to make
the limits for the value of a, leading. The minimum value is 64mm with a bolt diameter of 16mm and
the maximum is 140mm with a plate thickness of 10mm. The number of rows in the connection design
will be determined by dividing the available space for the bolts by 100mm and then round the result
to give the number of rows. In this way the value for a, will stay within the limits but it will differ per
connection design.

C.9. n,,,,: number of rows in direction of the grain

The number of bolts in the direction of the grain will not be defined in this exploratory study. This
parameter will be used to be able to increase the capacity of the connection without increasing element
size of the timber.
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Approach 1

H Nyow Capacity [KN] Type H
10 3786 Block shear timber
8 3786 Block shear timber
6 3786 Block shear timber
4 3231 Johansen
30 3830 Block shear timber

For this connection the capacity stays the same for 10, 8 and 6 rows. This is because the tensile
capacity F;, of the block shear strength of the timber is normative. For 4 rows of bolts the capacity
decreases and the Johansen failure mechanisms become normative. With 30 rows of bolts the capacity
increases as the capacity of the side shear planes F,; becomes larger than that of the tensile head.
The block shear strength of timber is determined with the following formula:

Fra = k¢ * bpee * t * froa
FbS,Rd - maX{ de = z*kU*Lcon*t*ﬁ?,d

Where:

Ngg .
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K NS .r/- :

g F ! %K\-'\\,
= T ae— \e®

& : 1\

s 0 .

K I R B L DT

If the connection is determined by the block shear increasing the rows of bolts does not increase
the connection capacity up until the point the block shear is determined by the side shear planes F,,4

of the connection.



162

C. Exploratory study for the design of a slotted-in steel plate connection

Approach 2
Plot 1:
[ Parameters
b 400 mm
h 800 mm
NMplate 2 §
t 40mm || £
Trow 8 g
toiate 10 mm
d 16 mm
aq 80 mm
Plot 2:
[ Parameters
b 650 mm
h 650 mm
Nplate 2 3’_:;
ty 40 mm g
Trow 4 8
toiate 10 mm
d 16 mm
a, 80 mm

Hmax capacity= 1489 N rows 6.0

FH++++t++rr+++++++++
+

1400 A

=
N
(=]
o

1000 -

goo{ *

600 { 4

T T T

5 10 15 )
number of rows

Hmax capacity= 1645 N rows 14.0

+4»-0-+-o»<-+++-4--o-++
1500 +
+
1250 +
+
1000 4 +
+
750 +
+
so0q1 .t
+
250 h + T T T T T
5 10 15 20 b

number of rows

max capacity= ©.211 N rows= 2.0

Capacity per steel(kN/mm?)

max

Capacity per steel(kN/mm?)

oy
0201 *+,4
+
0.15 +
+
*y
0.10
i
iy
++++
0.05 e,
5 10 15 20 25
number of rows
capacity= ©.125 N rows= 2.0
012 ++
++++
+++++++
0.10 1 +
+
+
0.08 1 +,
*y
+
0.06 ti,

5 10 15 20 25
number of rows

When the block shear strength becomes normative for the connection the capacity will not increase
when the rows of bolts n,.,, increase. In plot 1 this happens at six rows and in plot 2 at 14 rows. Adding
bolts can however increase the stiffness of the connection.



Wind

The wind load is determined with NEN-EN 1991-1-4. It is assumed that the building is located in
Rotterdam has a flat roof and square corners.

D.1. Wind Load

The wind load is determined with NEN-EN 1991-1-4. It is assumed that the building is located in
Rotterdam has a flat roof and square corners. The building height is 68 meters and the plot size of the
building is either 27.2 x 27.2 meters or 27.2 x 40.8 meters.

The wind load is determined with the following formula:

Qw = CsCa * ¢r ~ qp (Ze) (D.1)

cscqg =1 (D.2)
zg=06-h=>z,,=06-68=408>7 (D.3)
Cf = Cpe = +08——0.7 =15 (D.4)

This value for ¢, is determined with table NB.6 — 7.1 from NEN-EN 1991-1-4+A1+C2:2011/NB:2019+
C1:2020.

For building height ~ 68 m urban area |l

qp (z¢) = 1.33 (D.5)
This value for g,, is determined with table NB.5 from NEN-EN 1991-1-4+A1+C2:2011/NB:2019+C1:2020.

Qw=1-15-1.33 = 2.0 kN/m? (D.6)
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Figure D.1: Reference height, z,, depending on h and b, and corresponding velocity pressure profile [55]

The velocity pressure g,, depends on the height and width of the building as shown below in figure D.1.

The building with plot size 27.2 x 27.2 meters will have three wind loads:

g (0—27.2) =1Q, = 1-15-1 = 1.5 kN/m?

qp (54.4 — 68) = 1.33Q,, = 1-1.5-1.33 = 2 kN /m?

For the area in the middle of the building from 27.2 meters to 54.4 meters high the average of the two
wind forces will be applied:

Qy = 1.75 kN /m?

The building with plot size 27.2 x 40.8 meters will have the same three wind loads as mentioned above
on the long facade of 40.8 meters. The short facade of 27.2 meters will get the following two loads:

q, (0—40.8) = 1Q,, = 1- 1.5 - 1.14 = 1.71 kN /m?

q, (40.8 — 68) = 1.33Q,, = 1-1.5-1.33 = 2 kN /m?
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D.2. Natural frequency caused by along-wind

Oosterhout (1996) suggests the following formula to calculate the natural frequency of timber buildings
[78].

h

umax

n=f(ah)- % - (D.7)

Where:

» m= total mass in the building (kg)

» g= uniformly distributed wind load (N /m)
* h= height of the building (m)

* Upar= Maximum global displacement (m)

* f(ah) is a function that depends on the model behaviour of the structure. f(ah)= 0.187 is used
as this is the average for bending and shear deformation[78]

D.3. Along-wind acceleration

The along-wind acceleration is calculated with annex C of NEN-EN 1991-1-4+A1+C2:2011 as this is the
method that should be used according to the national annex NEN-EN 1991-1-4+A1+C2:2011/NB:2019+
C1:2020

The along wind acceleration can be calculated using the following formula:

amax()’» Z) = O-a_x(y: Z) * kp (D8)
The following constants are used to calculate the acceleration:

* ¢ =15

s p=1.25kg/m3
s Ky=1

* Kz=3/2

* Zmin =1 m

* Zmax =200 m

* 72=05m

* 2o =0.05m
. kl=1
*cy=1

Cseason = 1

Cair = 1
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D. Wind

* v, =27 m/s for Rotterdam

&5 = 0.12 for timber bridges

Ly =300 m
2, =200 m

Gy =112

G, =3/8
* ¢y &c,=11.5

& = 1.9 damping from Treet and used in Mjgstarnet

The following equations are used to calculate the acceleration:
Oax(V,2) =csp- Iy (zs) - vrzn (zs) 'R~
Href * q)max

ky

o,
Vm (Zs) B co(2s) - In (z5/2)

L(zs) =

vm(2s) = c.(z5) - co(25) - vy

Vb = Cdir * Cseason * Vb0

7'[2

R* = 23 -SL (2 n1x) - Ks (nax)

5 =085+ 68, + 64

crop vy (2
5a=fp (s)

2-nq - Ue
n.Sv(Z’n) 6,8'fL(Z,n)
S A — =
1(z,n) = (1+10,2 -fL(z,n))5/3
iz = 1)

Um (2)

Ky K, ®(y,2)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)
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L(zs) =L - <Z—S> (D.20)
Zt
a=0,674+0,051n(z,) (D.21)
1
Ks(n) = . >
1+ (6 8) 4 G 00+ (26,06, 0,) (0.22)
¢y b-n c, h-n
b, = S, =

U (2Z5) e U (25)

¢
b2 =2 (D.23)

Where &= 1.9 this is the damping determined for Treet and used for Mjostarnet.

iy

¢p(max) = 7 (D.24)

ky, =max(/2-In(v-T) + L, 3) (D.25)
P J2In(w-T)

v=n D.26
1x ( )






Timber element checks

E.1. ULS

E.1.1. Axial stress

The following formulas come from NEN-EN 1995-1-1+C1+A1:2011.

¥m = 1.25 for laminated timber elements

kmoa = 0.9 for short loads on laminated timber elements

feo0.gk
feo.d = Kmod - = (E.1)
Ym
fto.9k
frod = kmod - —2 (E.2)
Ym
Ngq
Ocod = 4 < feod (E.3)
Ngq
Otod =~ < fr04 (E.4)

E.1.2. Shear stress

The following formula comes from NEN-EN 1995-1-1+C1+A1:2011

fo,gk
foa = kmod =4 (E.5)
Ym
3V,
w=§f3ﬁﬂ (E.6)
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170 E. Timber element checks

E.1.3. Bending stress

The following formulas come from NEN-EN 1995-1-1+C1+A1:2011

k., = 0.7 for rectangular cross-sections made of laminated timber

0. 0.

YLy fe 2L < q (E.7)
fm,y,d fm,z,d

0. 0.

mzd g —2d <1 (E.8)
fm,z,d fm,y,d

E.1.4. Combined Axial and Bending stress

The following formulas come from NEN-EN 1995-1-1+C1+A1:2011

Bending and tension:

0, 0, 0.
t,0,d +km m,y,d m,z,d <1 (Eg)
ft,O,d fm,y,d fm,z,d
0, (oF 0.
tod | “myd 4 g mzd g (E.10)
ft,O,d fm,y,d fm,z,d
Compression and bending:
g, 2 (oF (o}
( C'O’d> ¥k 2d 4 mand g (E.11)
fc,O,d fm,y,d fm,z,d
g, 2 0, (o}
( CM) 2l g mad g (E.12)
fc,O,d fm,y,d fm,z,d

E.1.5. Buckling

The following formulas come from NEN-EN 1995-1-1+C1+A1:2011

0c0d < ke feoa (E.13)
1
ke = ———— (E.14)
k + /kz - 1%,
k=05 (148 (Ae —0.3) + 12, (E.15)

Bc=0.1 (E.16)
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A /fco;c
Are]l = — | == E.17
rel p E0.05 ( )

l
A= % (E.18)
=1 E.19
i= - (E-19)
Oc¢,0,d Om,y.d Om,z,d
u.c. = + +k, — E.20
kc,y : fc,O,d fm,y,d m fm,z,d ( )
O0c0,d Om,z,d Om,y,d
u.c. = ; + +k,, - E.21
kc,z : fc,O,d fm,z,d " fm,y,d ( )
E.2. Fire safety
The following formulas come from NEN-EN 1995-1-2+C2:2011
Material stiffness:
For timber GL28c
fe = 24N /mm?
ft = 19.5N/mm?
f20 = kfi (E-22)
fe20=115-24 = 27.6N /mm?
fi20 = 1.15-19.5 = 22.4N /mm?
f:
fas = K mod 5o (E.23)
Ym g
kmod =1
Yma =1
27.6
fc,fi =1- T = 276N/mm2

22.4
ft,ﬁ =1 T = 224N/mm2



172 E. Timber element checks

Reduced cross-section method:

The fire safety of the building needs to be t = 120 minutes. The smallest timber elements have a size
of 250mm x 400 mm S0 dpar0 Can be used instead of deparn-

BO = 0.65
t =120

dehar, 0 = Bo - t = 0.65 - 120 = 78mm (E.24)

def = dchar,n + ko . do =78+4+1-7= 85mm (E25)



F.1. Diagrid

A A\

Figure F.1: Deformation of the structure in mm

SCIA results

Figure F.2: Deformation of the structure in mm
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F. SCIA results

F.2. External braced frame

F.2.1. Option 1: Single brace with slope 1:2

—428.4 mm
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Figure F.3: Deformation of the structure in mm
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Figure F.5: Moment around the y-axis in kNm
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F.2.2. Option 2: Double brace with slope 1:2
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Figure F.7: Deformation of the structure in mm
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Figure F.9: Moment around the y-axis in kNm
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F. SCIA results

F.2.3. Option 3: Single brace with slope 1:1
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Figure F.11: Deformation of the structure in mm
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Figure F.12: Normal force of the structure in kN
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F.2.4. Option 4: Double brace with slope 1:1
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F.2.5. Option 5: Quadruple brace with slope 1:2
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F.2.6. Option 6: Quadruple brace with slope 1:1
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Figure F.25: Moment around the y-axis in kNm
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Figure F.24: Normal force of the structure in kN

Bz ’%k;4j2k;/2_!3lw

1774,98 ki
571,29k

Figure F.26: Support forces of the structure in kN






Calculation method for material usage of
internal structure

In this appendix the calculation method for the material of the internal structure is shown for one design.
The design for which the material usage is shown is a building with floor plan 27.2 x 27.2 m, a floor
span of 3.4 meters and permanent floor load 1.

The permanent load of this design is:

| Floorload 1 | gi (kN/m?) ||

Wooden floor 0.5
Topping 1
Sand 2
| Total weight | 3.5 |

Variable loads on the floors are:

[ [akN/m® | o | ¥1 | ¥, |

Imposed loads residencies, 1.75 04 ]05|03
non-common floors
Imposed load movable walls 1.2 1 1 1

Table G.1: y-factors

G.1. Timber

G.1.1. Floors

The floors used in the building are lignatur LFE box floors. The required floor size can be determined
with figure G.1. The load on the floor is q, + g, = 3.5 + 1.2 + 1.75 = 6.45 kN /m? and the floor span is
3.4 meters. This requires a floor size of 140. However, to fit 200 kg/m? of sand a floor size of 220 is
required. The amount of timber for this floor is [46]:

Timber = 86490 mm? /m!
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Figure G.1

G.1.2. Beams

For a span of 3.4 meters the permanent floor load is:
3534 =119 kN/m

The variable loads are:
1.75 - 3.4 = 5.95 kN/m
1.2:-34=41kN/m

With calculation files provided by RHDHV the beams are checked on bending, shear and stability as
well as during a fire situation. The load combination factors are included in the calculation file. The
required beam size is determined by the fire safety and this size is a width of 320 mm and a height of
460 mm with material stiffness GL28c. With this beam size we get the following amount of timber and
weight per beam:

Timber = 6.8-0.32-0.46 = 1 m?

Weight =1-390/102 = 3.8 kN

G.1.3. Columns

The columns will span across four floors. The floor height is 3.4 meters so the total length of the column
is 13.6 meters. With a span of 3.4 meters the floor area going to one column is:

Area = 3.4-6.8 = 23.1 m?
The permanent floor load for one floor is:
3.5%23.1 =81kN

The total permanent load is the sum of the permanent floor load and the weight of the beam times the
load combination factor:

(81+3.8)-1.2 =102 kN

The variable loads are:
1.75-23.1-1.5=61kN

1.2-231-1=28kN

The total load per floor is:
102 4+ 61 + 28 =191 kN

For four floors:
191 x4 =764 kN

This force is put into two calculation files from RHDHYV. Both files test the column on axial stress, bending
stress, combined stress and buckling. The first file tests for the ULS load combination and the second
file tests the column during the fire situation. With a buckling length of 3.4 meters, material GL28¢ and
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a force of 764 kN the required column size is 350x350 mm. The amount of timber and weight per
column is:
Timber = 0.35-0.35-3.4-4 = 1.67 m3

Weight = 1.67 - 390/102 = 6.4 kN

The load for the following four floors is:
764 -2+ 6.4 = 1534 kN

Again calculation files from RHDHV are used and they give a required column size of 420x420 mm.
These steps are repeated for the other floors giving the following column sizes:

| Floors [ Size (mm x mm) | Timber (m?) ||

17-20 350x350 1.67
13-16 420x420 2.40
9-12 470x470 3.00
5-8 520x520 3.68
1-4 550x550 4.1

G.1.4. Total amount

The total amount of timber for the option with floor size 27.2 x 27.2 m with a floor span of 3.4 m has 7
* 3 internal columns and 7 * 4 internal beams. The total amount of timber used becomes:

Floor = 27.2-27.2-20-0.0865 = 1280 m?
Beams =7-4-20-1 =560 m?3
Columns =7-3:(1.67 + 240 + 3.00 + 3.68 + 4.11) = 312 m3
Total = 1280 + 560 + 312 = 2152 m3

G.2. Steel

The point load on the steel connection between the beam and the column receives half of the line load
of the beam. With a span of 3.4 meters the floor area going to one beam connection is:

Area=34-34=11.6 m?
The permanent floor load for one floor is:
3.5%11.6 =40 kN

The total permanent load is the sum of the permanent floor load and the weight of the beam times the
load combination factor:
(40+3.8%0.5)-1.2 =50 kN

The variable loads are:
1.75-11.6-1.5 =30 kN

1.2-11.6-1=14 kN

The total load per floor is:
50 +30+ 14 =94 kN

To calculate the connection capacity the calculation method of appendix B is used. The python con-
nection design component of the parametric model is altered slightly and used to calculate the required
number of bolts. The alteration is that now a value for a, and r.,,, is given instead of calculated by
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the component. In figure G.2 the component with the in- and output for the connection is shown. The
parameters for the connection design are:

* h =460 mm * Npiate = 2

* b=320mm * t; =40 mm
* a=90° * t, =80mm
*d=16mm * a; =80mm
* e, =25mm * a, =80 mm
* tyiate = 10 mm * Nyow = 1

* a3 =112 mm * Trow = 2

{0;0}
number bolts 2
bplate 130
t2 80
Fv 98
steel 577205.2

SwWw N o

Figure G.2

The connection requires two bolts and will have a plate width of 130 mm. To calculate the amount
of timber required in the whole building also the steel in the columns needs to be calculated. The
average width of the columns is about 470 mm. The column will have to resist the beam forces on both
sides so the loading on the column connection is twice as high as the loading on the beam connection.
Therefore, four bolts are required in the column. For these connections all steel is also placed within
85 mm of timber for fire safety. The top of the beam is protected by the floor so the cross-section is not
reduced there. This gives the following connection design:

The amount of steel used per column connection is:
Plates = 470-130-2-10 = 1.22 - 10® mm?
Bolts = 7 - (16/2)% - (320 — 2 - 85) - 4 = 0.12 - 10 mm?
The total amount of steel in the internal structure becomes:
Beams = 0.58-10°-7-4-20-2 = 649 - 10° mm3
Columns = (1.22 4+ 0.12) - 10%- 7 - 3 - 20 = 563 - 10® mm3
Total = 649 + 563 = 1212 - 10° mm3 = 1.21 m3



Results parametric model

In this appendix all the results collected by the parametric model are shown. There are six tables with
results. The tables are divided per stability system design and plot size. All columns in the table will
now be explained:

Floor span (m): This is the input parameter of the floor span in meters.

Floor load: This is the input parameter of the permanent floor load. Load 1 is a permanent floor
load of 3.5 kN /m?, floor load 2 is a load of 5.3 kN/m? and load 3 is a load of 6.7 kN /m?.

Width (mm): This is the input parameter of the timber element width in millimeters.

Timber ULS (m3): This is the output of the amount of timber in the facade after the ULS member
checks in cubic meters.

Timber fire (m3): This is the output of the amount of timber in the facade after the fire member
checks in cubic meters.

Timber connection (m3): This is the output of the amount of timber in the facade after the
connection design in cubic meters.

Timber SLS (m3): This is the output of the amount of timber in the facade after the SLS checks
in cubic meters.

Total timber (m3): This is the output of the total amount of timber in the building in cubic meters.
This includes the timber in the facade, and columns, beams and floor of the internal structure.

Steel facade (m3): This is the output of the amount of steel in the facade after the connection
design in cubic meters.

Total steel (m3): This is the output of the total amount of steel in the building in cubic meters.
This includes the steel in the facade calculated by the connection component and the steel used
to connect the internal beams to the columns.

Displacement (mm): This is the output of the global lateral displacement of the model in millime-
ter. The displacement requirement for all the models was 136 mm.

Acceleration (m/s?): This is the output of the along-wind acceleration of the model in m/s?.

Acceleration requirement (m/s?): This is the output of the acceleration requirement of the model
in m/s2. The acceleration should be lower than the acceleration requirement.
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H.1. Single brace plot size 27.2 x 27.2 m

an foor wth IO TC cmecion SIS tmber frade  sesl OfPtcement Acseraton L
(m) (m?) (m3) (m?) (m?) (m?) (m3)  (m3) (m/s?)
34 1 400 673 799 1046 9484 11636 5.0 6.2 90 0.152 0.152
3.4 1 450 710 826 1030 9289 11441 4.0 52 90 0.152 0.152
3.4 1 500 744 857 1029 9337 11489 3.7 49 90 0.152 0.152
3.4 1 550 786 920 1069 9151 11303 36 4.8 90 0.152 0.152
3.4 1 600 823 974 1110 9139 11291 3.6 4.8 89 0.152 0.152
3.4 1 650 861 1025 1164 9078 11230 3.7 49 89 0.152 0.152
3.4 2 400 750 867 1159 5450 8352 57 7:1 95 0.154 0.154
3.4 2 450 777 883 1119 6426 9328 46 6.0 95 0.154 0.154
3.4 2 500 813 925 1133 6400 9302 43 56 95 0.154 0.154
3.4 2 550 846 974 1159 5974 8849 4.0 53 94 0.154 0.154
34 2 600 893 1023 1194 5379 8281 41 55 94 0.153 0.153
3.4 2 650 919 1063 1236 5341 8243 41 55 94 0.153 0.153
3.4 3 400 795 904 1219 4160 7576 6.3 8.5 100 0.155 0.156
34 3 450 835 938 1197 4193 7609 5.1 7.2 100 0.155 0.156
34 3 500 863 975 1190 4090 7506 4.7 6.9 100 0.155 0.155
3.4 3 550 900 1012 1213 4132 7548 4.4 6.7 100 0.155 0.155
3.4 3 600 936 1070 1258 4073 7489 4.4 6.6 99 0.155 0.155
3.4 3 650 973 1116 1301 4085 7501 45 6.8 99 0.155 0.155
6.8 1 400 700 849 1135 8919 10996 45 54 64 0.141 0.141
6.8 1 450 773 898 1121 8922 10998 3.8 4.8 64 0.141 0.141
6.8 1 500 806 942 1133 8752 10829 32 4.2 64 0.140 0.141
6.8 1 550 843 992 1167 8754 10831 3.1 4.1 63 0.140 0.140
6.8 1 600 875 1041 1203 8629 10705 34 4.0 63 0.140 0.140
6.8 1 650 903 1081 1242 8556 10632 3.0 4.0 63 0.140 0.140
6.8 2 400 750 941 1276 4064 6545 5.4 6.5 73 0.145 0.145
6.8 2 450 828 977 1242 4044 6525 4.6 56 73 0.145 0.145
6.8 2 500 895 1024 1242 4000 6481 39 50 72 0.140 0.140
6.8 2 550 939 1084 1278 3962 6443 & e 48 72 0.144 0.145
6.8 2 600 o974 1132 1309 3900 6381 3.5 46 72 0.144 0.145
6.8 2 650 1000 1180 1342 3890 6371 35 46 71 0.144 0.145
6.8 3 400 742 978 1374 1510 4493 6.2 7.7 100 0.155 0.155
6.8 3 450 854 1037 1346 1549 4532 5.1 6.6 99 0.155 0.155
6.8 4 500 882 1079 1347 1541 4524 4.4 6.0 100 0.155 0.155
6.8 i 1 550 1016 1148 1354 1598 4581 41 5. 98 0.154 0.155
6.8 3 600 1041 1197 1381 1629 4612 4.0 55 99 0.155 0.155

6.8 3 650 1079 1232 1409 1599 4582 3.8 5.4 101 0.156 0.156
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H.2. Single brace plot size 27.2 x 40.8 m

o foor wth IO TO mmecion SIS tmber facade wenl DUPlAcETent Aseerstion (2000
(m) (m?) (m?) (m?) (m?) (m?) (m?)  (m3) (m/s?)
3.4 1 400 864 1019 1363 1677 4968 6.3 82 121 0.148 0148
3.4 1 450 807 1042 1335 1699 4990 2.1 7.0 122 0.149 0.149
3.4 1 500 950 1087 1340 1729 5020 47 6.6 122 0.148 0.149
3.4 1 550 997 1161 1368 1744 5035 46 6.5 122 0.149 0.149
3.4 1 600 1050 1224 1413 1789 5080 47 66 122 0.148 0.149
3.4 1 650 1095 1293 1480 1838 5129 a7 66 123 0.149 0.149
34 2 400 959 1095 1500 1548 5979 74 95 135 0.131 0.159
34 2 450 1006 1122 1456 1546 5977 59 81 135 0.131 0.159
3.4 2 500 1039 1161 1464 1573 G004 85 i 136 0.131 0.159
3.4 2 550 1080 1223 1489 1616 6047 51 T3 135 0.131 0.159
3.4 2 600 1136 1295 1542 1669 6100 54 Tt 135 0.131 0.159
3.4 2 650 1170 1342 1574 1700 6131 i 74 135 0131 0.159
3.4 3 400 1030 1156 1594 1619 G827 8.2 17 136 0.118 0.164
3.4 3 450 1071 1180 1551 1622 6830 6.6 101 139 0118 0.164
3.4 3 500 1119 1229 1555 1646 G854 6.1 96 136 0.118 0.164
3.4 3 550 1143 1272 1568 1679 G887 58 9.3 136 0.118 0.164
3.4 3 600 1195 1333 1621 1733 G941 58 9.3 136 0.118 0.164
3.4 3 650 1242 1407 1669 1780 G988 6.0 95 136 0.118 0.164
6.8 1 400 844 1051 1420 1764 4974 59 Tie) 121 0.148 0.148
6.8 1 450 922 1120 1407 1783 4993 49 6.6 121 0.148 0.149
6.8 1 500 961 172 1424 1813 5023 4.4 6.0 122 0.149 0.149
6.8 1 550 1045 1229 1448 1849 5059 41 58 122 0.149 0.149
6.8 1 600 1094 1293 1491 1897 5107 41 5.7 123 0.149 0.149
6.8 1 650 1120 1338 1529 1926 5136 4.0 56 123 0.149 0.149
6.8 2 400 948 1151 1576 1616 5447 7.2 9.0 136 0.132 0.158
6.8 2 450 1041 1224 1556 1647 5478 6.0 7.8 135 0.132 0.158
6.8 2 500 1072 1274 1551 1653 54384 52 70 135 0.132 0.158
6.8 2 550 1113 1332 1586 1680 551 5.0 6.8 136 0.132 0.158
6.8 2 600 1213 1404 1622 1724 5555 4.8 6.6 136 0.132 0.158
6.8 2 650 1249 1458 1666 1776 5607 4.8 6.6 136 0.132 0.159
6.8 3 400 979 1240 1714 1738 6333 8.2 10.7 134 0.118 0.163
6.8 3 450 1087 1276 1660 1707 6302 6.6 9.2 136 0.119 0.163
6.8 3 500 1164 1359 1649 1744 6339 59 8.4 136 0.118 0.163
6.8 3 550 1203 1414 1682 1819 G414 56 8.2 135 0.118 0.163
6.8 3 600 1243 1466 1715 1817 G412 53 79 135 0.118 0.163

6.8 3 650 1338 1524 1754 1861 6456 53 =9 134 0.118 0.163
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H.3. Double brace plot size 27.2 x 27.2 m

pn Toor W TUT TR rmeion S5 b faonde g Dot Aecsbemion (L
(m) (m) ) ) ) ) (md (m) (mys2)
3.4 1 400 712 878 1130 6953 9105 52 6.4 82 0.149 0.149
3.4 1 450 757 893 1085 7427 9579 42 54 89 0.151 0.152
3.4 1 500 802 952 1108 7296 9448 4.1 5:3 87 0.151 0.151
3.4 1 550 843 1003 1142 7307 9459 3.9 5.2 88 0.151 0.151
3.4 1 600 893 1061 1198 7258 9410 4.0 52 87 0.151 0.151
3.4 1 650 946 1130 1269 7287 9439 38 51 90 0.152 0.152
3.4 2 400 787 928 1224 4269 717 59 7.3 84 0.150 0.150
3.4 2 450 823 955 1186 4601 7503 4.8 6.1 89 0.152 0.152
3.4 2 500 869 1005 1193 4481 7383 4.6 6.0 87 0.151 0.151
34 2 550 908 1055 1235 4563 7465 4.4 5.7 89 0.151 0.152
34 7 600 960 1125 1287 4626 7528 4.4 58 89 0.151 0.152
3.4 2 650 997 1167 1351 4674 7576 43 57 91 0.152 0.152
3.4 3 400 806 974 1292 2703 6119 6.4 8.7 86 0.150 0.151
3.4 3 450 881 1005 1257 3301 6717 52 74 91 0.152 0.153
3.4 3 500 915 1048 1267 2942 6358 5.0 73 89 0.152 0.152
3.4 3 550 954 1098 1290 3160 6576 4.8 7.0 90 0.152 0.152
34 3 600 1004 1159 1347 3127 6543 4.8 0 90 0.152 0.152
3.4 3 650 1048 1215 1408 3412 6828 47 7.0 93 0.153 0.153
6.8 1 400 718 920 1213 5746 7823 46 56 46 0.130 0.130
6.8 1 450 786 964 1187 6124 8201 3.9 4.9 47 0.131 0.131
6.8 1 500 825 1013 1205 5891 7968 3.5 4.5 46 0.130 0.130
6.8 1 550 895 1078 1245 6056 8132 3.4 4.3 47 0.131 0.131
6.8 1 600 944 1144 1283 6068 8145 34 43 47 0.131 0131
6.8 1 650 978 1182 1350 6410 8486 33 43 48 0.131 0.132
6.8 2 400 77 988 1347 1952 4433 56 6.7 60 0.138 0.139
6.8 2 450 840 1042 1313 2127 4608 4.7 58 61 0.139 0.139
6.8 2 500 877 1084 1322 2037 4518 4.1 52 61 0.139 0.139
6.8 2 550 955 1152 1344 2118 4599 3.9 5.0 61 0.139 0.139
6.8 2 600 1034 1221 1392 2123 4604 3.8 4.9 61 0.139 0.139
6.8 2 650 1072 1286 1443 2122 4603 3.7 4.8 62 0.139 0.140
6.8 3 400 713 1036 1437 1437 4439 6.3 7.9 70 0.136 0.146
6.8 3 450 791 1085 1407 1407 4417 5.2 6.7 74 0.139 0.148
6.8 3 500 851 1134 1408 1408 4423 47 6.2 74 0.139 0.148
6.8 3 550 983 1193 1432 1432 4448 4.4 6.0 74 0.139 0.148
6.8 3 600 1061 1270 1467 1467 4481 43 58 73 0.138 0147

6.8 3 650 1138 1327 1514 1514 4528 4.1 5.7 72 0.137 0.147
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H.4. Double brace plot size 27.2 x 40.8 m

o Soor Wi TOT TR comecion SIS tinber s sl DPocemert Aculeston E 000
(m) (m?) (m?) (m?) (m?) (m?) (m?)  (m?) (m/s?)
34 1 400 889 1104 1431 1431 4742 6.7 8.6 96 0.135 0.142
3.4 1 450 968 1108 1369 1369 4687 54 7.3 99 0.137 0.143
3.4 1 500 1024 1184 1396 1396 4714 49 6.9 101 0.138 0.144
3.4 1 550 1076 1242 1457 1457 4773 4.8 6.7 102 0.139 0.144
3.4 1 600 1137 1320 1513 1513 4829 4.9 6.8 101 0.138 0.144
34 1 650 1207 1384 1601 1601 4910 5.0 6.9 100 0.137 0.144
34 2 400 979 1173 1549 1549 6003 7.7 98 93 0.114 0.149
3.4 2 450 1028 1187 1495 1495 5948 6.1 8.2 96 0.116 0.150
3.4 2 500 1114 1256 1512 1512 5972 56 7.8 98 0.116 0.150
3.4 2 550 1157 1312 1558 1558 6020 54 7.5 99 0.117 0.150
3.4 2 600 1223 1387 1623 1623 6079 56 7.T 99 0.116 0.150
3.4 2 650 1281 1447 1696 1696 6151 5.6 7.7 a7 0.116 0.150
3.4 3 400 1038 1232 1639 1639 6872 8.5 12.0 92 0.102 0.153
3.4 3 450 1097 1248 1582 1582 6812 6.6 10.1 95 0.104 0.154
3.4 3 500 1162 1314 1594 1594 6830 6.1 96 96 0.104 0.154
3.4 3 550 1241 1384 1642 1642 G877 5.8 9.4 97 0.104 0.154
3.4 3 600 1285 1432 1697 1697 6933 59 9.4 97 0.104 0.154
3.4 3 650 1342 1506 1766 1766 7000 6.1 9.6 96 0.104 0.154
6.8 1 400 885 1141 1510 1510 4739 6.0 T 90 0.132 0.141
6.8 1 450 890 1205 1488 1488 4716 5.2 6.8 93 0.133 0.142
6.8 1 500 1045 1272 1518 1518 4744 4.6 6.2 93 0.134 0.142
6.8 1 550 1098 1343 1578 1578 4802 4.4 6.0 94 0.134 0.142
6.8 1 600 1192 1428 1631 1631 4856 43 59 94 0.134 0.142
6.8 1 650 1237 1485 1704 1704 4928 43 59 92 0.133 0.142
6.8 2 400 867 1218 1668 1668 5508 T2 9.0 88 0.112 0.147
6.8 2 450 943 1284 1633 1633 5485 6.1 7.9 90 0.113 0.148
6.8 2 500 1112 1369 1662 1662 5512 54 72 91 0.114 0.148
6.8 2 550 1184 1440 1714 1714 5562 52 7.0 92 0.114 0.148
6.8 2 600 1261 1514 1750 1750 5600 49 6.8 91 0.114 0.148
6.8 2 G650 1316 1584 1821 1821 5669 49 6.7 90 0.113 0.148
6.8 3 400 857 1280 1781 1781 6387 8.1 10.7 87 0.101 0.151
6.8 3 450 a77 1344 1745 1745 6355 6.8 93 89 0.102 0.152
6.8 3 500 1057 1417 1753 1753 6369 6.0 8.6 90 0.102 0.152
6.8 3 550 1249 1511 1810 1810 6424 5.8 8.3 90 0.102 0.152
6.8 3 600 1319 1582 1855 1855 6466 5.5 8.1 90 0102 0.152
6.8 3 G650 1398 1645 1900 1900 6510 55 8.0 89 0.101 0.152
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H.5. Diagrid plot size 27.2 x 27.2 m

Rl ol B Rl
(m) (m?) (m?) (m?) (m?) (m?) (m3)  (m?) (m/s?)
34 400 1 995 1158 1654 5719 7871 18.0 19.2 46 0.130 0.130
3.4 450 1 1061 1201 1601 6626 8778 147 15.9 49 0.132 0.132
34 500 1 1096 1255 1601 7083 9235 13.5 147 51 0.133 0.133
3.4 550 1 1142 1305 1628 7353 9505 13.1 14.3 52 0.133 0.134
3.4 600 1 1184 1354 1665 7348 9500 132 144 52 0.134 0.134
3.4 650 1 1231 1411 1720 7250 9402 13.6 14.8 52 0.134 0.134
3.4 400 2 1100 1284 1853 1853 4755 218 23.2 58 0.135 0.138
3.4 450 2 1171 1325 1784 1784 4686 17.7 191 62 0.139 0.140
3.4 500 2 1220 1374 1763 1936 4838 15:8° {72 63 0.140 0.140
34 550 2 1279 1416 1780 2128 5030 15.5 16.9 62 0.138 0.140
3.4 600 2 1315 1474 1817 2172 5074 15.6 16.9 62 0.139 0.140
3.4 650 2 1357 1521 1872 2055 4957 158 172 63 0.140 0.140
34 400 3 1192 1383 2010 2010 5426 250 272 55 0.126 0.139
34 450 3 1237 1402 1918 1918 5334 201 22.4 59 0.130 0.141
3.4 500 3 1311 1460 1903 1903 5319 17.8 2041 61 0.132 0.141
34 550 3 1366 1508 1910 1910 5326 17.5 197 62 0.133 0.142
3.4 600 3 1419 1558 1927 1927 5343 17.2 19.5 62 0.133 0.142
3.4 650 3 1463 1620 1981 1981 5397 17.7 199 61 0.133 0.142
6.8 400 1 1083 1256 1839 5463 7540 215 225 44 0.128 0.129
6.8 450 1 1154 1291 1761 5913 7989 175 185 46 0.130 0.130
6.8 500 1 1226 1346 1748 6369 8445 158 16.8 48 0.131 0.131
6.8 550 1 1269 1391 1759 6579 8655 15.3 16.3 49 0.132 0.132
6.8 600 1 1309 1445 1800 6551 8628 15.5 16.4 49 0.132 0.132
6.8 650 1 1349 1496 1859 6759 8835 158 16.8 48 0.131 0.132
6.8 400 2 1186 1413 2093 2093 4574 26.7 27.8 53 0.131 0.136
6.8 450 2 1287 1440 1997 1997 4478 216 227 57 0.135 0.138
6.8 500 2 1326 1476 1953 1953 4434 188 199 60 0.138 0.139
6.8 550 2 1383 1511 1960 1960 4441 18.4 19.5 60 0.138 0.139
6.8 600 2 1476 1589 1976 1976 4457 18.3 194 60 0.138 0.139
6.8 650 2 1522 1644 2024 2024 4505 18.8 199 60 0.138 0.139
6.8 400 3 1209 1521 2288 2288 5271 306 322 50 0.117 0.139
6.8 450 3 1328 1544 2174 2174 5157 246 261 54 0.120 0.140
6.8 500 3 1448 1590 2124 2124 5107 214 230 56 0.123 0.141
6.8 550 3 1488 1638 2116 2116 5099 209 225 57 0.123 0.142
6.8 600 3 1546 1673 2133 2133 5116 205 221 a1 f 0.124 0.142

6.8 650 3 1629 1746 2167 2167 5150 212 22.7 57 0.123 0.142
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H.6. Diagrid plot size 27.2 x 40.8 m

o wan T ot Trbe T G e T ok scdeen S
(m) (M) (m) ) (m) (m) (m)  (md) (m/s2)
34 400 1 1254 1497 2105 2105 5396 228 247 68 0.115 0.135
34 450 1 1327 1541 2041 2041 5332 18.8 20.7 74 0.119 0.137
3.4 500 1 1396 1604 2024 2024 5315 173 192 76 0.122 0.137
3.4 550 1 1442 1672 2063 2063 5354 168 188 77 0.122 0.138
34 600 1 1493 1727 2116 2116 5407 16.8 18.7 78 0.122 0.138
34 650 1 1542 1796 2173 2173 5464 17.3 193 7 0121 0.138
34 400 2 1363 1656 2379 2379 6810 28.3 30.5 62 0.095 0.139
34 450 2 1460 1699 2278 2278 6709 228 249 67 0.098 0.141
3.4 500 2 1521 1750 2255 2255 6686 205 227 70 0.100 0.142
34 550 2 1605 1819 2269 2269 6700 199 221 70 0.101 0.142
34 600 2 1679 1902 2320 2320 6751 201 222 70 0.100 0.142
3.4 650 2 1727 1959 2384 2384 6815 204 225 70 0.100 0.142
34 400 3 1457 1786 2586 2586 7794 325 36.0 58 0.084 0.142
34 450 3 1551 1801 2464 2464 7672 262 297 63 0.087 0.144
34 500 3 1645 1870 2427 2427 7635 230 265 66 0.089 0.145
34 550 3 1708 1931 2440 2440 7648 223 259 66 0.089 0.145
34 600 3 1778 1999 2473 2473 7681 223 258 66 0.089 0.145
34 650 3 1869 2087 2532 2532 7740 229 26.4 66 0.089 0.145
6.8 400 1 1318 1577 2284 2284 5494 26.6 28.2 63 0111 0.133
6.8 450 1 1413 1620 2189 2189 5399 217 234 68 0.115 0.135
6.8 500 1 1479 1670 2170 2170 5380 196 212 71 0.117 0.136
6.8 550 1 1568 1747 2190 2190 5400 19.0 207 72 0.118 0.136
6.8 600 1 1614 1813 2232 2232 5442 191 20.7 72 0.118 0.136
6.8 650 1 1663 1865 2308 2308 5518 194 210 72 0.118 0.136
6.8 400 2 1460 1779 2609 2609 6440 331 349 58 0.092 0.137
6.8 450 2 1545 1800 2481 2481 6312 268 286 62 0.095 0.139
6.8 500 2 1634 1854 2430 2430 6261 234 252 65 0.098 0.140
6.8 550 2 1721 1915 2444 2444 6275 229 247 65 0.098 0.140
6.8 600 2 1771 1970 2470 2470 6301 22.7 245 66 0.098 0.140
6.8 650 2 1882 2067 2532 2532 6363 232 25.0 65 0.098 0.140
6.8 400 3 1500 1915 2866 2866 7461 38.3 40.9 54 0.082 0.140
6.8 450 3 1643 1940 2713 2713 7308 305 331 58 0.085 0.142
6.8 500 3 1747 1997 2648 2648 7243 267 293 61 0.086 0.143
6.8 550 3 1820 2039 2631 2631 7226 259 285 62 0.087 0.143
6.8 600 3 1908 2109 2667 2667 7262 257 28.2 62 0.087 0.143
6.8 650 3 1978 2172 2705 2705 7300 26.2 288 62 0.087 0.143
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