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Abstract

The construction industry contributes significantly to global emissions. In response to the growing

concern about climate change, new methods are being developed to reduce these emissions.

Building with timber is one such approach, as it can be CO2 neutral if reforestation is practiced.

Timber is a lightweight and flexible material compared to traditional construction materials like

steel and concrete, which can result in high accelerations and deflections, negatively affecting user

comfort.

Engineered wood products such as CLT and GLT make it possible to construct larger panel sizes

and spans, which can lead to more efficient building design. Many buildings utilize core systems

to provide lateral stability and facilitate vertical transportation of goods and people. Therefore,

replacing a conventional concrete core with a CLT core could be a viable solution to reduce the

building’s environmental impact.

Timber, being a flexible material, often lacks the necessary stability to meet user requirements for

deflection and acceleration in high-rise buildings. An outrigger, similar to those used in concrete

and steel structures, can provide the solution to enhance user comfort. The outrigger transfers

bending moments from the core to the columns, reducing forces in the core and increasing overall

stiffness. However it is unclear what the influence of the addition of a timber outrigger on a CLT

core building is and how such a system can be improved. Therefore the purpose of this thesis is

to evaluate the impact of a timber outrigger on a CLT core building, and provide guidance for

structural engineers on how to improve the structural behaviour of such a system.

The impact of adding an outrigger is evaluated through comparison of numerical case studies. Case

A consists of a CLT core as the lateral stability system. Case B consists of a CLT core with timber

outriggers. A sensitivity analysis is performed on different design aspects for each case. In Case

A, the influence of core joint design is analyzed, while in Case B, the impact of outrigger design

parameters is evaluated. For a fair comparison of deflections, accelerations and force transfer, both

Case A and B are designed based on ULS requirements. Finally, Case C is an optimized design

based on the results of the sensitivity analyses. The different stability systems of the case studies as

previously mentioned can be seen in figure 1.
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(a) Case A
CLT core

blank space

(b) Case B
CLT core and a one storey timber

outrigger

(c) Case C
CLT core and a two storey timber

outrigger

Figure 1. Numerical models of the different stability systems

By introducing a timber outrigger to a CLT core building bending moments are transferred from the

core to the column, partially restricting rotation of the core. This will have the following effects on

the behaviour of the structure. Firstly, the deflections due to lateral wind loading are reduced due to

the increased global stiffness.In figure 2 the maximum lateral deflection of the three different case

studies is shown. In which the maximum lateral deflection of case A is reduced by 14% and 35%

for case B and C respectively.

Figure 2. Lateral deflection of the different case studies

Secondly, the increased stiffness of the structure will result in a reduction of peak lateral acceleration.

The peak lateral acceleration of case A is reduced by 10% and 25% for case B and C respectively

compared to case A. Thirdly, by transferring loads from the core to the columns the strength

requirements on the connections of the core are reduced. Finally, by introducing a timber outrigger

system to a CLT core building horizontal forces are generated in the core at outrigger level, which
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should be accounted for in the design phase of the vertical core joints. Increasing the stiffness of

the outrigger will further reduce deflections, peak lateral acceleration and strength requirements

on the core joint, however strength requirements on the vertical core joints at outrigger level will

further increase.

An exponential relationship has been derived between the lateral deflections and the ratio between

the effective bending stiffness of the outrigger and the effective bending stiffness of the core as

can be seen figure 3a. A similar exponential relationship has been derived for the peak lateral

accelerations as shown in figure 3b.

(a) Lateral deflection (b) Peak lateral acceleration

Figure 3. Fitted curves influence of stiffness ratio

With the previously shown exponential relationships the effectiveness of a specific outrigger design

in terms of reducing deflections and lateral accelerations is determined and shown in figure 4, in

which 0% effectiveness represents an outrigger with zero bending stiffness and 100% effectiveness

represents an infinitely rigid outrigger.

Figure 4. Effectiveness outrigger

Additionally it was investigated what the critical design parameters are and how the performance

of a CLT core building with timber outriggers can be improved. For the design of a CLT core
iv



the connection between the core and foundation showed to be critical, having large effects on the

lateral deformation. While increasing the stiffness of the vertical connections showed to have little

influence on the interaction between core walls due to their respective high interaction factors. In

the design of the outrigger it was shown that a two storey outrigger is able to more than double

the reduction in deflections compared to a single storey outrigger, further increasing the overall

effectiveness of the system. Finally the effectiveness of the system was found to be significantly

influenced by the configuration of the outrigger truss, demonstrating a greater impact than increasing

member size or connection stiffness.

keywords: stability system, CLT core, timber outrigger, wind-induced behaviour, lateral deflections,

dynamic behaviour
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1. Introduction

1.1 Scientific relevance and research motive

In recent decades buildings have been constructed higher than ever before, this change is due to a

few causes. Urbanisation has led to a growth in the number of citizens in cities while the available

space has become limited, resulting in a high demand for housing in cities. New technologies

and research have made it possible to reduce calculation time and increase safety of tall buildings,

resulting in ever growing buildings.

The building sector is responsible for approximately 11% of the total worldwide energy consumption

according to the united nations environmental programme (UNEP, 2017). This is primarily due

to the fact that steel and concrete, the most used construction products, require a large amount

of energy during production. Which is one of the causes for global warming which could have

catastrophic consequence in the coming decades. From rising temperatures, sea level rise, extreme

weather to polluted air the list goes on and on. To combat these severe changes in our climate the

emission of greenhouse gasses needs to be drastically reduced. Due to increasing concerns from

society on climate change there is a high demand to use more sustainable solutions in the building

sector. With the possibility to sustainably harvest timber as a building material it is possible to use

this renewable building material and replace other alternatives which have a high environmental

footprint. Which in turn could drastically reduce the energy consumption and environmental

footprint of the building sector.

Current trends for tall buildings has been assessed and summarized [1], from these trends different

types of topologies are mentioned which can be used to transfer lateral loads to the foundation

while also providing sufficient stiffness to provide comfort for the user. From this study it appears

an outrigger structure is a solution which is regularly applied for tall steel and timber buildings.

An outrigger system makes use of lever arms which are connected to a core system, reducing the

bending moment in the core and increasing overall stiffness.

1



Figure 1.1. Building topology vs maximum height of concrete buildings with internal lateral load
resisting systems[1]

Since all buildings require a form of vertical transport of personal and goods most building have

a core system which is used for vertical load transfers and provide lateral stiffness. It is easy to

see why outriggers are regularly applied to increase the maximum building height, since most

components of outriggers systems i.e. core and columns are already present.

Timber buildings are significantly lighter than their concrete and steel counterparts, therefore

increasing the overall stiffness of the building becomes interesting and is already relevant for

mid-rise timber buildings. Additionally when comparing the stiffness of timber and concrete the

latter has a stiffness which is between three and five times higher than that of timber, resulting in

increased structural member sizes and a decreased maximum building height. This shows that it is

interesting to investigate timber structural systems for mid-rise buildings.

The available literature on the topic of timber outriggers is currently fairly limited, suggesting a

lot of knowledge can be gained. Combining this with the need for sustainability and an increasing

urban population there is sufficient scientific and public relevance to do further research in this

field. It can also be seen throughout Europe and Northern America more and more fully timber or

composite timber buildings are constructed, with currently the highest building being Mjornstadt

with a height of 86 meters.

An overview is given of case studies performed on timber buildings shows two distinct features

over the past decade. First the total number of case studies performed annually is in a growing trend

and second the height of these case studies is also in growing annually. This shows the increased

interest in the topic over the past decades and the progression of structural methods used for timber

buildings.
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Figure 1.2. Distribution of case studies on the topic of timber buildings and their respective number
of storeys[2]

Further research within the timber research area could provide valuable insight in structural topology

regarding timber buildings and mid-rise buildings specifically. Which in turn can have beneficial

influences on the environmental footprint of the construction sector and reduce global warming.

1.2 Problem definition

Available literature on the topic of timber outriggers is fairly limited however there are some papers

which have discussed this or have performed research on this topic. During the thesis research

of Slooten, E. C.[3] a timber outrigger structure is assessed and the influence of the addition of

the outrigger system on the lateral displacement is numerically calculated. From this study it was

shown that a reduction of 37% of the lateral displacement can be achieved with the addition of

a single outrigger level, with more outrigger levels leading to an even higher reduction of lateral

displacement. The influence of the addition of a timber outrigger system is assessed. It should be

noted that the structure which is assessed in this research consists of a reinforced concrete core

making the building a wood-concrete hybrid structure.

A thesis performed by Boellard, B.[4] does discuss the possibility of using a timber outrigger

outrigger system on a CLT core. In this research an in depth study is done on a 20-storey building

which uses a CLT core system with additional timber outriggers. This study assesses the feasibility

of a CLT core building with timber outriggers, which is verified. The research consists of a single
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case study design which is improved based upon ultimate limit state conditions and once again

on serviceability limit state. However the influence of the addition of the timber outriggers on the

structural behaviour of the CLT core system has not been assessed.

Comparing the before mentioned theses, the former assesses the influence of the addition of timber

outriggers with a reinforced concrete core and the latter is a feasibility study of the use of a CLT

core system with timber outriggers, however the latter does not quantify the influence the outriggers

has on the structural behaviour of the CLT core system. This shows there is a knowledge gap

between the topics and the influence of a timber outrigger system on a CLT core system has yet to

be assessed and quantified.

1.3 Goals and objectives

Goals

The goal of this thesis is to investigate the influences of adding an outrigger system to a cross

laminated timber core building and determine the effects the outrigger system has on the deflections,

accelerationsa and internal forces etc. Additionally the goal is to optimize this system and find the

best possible strategy for incorporating an outrigger system in a CLT core building.

The research topic is defined as follows:

Influence of timber outriggers system on cross laminated timber core buildings.

The research question is defined as follows:

How does a timber outrigger system influence the structural behaviour of a cross laminated
core building?

Objectives

During this research the addition of a timber outrigger system to a CLT core building is assessed.

The influence of adding an outrigger system could provide additional stability to a full timber

building, this is numerically assessed using finite element modelling. During the research it is also

assessed how the structural behaviour of the outrigger system could be improved. Optimization

is performed numerically to investigate influences of different parameters. During the research

different numerical models are build and compared, for instance a CLT core building without an

outrigger system and one with an outrigger system. Allowing a comparisons to be made between

both models in terms of force distribution, deflections, accelerations etc.

Sub research question: What are the critical parameters of a CLT core building with timber
outriggers?

■ Determine critical parameters of a CLT core building in ultimate limit state and serviceability
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limit state.

■ Determine critical parameters of a timber outrigger system in ultimate limit state and service-

ability limit state.

Sub research question: How can a timber outrigger system of a CLT core building be optimized?

■ Investigate the possibilities of reducing lateral acceleration of the building and potential

dampening capabilities an outrigger can provide.

■ Determine the influence of the critical parameters on the structural behaviour of the building.

1.4 Methodology

Literature review

An extensive literature study is performed on existing scientific literature on the topic of CLT cores

with an additional timber outrigger system. Since the available literature on the topic is fairly

limited the topic is subdivided into the following categories to gain a better understanding of the

overarching problem. A literature study is performed on the following topics: Current timber

buildings under construction/ or already constructed, Assessment of engineered wood products,

Assessment of CLT core systems, Assessment of timber outriggers, large timber joints, dynamic

response of timber structures and assessment of critical parameters for both CLT core systems as

timber outriggers.

Numerical modelling

The main goal of the research is to assess the influence of adding outriggers to a CLT core building,

therefore several numerical models are build. A preliminary design is made of a CLT core building

and one of a CLT core building with timber outriggers including its respective connections. The

preliminary design needs to fulfil the requirements set out by the Eurocode on ultimate limit state.

When both models have been developed comparisons can be made between them. The next step is

to iterate the CLT core system with timber outriggers using the critical parameters which have been

previously found to optimize its stiffness, allowing the serviceability criteria to be met, which is

performed manually.

1.5 Scope

The research focuses on the design of a timber outrigger and a CLT core system and its respective

connections. Optimization of the design is primarily performed on structural members, connections

and topology of the lateral load resisting system. In this research it is not of interest to investigate

secondary components of the structure for instance facades, only main structural components are

designed.

The scope of the research is limited to short term behaviour of the material. The influence of creep

and other long term material behaviours has on the global structural behaviour of the design are
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not taken into consideration. The research is limited to numerical experimentation (building finite

element models) and literature research. Experimental test are not a part of the research and is

outside the scope for this thesis.
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2. Literature study

2.1 Review of current full timber buildings

In this section an overview is given of full timber buildings that have already been build or are

planned for the coming years. A handful of projects will be mentioned and their respective stability

systems will be discussed. There will also be an overview of the research performed on the topic of

timber buildings.

2.1.1 Dalston Lane, England

The building lane, a 10-storey CLT building with a height of 33 meters, in london has set an

example of the progress engineers and researchers have made in the field of CLT buildings. By

using a tapered thickness of the load carrying elements throughout the height, thickness reduces

while the height increases, the designers of the structure where able to reduce the amount of timber

per square meter by 20% in comparison with previously buildt Stadthaus which is a 9-storey full

timber building. Additionally the building only weighs a fifth of a similar building constructed out

of concrete [5]. The lateral stability system consists of CLT shearwalls which are connected with

metal fasteners. The basement and groundfloor are made up of concrete to reduce the influence

groundwater has on the material and increase openspace on the groundfloor.

Figure 2.1. Dalton Lane, England [5].

2.1.2 Treet, Norway

An example of a timber building is Treet, a 14-storey tall timber building completed in 2015 [6],

in Bergen Norway. The construction consist of a large glued laminated timber (glulam) frame

which is responsible for the horizontal load transfer and stiffness, furthermore treet uses a particular

technique for its vertical load transfer. The prefabricated residential modules consisting of mostly

cross laminated timber (CLT) are stacked upon each other. The levels 1-4 are resting on the concrete
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foundation slab and are independent of the glulam frame. Level 5 is referred to as a so called

“power storey” consisting of a strengthened glulam frame system which is able to take up the loads

of the prefabricated modules stacked on top. The levels 6-9 again are not connected to the main

load bearing structure at any point besides their foundation which is a concrete level located at

the top of the “power storey”. This process is repeated once more until the height of 14 storeys is

reached. In figure 2.2 the structural load carrying system can be seen consisting of the glulam truss

system and the location of the “power storey’s” can be seen.

Figure 2.2. Structural system Treet, Bergen, Norway [6]

The concrete slabs are used to connected the glulam trusses and provide additional mass to the

building to improve the dynamic behaviour. While the building has a total height of approximately

45 meters the dimensions of the diagonals are 405x405 mm. The robustness of the building is

verified, if a column or other load bearing element fails a second load path is available which

ensures the structure does not collapse. Connections of the glulam members primarly consists of

slotted in steel plates.

2.1.3 Mjøsa, Norway

Mjøstarnet is an 18-storey tall timber building completed in 2019 [7]. The structural system consists

of a large glulam frame which is responsible for the carrying the horizontal load and provide

stiffness to the building. Glulam columns and beams are responsible for transfer of the vertical

loads, CLT walls around the lift shaft and stairs provide a secondary load path for vertical loads.

In the design phase the choice has been made to apply concrete floors on the 12th until the 18th
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floor. The reason for the concrete floors at these levels is to increase the mass at the top of the

structure which in turn will improve the dynamic behaviour of the timber building. In figure 2.3 the

structural system of Mjøstarnet can be seen with the primary lateral load resisting system being the

glulam diagonals and the location of the concrete floors.

Figure 2.3. Structural system Mjøstarnet, Mjøsa, Norway [7]

The diagonals which are used for the building have a maximum dimension of 625x990 mm. For

the connection between glulam elements the choice has been made to use slotted in steel plates

with steel dowels. The structural system has been placed inside the façade to provide protection

against the weather which increases durability and reduces maintenance.

2.1.4 Brockcommons, Canada

The brock commons tallwood house is a 18-storey residential building aimed to house students. The

structural system consists of a hybrid structure, stability is provided by a reinforced concrete core,

the vertical load carrying capacity is provided by glulam columns while the bottom columns (floor

2-5) consist of parallel-strand lumber. The floors are constructed by 5-ply CLT and the foundation

is made of concrete.

Due to large the large dimensions of the load carrying elements at the bottom storeys and the

requirement by the client to have an open floor plan on the ground floor the ground floor utilizes

concrete to transfer loads from the first floor to the foundation [8].
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The construction of the building was divided into casting of the concrete foundation, placement of

the mass timber elements and finally the building envelope and interior. For the construction of the

floors a three day cycle has been used, it should be noted that prior to the placement of the mass

timber elements the precast concrete core has been finished[9]. The construction sequence of brock

commons tallwood house can be seen in figure 2.4.

Figure 2.4. Construction sequence of mass timber elements brock commons[9]

2.2 Materials

Engineered wood products have attracted the attention of researcher globally over the past decades.

There are many reason why engineered wood products have gained so much traction recently. A

few examples are: Decreasing supply and increasing demand, increased interest to reduce emissions

of the construction sector and increased geometrical possibilities in comparison with ordinary sawn

timber[10]. While there are many different engineered wood products the scope of this research is

limited to structural use and therefore only CLT and glulam will be discussed.

Additionally to the increasing trend in research and development of timber structures regulators

have to closely follow trends in the sector and if possible stay ahead of the curve. In the current

Eurocode chapter EN 1995-1 covers timber structures, however the content is fairly limited if

compared to other chapters related to steel and concrete. Therefore a revised version of EN1995-1

is underway, currently the draft version is named prEN1995-1. The revised version includes more

detailed calculation methods en is in general more extensive than the current version, different

engineered wood products such as CLT, glulam and lvl are added. During the research use will be

made of the revised draft version when possible.

2.2.1 Cross laminated timber [CLT]

Cross laminated timber (CLT) consist of several layers glued together at an angle of 90 degrees.

There are several advantages of CLT in comparison with regular timber planks. First of all the

layers can provide improved material quality by spreading out defects. Secondly by using different
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layers perpendicular to each other a high in-plane and out-plane strength and stiffness properties

can be achieved, providing the panel with two-way action capabilities [11]. Thirdly due to the

gluing of layers the CLT panel can be made into large panels unlike regular timber planks where

size is restricted by tree growth.

The configuration of the layers is always symmetrical and usually in odd numbers, sometimes the

choice can be made to have consecutive layers placed in the same direction for structural purposes.

Commonly CLT consist of three to nine layers but more is also possible. Typical production sizes

are possible up to 3 meters wide and 18 meters long and thicknesses of up to 500 mm[11]. Figure

2.5a, shows a typical CLT product consisting of 5 layers with layer 2 and 4 perpendicular to the

rest.

(a) Cross laminated timber (CLT) (b) Glued laminated timber (GLT)

Figure 2.5. Engineered wood products [12]

Strength and stiffness properties of cross laminated timber with strength classes CL24 can be found

in table 2.1 according to prEN1995-1.
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Table 2.1. Characteristic strength and stiffness CLT for class CL24 (prEN1995-1)

2.2.2 Glued laminated timber [GLT]

Glued laminated timber (GLT) also referred to as glulam consist of layers glued together, unlike

CLT layers are glued parallel to each other. Similar to CLT, the size of GLT elements can have

large spans due to the connection of the different layers, up to 18 meters. The limitation in length

of the GLT elements is primarily due to transportation restrictions. Due to the laminating effect

strength and stiffness properties can be increased since reinforcement of defects and distribution of

timber quality occurs, similar to CLT [13]. Strength properties of the strength classes GL20h up to

GL32h are shown in table 2.2. In figure 2.5b a typical 8-layer cross section of GLT can be seen.

For depths of glulam elements other than 600 mm subjected to bending the characteristic 5th-

percentile value of the bending strength fm,k should be multiplied with the factor kh according to

prEN1995-1 using equation 2.1.

kh = min

{
(
600

h
)0.1; 1.1

}
(2.1)

Where
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kh is the depth modification factor;

h is the depth of the bending member, in mm;

Table 2.2. Characteristic strength and stiffness properties and densities for homogenous glulam
(NEN-EN 14080:2013)

2.3 Outriggers

An outrigger belt/truss system consist of a core system, an outrigger, a belt truss and perimeter

columns. The outrigger is a rigid beam which connects the core to the outer columns, normally the

height of 1-2 two storeys depending on the loads that need to be transferred and spanning length.

An outrigger can be made of a truss or a diaphragm wall which transfer forces from the core to the

outer columns. The belt/truss systems is a truss systems which goes around the circumference of

the building and is responsible for the activation of all perimeter columns. A common drawback of

an outrigger system is the reduced freedom of the storey on which the outrigger truss/belt is placed.

Lateral loads on buildings will result in an overturning moment and rotations in the core. The

outrigger will resist these rotations due to the connection with the perimeter columns, which will

generate opposite forces. The forces in the columns will resist the rotation of the core and attached

outrigger truss and will induce reverse story shear forces. This culmination of effects will cause an

inflection point in the deflection curve of the building[14].

The introduction of an outrigger belt/truss to a core system providing lateral stability can have

several benefits. First the outrigger system can provide a more economical solution then that of

only a core since bending moments are decreased in the core. Secondly applying an outrigger

system decreases the vulnerability of a building for progressive collapse[15]. Finally an outrigger

system can effectively increase a buildings lateral stiffness, decrease deflections and reduce lateral

accelerations, which is especially useful for tall timber structures[16].

In figure 2.6 an outrigger system can be seen which makes use of three outriggers levels, on the

righthand side the bending moment diagram of the building due to wind loading can be seen.
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Figure 2.6. (a) Core outrigger system, (b) Bending moment line of the structure [15]

Previous studies have investigated the influence of a handful of critical parameters in the design

of an outrigger systems. Factors which heavily influenced the behaviour of the system where: the

location of the outrigger, number of outrigger stories and the size of the members. The relative

stiffness between outrigger system components such as the relative stiffness between core and

outriggers and between outrigger and perimeter columns showed to have a large influence on the

structural performance of the system[15].

Optimization study performed on a steel-concrete composite building of 67-stories found that

the optimum location of a single outrigger system is 35% of the building height for compliance

optimization and 49% for displacement optimization. For two outrigger levels the optimum was

found at 27 and 46% of the building height for compliance optimization[17].

Taranath[18] found the optimum location of a single outrigger to be at 44.5% of the building while

for two outrigger levels the optimum location 31.2 and 68.5% of the height from the top of the

building, for steel and concrete buildings. It should be noted that results of both optimization

studies are material and case dependent and criteria on which the optimization is performed also

has influence on the height of optimized outrigger location.

The influence of the addition of an outrigger system on a reinforced concrete core building has

been assessed by Kim and Kang[19]. Displacement and lateral accelerations have been compared

based on a dynamic time dependent wind loading. A comparison was made for a core building, a

core building with outriggers and a core building with smart outriggers, which include dampers at

the interface between outriggers and column. In figure 2.7 the plots for lateral displacement and

lateral accelerations can be seen for the three cases. It is clearly shown that a drastic reduction in

lateral displacement can be obtained with the introduction of an outrigger system especially when

dampers are incorporated. For the lateral acceleration a slight reduction can be observed when the

conventional outrigger system is introduced, however with the introduction of the smart outrigger

system the peak accelerations are drastically reduced.
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(a) Displacement (b) Acceleration

Figure 2.7. Lateral displacement and accelerations for a core building, one including outriggers
and one including smart outriggers[19]

As mentioned before the outrigger lateral load resisting system consist of the following major

structural components, a core, a belt/truss and columns. Each structural component has several

connection types where design choices need to be made to optimize the structural behaviour of

the building both in ultimate limit state and serviceability limit state. The different connection

types for the core, which will be made of CLT, are the horizontal joint connection, the orthogonal

joint connection and the in-plane joint connection which will be discussed in section 2.4.2. The

connection types for the belt/truss connection consists of the truss connection itself, the truss to

column connection and the truss to core connection which will be discussed in sections 2.3.2, ??
and 2.4.5 respectively. Furthermore in the follow section 2.3.1 the timber outrigger system will be

discussed and in section 2.4 the CLT core system will be discussed.

2.3.1 Timber outriggers

Research performed by Boellaard[4] discusses and verifies a 20-storey building which uses a CLT

core in combination with an outrigger system. In this research the influence of the addition of a

timber outrigger system on the CLT core is not assessed. Design of the structure has been initially

based on ultimate limit state conditions to obtain initial dimensions of structural members. The

design has been improved based on serviceability limit state which seemed to be governing for the

design. The design utilizes slotted in steel plates with dowels for the connection between beams

and columns of the outriggers. The research concluded that the connection design is as relevant as

the design of structural elements and the whole stability system.

Research performed by Slooten[3] investigated the influence of several design parameters on the

behaviour of a wood-concrete hybrid 300 meter supertall building. The building utilizes a concrete

core in combination with mass-timber outriggers to provide stability against lateral wind loads. The

design satisfied both serviceability and ultimate limit state conditions imposed by the Eurocode,

however to avoid peak accelerations measures need to be taken to reduce the dynamic behaviour,

possibilities are shape optimization and implementation of a tuned mass damper. The connections

of the outrigger have been designed as slotted-in steel plates and dowels.
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In the before mentioned study optimization of the following parameters concerning the timber

outriggers has been performed: number of outrigger levels, orientation of the outriggers, number of

column rows, stiffness of the connections and size of the columns and core walls. The influence of

the number of outrigger levels showed that increasing the number of outriggers reduces the lateral

displacement, however adding a second outrigger level has a smaller reduction then adding the first

outrigger level as can be seen in figure 2.8. The addition of one outrigger level to the reinforced

concrete core has an effect of 37% reduction on the lateral displacement while the addition of two

outrigger levels has an effect of 54% reduction. It should be noted that the addition of multiple

outrigger levels increases cost of construction while reducing usable free floor area. Therefore it is

important to consider the positive and negative effects of adding multiple outrigger levels during

the design phase.

Figure 2.8. Influence of number of outrigger systems on the lateral displacement [3]

The orientation of the outriggers placement orthogonal and diagonal, where the diagonal placement

provides a connection from the core to the corner columns, showed that the orthogonal placement

can reduce lateral displacement by 15% more than diagonal. It was shown that the orthogonal

orientation of the outriggers provided a stiffer connection and distributed forces more evenly.

The addition of an extra column row showed a reduction of 10% of the lateral displacement,

this however comes at a cost of decreasing the open floor plan. However introducing an extra

column row decreases the floor span and therefore reduces strength requirements of the floor i.e.

thinner/lighter floors can be used.

Size of the columns and core walls show to reduce lateral displacement as stiffness of the building

increases. The influence of increasing dimensions of columns and walls needs to be re-evaluated

for a CLT core wall system and timber outriggers since connections again play a more significant

role then for the reinforced concrete core case.
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Numerical research on the topology of different configurations of the outrigger-truss of a 20-

storey CLT core building was performed by Tesfamariam and Das[20]. During the numerical

study maximum member forces and bending moments of a beam, X-bracing, V-bracing, chevron

bracing and regular truss where determined. From the numerical results the benefits of the different

configurations where shown, which can be seen in Table 2.3. The different configurations of the

outrigger can be seen in figure 2.9. it can be seen that force transfer from core to columns was

highest with the truss system resulting in the lowest bending moment in the core, while axial force

in the core was lowest for the chevron bracing.

Table 2.3. Numerical results of member forces of different outrigger-truss configurations[20]

Figure 2.9. Outrigger-truss configurations numerically tested[20]

2.3.2 Outrigger truss connections

Design of the truss connections should be determined on different aspects for example strength,

stiffness and displacement capacity/ dissipation of energy. In the following section the different
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alternatives will be discussed and their benefits/drawbacks will be mentioned.

Nailed connection

Connecting truss elements using nails can provide rotational stiffness. The rotational stiffness is

primarily due to the fact no hole clearance is present for the nails which translates into zero initial

slip in combination with the large number of nails used for the connection. Since a large number of

nails are necessary to ensure adequate strength and stiffness assembly can be time consuming and

costly. The connection has minimal fire resistance unless protection is used [21]. Connections are

primarily made using plywood or steel gusset plates. Figure 2.10 shows nailed connections using

(a) plywood gusset and (b) steel gusset.

Figure 2.10. (a) Nailed plywood gusset connection, (b) Nailed steel gusset connection[21]

Doweled connection

A dowel connection consist of steel dowels which connect truss members. The connection can

take place by direct contact of the truss members or by use of slotted-in steel plate. Hole clearance

for the dowel holes is adopted for practical reasons to reduce the effort needed for assembly, this

however causes initial joint slip when loading is applied. The doweled connection needs to be

designed in such a way that ductile failure occurs instead of brittle failure according to design rules

of Eurocode 5. Figure 2.11 shows a doweled connection at the intersection of multiple members

under different angles which has been established for the building Treet in Norway. Doweled

connections are able to provide high strength and stiffness while being able to provide sufficient

ductility to allow energy to dissipate.
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Figure 2.11. Glulam connection using dowels and slotted in steel plates [22]

Epoxied glued-in rebar connection

Epoxied glued-in rebars connect truss members by placement of steel rods in pre-drilled holes

where the connection between steel and truss member is provided by an epoxy layer. Epoxied

glued-in rebars have high strength similar to the strength capacity of the truss members. The

connection can provide a ductile failure mechanisms if the steel rods are designed so that yielding

of the steel occurs before failure of the truss member[23]. Ling et al. verified that with proper

design a glued-in rebar connection can provide sufficient ductility to the joint[24]. Figure 2.37

shows two different types of epoxied joints, a direct and an indirect connection making use of a

steel hollow section.

(a) (b)

Figure 2.12. (a) Direct epoxied glued-in rebars connection, (b) Indirect epoxied glued-in rebars
connection [23]
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Glued connection

It is possible to connect glulam or LVL elements using glue, making use of an intertwining pattern

of the layers allows the members to be glued together. However this connection type has to be made

in the factory, due to controllable conditions needed to cure and assemble the glued joint, which

reduces the possible size of the connected elements due to factory and transportation limitations.

Glued connections are characterized by having full-strength moment resisting joints, failure of the

joint will be brittle[21]. Figure 2.13 shows the intertwining pattern of the glued glulam connection.

Figure 2.13. Glued glulam connection [21]

2.3.3 Column to foundation connection

The connection between the columns and foundation should be able to transfer the shear and normal

forces and the bending moment from the column to the foundation.

Doweled connection

A solution which is currently being applied in timber structures is to connect the timber columns

and/or diagonals, depending on the type of structure, using steel plates and dowels. The benefits of

this type of connection is already discussed in section 2.3.2. The connection type can be constructed

of multiple steel plates increasing its strength. Figure 2.14 shows the connection to the foundation

used in Mjøstårnet.
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Figure 2.14. Column to foundation connection using dowels and steel plates [7]

Steel dissipaters and shoe

A possible connection between the columns and foundation is by using a steel shoe in combination

with internal dissipaters. The steel dissipators embedded in the walls and columns as shown in

figure 2.15 could allow for limited residual structural deformation. Design of the steel dissipators

should be done in such a way that stresses in the steel remain elastic. The proposed solution by

Smith et al. [25] allows for easy construction since the steel shoe can be attached to the column

during manufacturing and only needs to be bolted down on site.

Figure 2.15. Column to foundation connection using internal dissipation [25]

If post-tensioning cables are applied to counteract the uplifiting forces in the column due to wind

loading a large concrete foundation is necessary so that the cables can be directly grouted in the

concrete[25].

2.3.4 Conclusion outriggers

While the above mentioned connection are all able to provide sufficient strength to the structure

and are able to be designed in such a way that forces are able to be transferred to the foundation.

However there are some distinctions between the joint types when it comes down to constructability.

The connections in the truss can be intricate, as multiple members converge at a single junction,
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making a glued connection challenging to implement. Similar problems occur when epoxied

glued-in rebars are used to connect multiple members.

When comparing the nailed and doweled connection the mayor difference is construction time.

Especially for large timber joints a large number of nails are required to transfer loads between

members, resulting in a large construction time. Doweled connections have pre-drilled holes and

only the dowels need to placed on site, drastically reducing construction time.

For the connection between truss elements of the outrigger the doweled connection is chosen due

to its relativly fast construction time, high strength and ductility.

2.4 Cross laminated timber cores

With vertical transport of personal and goods being essential in multiple floor buildings, a regularly

applied solution is to bundle the transports together and encase the vertical transport with inter-

connected shear walls, also known as a core. The core system is able to provide lateral stiffness

to a building and transfer horizontal loads to the foundation. This solution can also be applied by

using timber as a building material instead of reinforced concrete or steel. A engineered wood

product which stand out to be used for this stability system is CLT due to its homogeneous material

properties and large panel sizes.

In recent years the interest in cross laminated timber cores has grown. Unlike reinforced concrete

walls a CLT core cannot be built up of a single homogeneous material but instead consist of

several wall segments which have to be connected to provide interaction. The main reason for the

decreased size is manufacturing and transportation to the building site, while reinforced concrete

core can be made in-situ, CLT segments have to be pre made in factories which limit the size up

to a maximum of approximately 3 by 18 meters according to the CLT handbook [11]. Research

has shown that connections between the wall elements tend to be critical and governing for the

interaction behaviour of CLT wall systems[26].

Experimental tests performed by Brown et al. [27] have shown valuable insights in the behaviour of

a prestressed C-shaped CLT core wall system. During the experimental study different connection

types are implemented to assess the influence the connections have on the interaction of the

different wall segments, stiffness of the connections, strength of the connections and ductility of

the connections. The interaction is calculated using the following formula.

%CAδ =
FTest,δ − F0%,δ

F100%,δ − F0%,δ
(2.2)

Where F100%,δ is the theoretical force for a fully composite section for a given drift, F0%,δ is the
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theoretical force for a fully non-composite section for a given drift and FTest,δ is the experimental

force for a given drift. The highest interaction factor which was obtained was 65% for a specific

combination of connections, which will be discussed in detail further on. It should however be

noted that the obtained interaction factor is geometry specific and therefore the obtained interaction

factor cannot be used for other geometries then that of the C shaped wall. It does however give an

indication of the interaction of wall segments that can be achieved by applying specific connections.

To increase the composite interaction of the wall segments and reduce uplifting forces a pres-lam

system is implemented. A pres-lam system is a system where prestressed cables are internally

placed in CLT to apply compressive forces in the members, which counteract the tensile uplifting

forces[28]. From the experimental study it has been shown that by applying a pres-lam system an

increased interaction of different wall segments can be achieved and as a results the overall stiffness

of the system is increased. The C-shaped CLT core wall which has been experimentally tested can

be seen in figure 2.16.

Figure 2.16. Experimental test setup of a C-shaped CLT core system [27]

From the experimental data obtained the different contribution to the total lateral deflections are

calculated at a peak inter-storey drift of 2.3%. The contributions are subdivided into rocking

deformation caused by rigid body rotation, sliding deformation caused by rigid body translation,

and shear and bending deformation. The contributions are respectively 61%, 4% and 35%. This

has shown the importance of incorporating connections early in the design phase of a CLT core

system and its numerical assessment.
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Additional to the before mentioned experimental research on C-shaped prestressed CLT core

systems experimental test have been performed on CLT shear walls using a pres-lam system and a

conventional system [29]. The conventional CLT shear wall systems makes use of hold downs to

provide tensile resistance to the connection while the pres-lam system makes use of prestressed

cables integrated in the CLT wall segments. The experimental tests where performed on wall

systems with different prestressing ratios, prestressing force divided by the yield strength of the

cable, a ratio of 15.4%, 30.7% and 46.1% where tested. From the experimental test it was shown

that a higher prestressing force leads to lower percentage of prestress losses, 21.4%, 18.0% and

16.6% respectively.

Comparing the lowest prestress force applied to the conventional system which uses hold-downs

it has been shown that for a similar applied force the maximum inter-storey is 2.5% and 6.2%

respectively, using a pres-lam system lead to a reduction of inter-storey drift by a factor 2.5. This

is partly due to the fact the wall segments have a better interaction and behave more as a single

unit whereas the conventional system shows rigid body rotations of the different wall segments and

had a gap opening between elements of 7.5mm while this was only 0.43mm for the prestress ratio,

which can be seen in figure 2.17.

Figure 2.17. Experimental test setup and deformations: (a) Pres-lam system with 46.1% prestress
ratio; (b) Conventional shear wall system using hold-downs[29]

From the experimental test it was shown that for a drift level of 2.5% the pres-lam systems showed

no damage in the CLT segments due to repeated loading cycles, however some damage occurred

in the connections. A friction coefficient of 0.32 was recommended by the authors to be used for

the interface between the CLT segments and the steel foundation. Additionally for high enough

prestress force the friction force proofed large enough to transfer the shear forces present and

therefore additional shear keys where not needed. As a final remark it was shown that the pres-lam

system showed excellent lateral performance and self-centering capabilities in comparison with the

conventional models and can be accurately simulated using numerical software.

Since the core needs to accessible to occupants openings will be needed to allow passage from and

to the core. These openings will have a negative effect on the stiffness of the CLT wall, which need

to be taken into account. The calculation for the in-plane stiffness of a CLT wall with openings is

shown in equation 2.3 and has been proposed by Shahnewaz et al[30] based on FEA on several

different configurations of openings.
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Kopening = Kfull[1−
ro/w(Ao/Aw)√

ro/w + ro(Ao/Aw)− 2(roff/rw)
] (2.3)

Where

Ao is the area of the opening;

Aw is the area of the wall with opening;

ro is the aspect ratio of the opening (smaller to larger dimension);

roff is the wall offset to wall dimension (xoff/L or yoff/H);

ro/w is the maximum aspect ratio of the wall, max(lo/L;ho/H);

Since openings in the core are mostly limited to doors a conservative assumption is to assume the

connection between CLT wall and lintel is executed as a pinned connection transferring limited

bending moment.

2.4.1 Limit state of shear walls

According to Akbas et al.[31] two structural limit states exist for pres-lam CLT shear walls. First

there is the DEC limit state which is decompression of the base of the wall as can be seen in figure

2.18a. Secondly there is the effective linear limit (ELL) which indicates the end of the linear-elastic

response of the CLT as can be seen in figure 2.18b.

Figure 2.18. Limit states CLT shear walls: (a) Decompression; (b) Effective linear limit [29]

These limit states can be used to determine the dimensions of the CLT shear walls where stresses

are within the elastic regime (ELL) or to determine allowable forces on the shear wall such that no

tensile forces occur in the connections between segments. The latter can be especially useful for

the shear wall connection design since tensile forces will result in a large gap openings between

the segments and cause rigid body rotations of the segments. For tall structures these rigid body

rotations will eventually lead to a large deflection of the structure under serviceability limit state

loading.
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2.4.2 In-plane & orthogonal CLT connections

As discussed in section 2.4 the type of connection between CLT panels can have large effects on

the interaction and force transfer between different panels, therefore careful considerations between

possible connection methods needs to be made to select a method which is able to maximize the

strength and stiffness of the parent material.

Self-tapping screws

From experimental tests performed it is shown that mixed angle self-taping screws provide the best

combination of strength, stiffness and ductility for the orthogonal and in-plane connection[27]. It

should be noted that screws under an angle of 90° provide the highest strength and stiffness while

screws under an angle of 45° provide the highest ductility and as a results dissipative behaviour[32].

Strength and stiffnesses obtained for the different connection types, as shown in figure 2.16, can be

found in table 2.4.

Table 2.4. Strength and stiffness of STS connection experimentally tested by Brown et al.[27]

In-plane joint Orthogonal wall 1/3
joint

Orthogonal wall
joint 2/4 joint

Fy 150 68 63
Kser 121 55 51

The different connections used for the in-plane and orthogonal joints can be seen in figure 2.19. A

minimum spacing between STS of a1 = 10d as adopted according to Eurocode 5 (CEN).

Figure 2.19. STS configurations of in plane and orthogonal joint experimentally tested by Brown,
et al.[27]

A comparison between experimental models of different configurations of straight and double

inclined screws and an analytical strength model for the same configurations gave an average

overstrength of 1.1, in which the overstrength was determined by dividing the 5th percentile
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strength with the analytically derived strength.

Experimental test performed by Hossain et al.[33] has shown the influence groups of self-tapping

screws(STS) have on the reduction factor of the connection capacity. The reduction factor for STS

acting in shear or withdraw under quasi-static monotonic loading is given in equation 2.4.

neff = 0.9n (2.4)

X-bracket connection

A fairly novel connection type for the connection between CLT panels is the X-bracket connection.

The X-bracket connection consists of the steel X-bracket itself, a groove in the CLT panel and dowel

type fasteners coupled with punched metal plates, figure 2.20 shows a panel to panel X-bracket

joint. Experimental testing on the connection type has proven that the connection is able to have

similar yielding and ultimate strengths compared to conventional CLT connection methods (i.e.

holddowns and angle brackets), however the X-brackets where able to provide more ductility and

energy dissipation, even if the connection is subjected to coupled shear-tension behaviour[34].

Figure 2.20. X-bracket panel to panel joint[34]

For an X-bracket with a height of 233 mm, a width of 303 mm and a thickness of 6 mm the obtained

shear strength and stiffness can be seen in Table 2.5. It should be noted that the dimensions of

the X-bracket are determined in such a way that stiffness and strength are comparable to that of

conventional connection types while ductility is increased.
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Table 2.5. Obtained shear strengths and stiffness of X-bracket[34]

Average
parameters

EN 12512 Method equivalent elastic-plastic energy method
Fy (kN ) 28.9 28.04
Vy (mm) 3.46 3.86
Fu (kN ) 29.03 28.04
kel (kN/mm) 8.53 7.73
kpl (kN/mm) 0.02 0.00
µ (Vu = 50mm) 15.33 13.84
DuctilityClass H H

One of the main concerns for the application of X-brackets in the design of a CLT core is the

orthogonal connection. Current experimental tests performed are only based on in-plane joints and

horizontal joints. Especially the out of plane embedding of the X-bracket could provide difficulties

since the thickness and end distance of the CLT are limited.

Steel dovetail connection

Another new connection type is the steel dovetail connection, the connection consists of a mortise

part, a tenon part and self-tapping screws, introduced by Li et al. [35]. The assembly can be largely

done in the factory, providing quick assembly and a high level of control over the construction

process, an example of such a connection can be seen in figure 2.21.

Figure 2.21. Configuration of dovetail (a) Mortise part, (b) Tenon part, (c) Self-tapping screws[35]

Under experimental testing the dovetail connection showed to have high strength and elastic

stiffness, which was largely due to the tight and reliable interlocking of the mortise and tenon part.

However a major drawback of the dovetail connection is that only a single longitudinal direction

can give strength and stiffness, in the other direction sliding will occur. Additionally the dovetail

connection achieved a rather low ductility factor under hysteresis loading.

2.4.3 Horizontal CLT connection

A relatively simple method to provide shear transfer and stiffness to a horizontal CLT connection is

to use castellations. From experimental research by Brown et al. [27], [36] it has been shown that a

castellated joint is able to take up high shear forces while deflections of the castellations remain

limited. With their strength and stiffness values being 2.5 and 7 times great respectively compared
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to a similar joint connected by steel angle brackets. Figure 2.22 shows the castellated joints for the

horizontal shear transfer between vertical CLT panels. It should be noted that in the fabrication

procedure a margin of 2 mm on all sides of the castellations are used, allowing easy construction.

This will however result in a rigid body translation of the CLT of 4mm in either directions since the

wall section is able to move freely.

Figure 2.22. Castellated joint design for the connection between upper and lower segments of CLT
panels[27]

While the horizontal force transfer of the core is able to transfer through the castellations additional

measures need to be taken to allow the transfer of vertical tensil forces. Which can either be

transferred by a dowelled connection using internal steel plates, tension cables or external steel

plates.

2.4.4 Connection CLT core to foundation

Connections between the core or columns and foundation should be able to transfer high shear

forces and hinder possible uplifting of the construction due to bending moments induced by wind

loading. This section will discuss the possible solution for providing such connections.

High strength hold-downs(HSK)

To provide a stiff connection between the foundation and the CLT core a so called Holz-Stahl

-Komposit-System (HSK) can be used. The requirements of the system is that forces are able to

flow to the foundation and limited translations and rotations of the CLT core occur due to lateral

forces. The HSK system consists of a perforated steel plate which is inserted in the CLT after

which the holes are filled with adhesive. Within these holes “adhesive dowels” are formed (AD)

and connections with adjacent AD’s are formed through “steel links” (SL). Figure 2.24 shows the

geometry of the perforated steel plates and the position of AD and SL.
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Figure 2.23. Perforated steel plate geometry [37]

Zhang et al.[37] propsed to modify the HSK system as mentioned above. The modification is in

the form of covering the outer row of perforated steel plate whith duct tape, ensuring no adhesive

penetrates to holes and forms AD’s. This will increase the ductility of the connection and provide

more dissipative behaviour. In figure 2.24 an example can be found of the modified HSK connection.

Figure 2.24. Example modified HSK connection [37]

From experimental testing it has been shown a hsk system is able to be designed in such a way

that ductile failure will occur. By changing the numbers of AD and SL the capacity, stiffness and

ductility of the joint can be regulated. The shear yield strength of a individual SL is equal to 2.1 kN

while the ultimate shear strength is equal to 4 kN. The connection properties are independent of the

orientation of the CLT layer in which the composite HSK is embedded. The researchers concluded

that the modified HSK system can provide strong, stiff and ductile hold-downs which are able to

dissipate large amounts of energy and can therefore be used in tall timber buildings.

Angle brackets and hold-downs

Angle brackets and hold-downs are able to connect CLT panels to floors or foundations by using

steel plates and self-tapping screws. Currently angle brackets hold-downs are widely used in the

construction sector for the connection of CLT panels in in low rise buildings. The angle brackets are

largely responsible for taking up the shear force while the hold-downs are responsible for carrying
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vertical tensile loading. A typical angle bracket and hold-down connection can be seen in figure

2.25.

Figure 2.25. Angle bracket and hold-down connection of a CLT panel [38]

Experimental testing of different angle brackets by Tomasi and Smith[38] has determined the

maximum shear strength and stiffnesses of the angle brackets, as can be seen in table 2.6.

Table 2.6. Shear strength and stiffnesses of experimental tests on angle brackets[38]

Fmax [kN ] Ktot [kN/mm]

AB200 75.52 5.04
AB110 27.3 1.84
AB90 20.98 0.84

Research has shown the complex behaviour of steel angle brackets and there failure modes, it has

been proposed to only use experimental testing to determine strength and stiffness of a specific

connection [38].

However for the connection between CLT and the foundation the choice to use steel angle brackets

is unlikely due to its limited stiffness. This would result in large rigid body rotations and transla-

tions which result in large lateral deformations. The overturning moment induced by earthquake

loading on mid-rise buildings causes tensile forces to occur in the hold-down connections with the

foundation. It is stated by Polastri et al.[39] that the forces induced by earthquake loading will

already be too large for conventional hold-downs for a 8-storey building.

pres-lam

As stated in section 2.4 applying a pres-lam system to a CLT core brings major benefits. Construc-

tion of a pres-lam system will be fast with cost kept to a minimum, while displacements during
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dynamic earthquake or wind loading will be minimized. However carefull attention should be

given to the connection between the pres-lam system and the foundation, similar to the connection

between columns and foundation in section 2.3.3 the post-tensioning cables need to be directly

grouted in the concrete foundation, which results in a large concrete slab depth.

2.4.5 Connections CLT core to truss

The connection between the CLT elements and the truss elements can be executed in several

different solutions. For this research, the main interest is to provide a connection between the CLT

core and the truss outriggers. These connection have to be able to transfer large forces from the

core to the outrigger, since large bending moments need to be transferred from the core through the

outrigger truss to the columns.

Glued-in steel rods

Research has been performed on the use of glued-in rods for the connection of CLT elements.

However these studies only provide a numerical assessment of in-plane CLT connections, out-

of-plane connections where not considered. It was stated that the glued-in rods provided the

connection with high strength and high stiffness and connections where the glued in rods are

placed perpendicular to the grain direction of that layer have higher load bearing capacity then

when the rods are placed in layers parallel to the rod direction[40], which is in line with previous

experimental results. Additionally it was shown that increasing the length and thickness of the rod

generally increased the axial resistance of the connection. However after a certain rod thickness is

reached only small changes in the axial resistance are obtained, primarily due to a shift in failure

mode to the bond connection between CLT layers.

Figure 2.26. CLT glued-in steel rod connection [41]

Research performed by Ayansola et al.[41] stated that equation 2.5 provided by the GIROD

project[42] is only accurate in predicting the load carrying capacity of the glued in rods parallel to
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the grain. The influence of multiple glued-in steel rods on the strength of the connection has been

experimentally tested by Ayansola et al[43]. From this study the influence of the anchorage length,

the spacing between the steel rods and the number of steel rods was assessed, results are shown in

figure 2.27.

Figure 2.27. Experimental results of multiple CLT glued-in steel rods [43]

Rax = (πdH la)τf
tanhω

ω
(2.5)

with: ω =
√

lgeo
lm

; lgeo =
πdH l2a

2 ( 1
Ar

+ Er/Ew

Aw
); lm =

ErGf

τ2f
;

where

lgeo is a geometrical length parameter;

lm is a material length parameter;

Ar is the rod cross-sectional area;

Aw is the wood cross-sectional area;

Er is the rod moduli of elasticity;

Ew is the wood moduli of elasticity;

Gf is the fracture enegery calculated from lm;

For the truss beam the governing equation for the characteristic pull-out load, Rax,k, is shown in eq.

2.6 according to the GIROD-approach.

Rax,k = fax,kπdequl
tanh(ω)

ω
(2.6)

with: ω = 0.017l/
√
dequ
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where

dequ is the equivalent rod diameter, in mm;

l is the glued in length, in mm;

fax,k is the formal shear strength, in N/mm2;

The suggested minimum spacing of the rods can be seen in fig. 2.28.

Figure 2.28. Minimum spacing distances of a glued-in rod in a beam acoording to the GIROD-
proposal [44]

The current draft version of the eurocode prEN1995-1-1 includes calculation methods for the use

of glued in rods in CLT as well as in GLT.

Dowel connection

Another alternative to connect the CLT core to the truss is by using slotted in steel plates and

dowels as the connection between CLT and beam, which can be seen in figure 2.29. From

experimental testing it was found that the Johansen equation in Eurocode 5 in combination with the

appropriate embedment formulas provided conservative strength predictions of the connection[45].

The research also showed the importance of overstrength factors γRd, when the material properties

where determined based on information provided by suppliers γRd = 1.91 was obtained, while

when the material properties where determined experimentally an average of γRd = 1.21 was

obtained. Additionally research showed that increasing the spacing of the dowels increased the

strength and stiffness of the connection and medium to high ductility (µ = 4.5− 7.1) was obtained.

From testing observation the following observation has been made. To ensure delamination of the

outer layers of the CLT does not occur it is advised that bolts or threaded dowels with washers and

nuts are used in the end row.

Figure 2.29. CLT dowel connection [45]
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Figure 2.30. Loading of the experimentally tested dowelled CLT connection[46]

Additional experimental testing performed by Brown et al.[46] on dowelled CLT hold-down

connections with increased row spacing and end distances showed that an experimental overstrength

of 1.70 was achieved which was higher then the analytically calculated overstrength of 1.5. This

difference could have been caused by the rather small sampling size and the variable density

distribution of CLT. It should be noted that the stiffness predictions of Eurocode 5 significantly

overpredicted the stiffness of the dowelled joint. Loading of the experimental tests where mainly

axial as can be seen in figure 2.30.

Placement of the truss in relation to the core

The connection between the truss and CLT core should be performed in such a way that connection

of the truss coincides with the in-plane direction of the CLT shear wall as can be seen in figure 2.31.

If the truss is connected out of plane, for instance the center of a shear wall, large bending moments

need to be transferred from the in-plane shear walls to the out-of-plane shear wall at the connection

location. Connecting the truss with the out of plane direction will reduce the overall stiffness of

the building and decrease its efficiency. Additional problems could occur at the connection due to

limited bonding length of the rods or slotted steel plate in the CLT panels in out-of-plane direction

(thickness).
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Figure 2.31. Correct truss to core connection location [3]

Carefull attention needs to be paid to ensure the possibilities of the before discussed connection

types since it is very likely that two trusses will connect at the same corner as shown in figure 2.31,

resulting in large amount of steel intersecting at the corners.

2.5 Timber design issues

When design timber structures for mid-rise to tall buildings a few design issues arise which need to

be dealt with accordingly. These issues consist of fire safety, differential shortening, self-weight

and vibrations and will be discussed in the following section.

2.5.1 Fire safety

One of the first topics which comes to mind when discussing the design of timber buildings is

fire safety. It is important to convince the general public, regulators and project developers that

fire safety can be guaranteed for mid-rise and tall timber buildings. In recent years an increasing

interest has been show in research on fire safety of timber buildings[47]. The data collected in these

studies could provide valuable insight in fire safety engineering of timber buildings and could allow

relaxation of regulations, which are currently very strict.

Research performed by Frangi et al.[48] noted the significant difference between design concepts

for mid-rise timber buildings and tall timber buildings. For mid-rise buildings it was accepted that

after a defined period of time fire is able to spread through the building and collapse of the building

could be accepted after a defined period of time. While for tall timber buildings the design concept

differs, first of all the time needed to evacuate will increase as well as the time needed for the fire

brigade to reach the fire. Secondly it is assumed that a blockade of the escape routes may occur

which results in occupants being stuck on the upper floor, therefore it is not allowed that fire is able
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to spread to other compartments of the building, additionally since occupants are trapped collapse

of the building is not accepted.

To achieve this level of fire safety it is then stated that in such a tall timber building compartmen-

talization should occur. Additionally in the compartment in which the fire occurs separating and

structural elements should not start charring, but a complete burn out may occur. This can be

achieved by protecting the separating and structural elements with non-combustible material.

In the design of recent timber buildings a combination of fire safety measures are used, one

of which is compartmentalization. In the design of Mjøstarnet a 18-storey building fire safety

design consisted of achieving a 120 minute resistance of the main load bearing elements. The

120 minute fire resistance was achieved by applying the remaining cross section method after

charring according to the Eurocode, allowing the large glulam columns to remain visible by the

occupants. Experimental research on large glulam columns ensured the engineers of Mjøstarnet

that the structural members are self-extinguishing and will prevent a building from collapse[7].

Additional measures have been taken to ensure fire safety of Mjøstarnet. Fire retardant painting

was applied on all visible wood in escape routes, internal walls and elevators. Sprinklers where

applied throughout the building. Fire stop is applied within the façade to ensure fire is not able to

spread to adjacent floors. Steel in connections (plates or dowels) are embedded at least 85 mm and

gaps between beams and columns are filled with intumescent fire strip.

In the fire safety design it is also of importance to protect the connection between structural elements

against fire. This is required since heat can lower the strength and stiffness of steel connectors

(screws, dowels etc.), for doweled connections this can be achieved by inserting wooden plugs or

fire resistant plugs at the locations of the steel dowel to ensure the fire is not able to reach the steel.

For this research it is assumed that fire resistance can be achieved by combining the before

mentioned concepts. Compartmentalization will ensure the fire is not able to spread to nearby rooms

and floors, remaining cross section method will be used to ensure a 120 minute fire resistance of the

main structural members, fire retardant painting will be used to secure the escape routes, sprinklers

will be applied throughout the building, fire stop will be used in the façade and connections will be

protected against the heat to ensure their structural integrity.

2.5.2 Differential vertical shortening

Differential shortening is caused by a difference in shortening due to shrinkage and creep of

different components of a timber structure. While differential shortening might play a bigger role in

composite structures where for instances columns are made of timber while the core is reinforced

concrete. Differential shortening between glulam columns and CLT walls could still play a small

role and could induce stresses in structural elements, however for this research it is assumed that

differential shortening will not take place.
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2.5.3 Vibrations

As mentioned before timber structures are light in comparison to similar steel or concrete buildings,

additionally timber structures are more flexible. Dynamic loading on timber structures result in

large peak accelerations which need to be minimized to allow for user comfort. This will be

discussed in detail in the following section, section 2.6.

2.6 Dynamic performance

Assessing the dynamic performance of a timber building has shown to be required, since timber

is a lightweight and flexible material in comparison with steel and concrete. Assessment of a

timber building can be done numerically or analytically. Due to the many different elements and

connections and the limited research in the topic it is preferred to make a numerical analyses to

determine the dynamic performance of a timber building.

Research performed by Zhao et al.[49], has done a numerical analysis on the serviceability behaviour

of tall CLT buildings. In this study the deflections, acceleration and eigenfrequency is determined

for a 30-storey 105 meter tall building using a CLT core and CLT shear wall for stability. It should

be noted that connections are not incorporated in this numerical study and rigid connection are

assumed throughout the model. The first three lowest modal frequencies are evaluated, the first

vibrational mode occurs at 0.525 Hz for the weak direction, the second vibrational mode occurs at

0.579 for the strong direction and finally the third vibrational mode occurs at 0.678 Hz for rotations.

The fundamental flexural frequency of a multi-storey building for a height greater than 50 meters

can be estimated with the following formula according to BS EN 1991-1-4.

f1 =
46

h
(2.7)

This formula is based on the response of tall steel and concrete buildings. However the formula

does take into account the influence connections and timber as a structural material have on the

fundamental flexural frequency. Therefore Reynolds et al.[50] proposed a formula to approximate

the fundamental flexural frequency for timber buildings without the influence of connections.

f1 =
55

h
(2.8)

The approximations provided by Reynolds showed similar results to that of the numerical calculation

by Zhoa et al.
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The first two fundamental frequencies of Treet have been estimated and are determined to be equal

to 0.75 and 0.89 Hz for the first and second mode respectively[22]. In situ experimental dynamic

tests have been performed by Reynolds et al.[50] on a total of 11 timber buildings in Europe

and the UK quantifying their damping ratio and natural frequencies in the fundamental mode of

vibration. In figure 2.32 the relation between the height and natural frequency can be found. It

is interesting to notice that the frequencies found for the building Treet are within the upper and

lower approximations for steel and concrete buildings taller than 50 meters and the approximation

proposed by Reynolds et al. in equation 2.8.

Figure 2.32. Relation building height vs natural frequency[50]

During the numerical study by Zhao et al. the influence of different parameters on the lateral

acceleration has been assessed. The parameters which have been assessed are the timber grade,

building mass and stiffness of the building. Increasing the timber grade from C16 to C36 resulted

in a 26.4% decrease of the lateral acceleration, increasing the building mass by 40% resulted in a

29.6% reduction of the lateral acceleration and finally increasing the stiffness by 40% reduces the

lateral acceleration by 36.8%. It has also been stated by Polastri et al.[39] that base anchoring of the

core will be of mayor significance in timber buildings and could limit the buildings performance.

2.6.1 Damping

A structure is able to dissipate energy of vibrations by damping, this will result in the decay of

vibrations in a structure over time. For several structures the structural damping is determined by

the Eurocode, however timber buildings is not including in this table. The referred table can be

found below in Table 2.7.

Structure ξs δs
Reinforced concrete buildings 1.59% 0.1
Steel buildings 0.8% 0.05
Composite buildings 1.28% 0.08
Timber bridges 0.96 - 1.91% 0.06 - 0.12

Table 2.7. Structural damping coefficients according to Eurocode
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The timber buildings which have been experimentally tested in figure 2.33 had a damping ratio in

the range of 1.4% - 5.6%, showing there is a large scatter in damping ratios for different building

types.

Figure 2.33. Damping codes vs results from vibration tests[51]

The structural damping coefficient is highly dependent on the type of structure, material and

connection type. Material damping of timber can be estimated at 0.4-0.8% according to Feldman et

al.[51] with concrete having similar material damping and steel having only 0.1 – 0.3% material

damping. The connection type shows to have large influences on the overall damping of the

structure. A dowel type connection has a material damping of 0.6-0.8% and a glued connections

only has 0.2- 0.4%. Finally the supports give a contribution of 0.1-0.3% to the overall damping,

resulting in an estimated damping ratio of 1.1-1.9% for timber buildings with dowel type connection

and 0.7-1.5% for timber buildings with glued elements.

Since the number of full timber buildings is currently fairly limited it is not possible to collect a

large sample of experimental data on the structural damping coefficient for these type of buildings.

However one can use previously calculated damping ratio of for example the building Treet to

approximate the damping ratio of a timber structure which utilizes slotted in steel plates and glulam

trusses. For the building Treet the structural damping ratio has been determined at ξ = 0.019

for the final design. This damping ratio was estimated based on the fact glulam could provide a

contribution in the range of ξ = 0.005− 0.01 and the doweled connections ξ = 0.01− 0.02 [22].

The design for Mjøstårnet incorporated a similar damping ratio of 1.9% as was used for Treet[7].

It should be noted that the prefab modules which are placed in the Treet structure where experimental

tested to obtain the damping ratio of the 2x2 prefab modules. The lower bound value of the damping

ratio was determined to be equal to 2.8%[22].

Reynolds et al.[50] proposed to have a lower bound approximation of the damping ratio based on

the natural frequency of the building, which can be calculated according to the following formula.

ξ = 0.5f + 0.5 (2.9)
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The lower bound approximation was determined based on experimental testing on the same data

set as the one used in figure 2.32. Figure 2.34 shows the variation of damping with frequency for

each mode for the different buildings of the data set. It should be noted that however a large scatter

occurs in damping ratios for high frequencies, lower frequencies tend to group together and can be

better estimated using the lower bound approximation as mentioned before.

Figure 2.34. Damping ratio vs frequency[50]

2.6.2 Lateral acceleration and user discomfort

Dynamic loading on a structure can cause discomfort to the user, dynamic wind loading or

earthquakes are the main sources of dynamic loads. The effect of sway and lateral accelerations of

buildings on humans has been assessed by Smith and Coull[52], as can be seen in figure 2.35.

Figure 2.35. Effect of lateral accelerations on humans [52]

The Eurocode provides maximum values for the lateral acceleration during serviceability limit state

for office buildings(region 1) and residential buildings (region 2) according to the dutch national

annex NEN -EN 1990, which can be seen in figure 2.36.
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Figure 2.36. Requirements on maximum lateral acceleration

From numerical models or hand rules the fundamental frequencies of a building can be estimated. It

should be noted that since the sample size of mid-rise and tall-timber buildings is limited numerical

assesment will give more accurate results compared to hand rules.

Lateral acceleration

The lateral acceleration of a building in the along-wind direction can be estimated according to

Eurocode EN1991-4 from eq. 2.10.

amax(y, z) = σa,x(y, z)kp (2.10)

where

σa,x(y, z) is the standard deviation of the characteristic along-wind acceleration;

kp is the gust peak factor;

The standard deviation of the characteristic along-wind acceleration can be calculated using eq.

2.11, according to Eurocode EN1991-4.

σa,x(y, z) = cfρIv(z)v
2
mR

KyKzϕ(y, z)

µrefϕmax
(2.11)

where

cf is the force coefficient;

ρ is the air density;

Iv(z) is the turbulance intensity at a specific height above ground level;
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vm is the characteristic mean wind velocity at a specific height above ground level;

R is the square root of the resonant response;

µref is the reference mass per unit area;

ϕ(y, z) is the mode shape;

ϕmax is the mode shape value at the point of maximum amplitude;

Ky is the size reduction coefficient;

Kz is the size reduction coefficient;

2.7 Numerical modelling of CLT

As previously described CLT has a orthotropic materials properties in the different directions

depending on the number of layers, thickness of the layers, orientation of the layers and strength

of the layers. Modelling of individual layers is very time consuming and costly, therefore it is

proposed to utilize a equivalent orthotropic shell model. The equivalent orthotropic shell model is

used to create a stiffness matrix which can be inputted in the FE-models, calculations are based on

the equivalent bending stiffness and shear stiffness. Since the CLT panels will be primarily used

for the CLT core it is useful to incorporate shear deformations in the numerical analysis, therefore

Mindlin plate theory should be used[53].

Bending stiffness in the in-plane direction can be calculated using the following formula where an

average is taken of the elasticity moduli in the board layers. It should be noted that in this equation

an average is taken over the area instead of over the moment of inertia of the different layers. This is

done because it is expected the element will be loaded in plane and will behave as a shear wall[54].

Ex =

∑n
i=1,3,..E0Ai +

∑n−1
i=2,4,..E90Aj

Atot
(2.12)

Ey =

∑n
i=1,3,..E90Ai +

∑n−1
i=2,4,..E0Aj

Atot
(2.13)

The in-plane shear stiffness Gxy is able to utilize different reduction factors one for torsion k33
and one for shear k88. The in-plane shear stiffness is calculated as an average of the mean shear

stiffness of the boards. For this research the assumption is made that k33 is equal to 1 for edge

glued CLT elements and k88 is also equal to 1 for edge glued CLT elements.

Shear stiffness Gyz and Gxz can be calculated using the equivalent thicknesses of the layers and

their respective shear modulus. For the calculation of the shear stiffness a reduction factor k needs

to be used. This reduction factor can be calculated using different strategies either the laminate shear

correction factor which considers coupling proposed by Gustafsson et al. (2019) and Wallner-Novak
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et al.[55] or the theory of virtual work proposed by Aondio et al.[53].

k =
(
∑

(EI + EAa2))2∑
Gibti

∫
h

S2(z)E2(z)
G(z)b(z) dz

(2.14)

However this calculation can be rather tedious if it needs to be performed for multiple CLT configu-

rations therefore approximation have been made by Wallner-novak et al.[55]. The approximations

are valid for symmetrical CLT panels, of equal laminate thickness and should have a shear modulus

ratio of G90
G0

= 0.1.

Table 2.8. Shear correction factor for different number of layers[55].

Number of layers 1 3 5 7 9
k 0.83 0.21 0.24 0.26 0.27

Using the shear correction factors mentioned in table 2.8 the shear moduli can be calculated with

the following formula’s.

Gyz = ky

∑n
i=1,3,..G0ti +

∑n−1
i=2,4,..G90tj

ttot
(2.15)

Gxz = kx

∑n
i=1,3,..G90ti +

∑n−1
i=2,4,..G0tj

ttot
(2.16)

Poison ratio vxy and vyx can be assumed to be equal to zero according to Aondio et al.[53]. Since

CLT consist of a build-up which is symmetrical the stiffness matrix can be reduced to a diagonal

matrix, given the assumption that the poisson ratio is 0 in all directions. The terms on the diagonal

can be calculated using the following formulas.

D11 =
Exd

3

12(1− vxyvyx)
(2.17)

D22 =
Eyd

3

12(1− vxyvyx)
(2.18)
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D33 =
Gxyd

3

12
(2.19)

D44 =
5

6
Gxzd (2.20)

D55 =
5

6
Gyzd (2.21)

D66 =
Exd

1− vxyvyx
(2.22)

D77 =
Eyd

1− vxyvyx
(2.23)

D88 = Gxyd (2.24)

Combining the above mentioned stiffness the following stiffness matrix can be obtained which is

able to accurately describe the behaviour of CLT of various thicknesses.

M =



D11 0 0 0 0 0 0 0

0 D22 0 0 0 0 0 0

0 0 D33 0 0 0 0 0

0 0 0 D44 0 0 0 0

0 0 0 0 D55 0 0 0

0 0 0 0 0 D66 0 0

0 0 0 0 0 0 D77 0

0 0 0 0 0 0 0 D88


(2.25)

Careful attention should be given to assign correct local coordinate systems so that the inputted

stiffness matrix correctly represent the material it is supposed to model. This will be primarily

the case for the CLT plates which will be used for the CLT cores. Figure 2.37a and 2.37b show

the intended stiffness directions and local coordinate system which correctly coincides with the

calculated stiffness matrix.
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(a) (b)

Figure 2.37. (a) Convention of different stiffness directions, (b) Planes and directions associated to
each stiffness matrix element [54]
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3. Case study

This chapter will discuss the case study which will be used further on for the numerical evaluation,

additionally the design choices and assumption will be discussed.

3.1 Program of requirements

During the program of requirements some requirements are set for the intial design, however

these requirements are subjected to change once the intial design is finished. For the case study

design A will consist of a cross laminated timber core, in design B will consist of the outrigger

system. Initally the core design A will be checked and verified to ensure requirements are met in

serviceability limit state and ultimate limit state.

For design A the following requirements will be used. The functions of the building are mainly

offices, this is chosen since the requirements for office buildings are looser than that of a residential

building, however for office buildings open spaces are required, reducing the possibilities to add

shear walls outside the core. The foot print of the building will be rectangular to ensure stiffness and

loads in both lateral directions are similar, a foot print of 36 by 36 meters is assumed. Location for

the case study is the city of Rotterdam, over recent years the amount of tall buildings in Rotterdam

has grown significantly, therefore it is more likely that a mid-rise to tall timber building will be

placed somewhere in Rotterdam. The height of the initial building is 41.1 meters with a storey

height of 3.9 meters and a ground floor-to-floor height of 6 meters (9x3.9+6), this initial height is

based on a previous study where a post-tensioned CLT core of 6 by 8 meters which is almost twice

as small as the core proposed in the current case study had a maximum height of 8 storeys [56].

Overview of the general requirements can be found in table 3.1.

Table 3.1. General requirements

Requirements
Function Office
Location Rotterdam
Height 41.4 m
average storey height 3.9 m
Footprint 36 x 36 m

Furthermore some intial requirements need to be given with regard to the size of the core and

spacing of the columns. A grid size is chosen of 6x6 or 6x6 m with a core of 12x12 m, allowing

the edges of core to be in line with the grid. The openings of the door have been chosen at 1.5 m

to allow multiple occupants to enter and leave the core simultaneous. Figure 3.1 shows the floor

plan of the case study. It can be seen from the figure that columns and core shear walls are inline,

allowing the outrigger truss to be directly connected to the shear walls in plane.
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Figure 3.1. Floor plan proposal case study

3.2 Design aspects

As mentioned before the main goal is to determine the dimensions of the load bearing elements due

to vertical gravity loading and lateral wind or earthquake loading. therefore the following elements

will be considered for design A.

■ Core wall layout

■ Core wall thickness

■ Column dimensions

■ Connections core

■ Connections column

Furthermore for design B the following aspects will be designed

■ Outrigger/belt-truss layout

■ Truss dimensions

■ Truss connection

■ Truss to core connection

■ truss to column connection

3.3 Loads

The loads on the structure consist of vertical gravity loading and lateral wind loading. The gravity

loading consists of permanent loads, due to selfweight of the structure, and variable loading, due

to users and snow loading. Recommended values for the variable loading for office buildings are

given in NEN-EN1991, which can be found in table 3.2.
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Table 3.2. Characteristic variable loading

floor load offices 2.5 kN/m2

floor load communal area 2.5 kN/m2

snow load 0.56 kN/m2

The floor system which will be used in the case study can be seen in figure 3.2 and consists of

a 5-ply CLT, gypsum boards, sound insulation and laminate flooring, which has been tested and

verified in the CLT handbook [57]. The weight of the floor system components are shown in table

3.3 where the total self-weight is equal to 2.3kN/m2.

Figure 3.2. CLT 5-ply floor system[57]

Table 3.3. Self-weight 5-ply CLT floor system

CLT 1.50
Gypsum boards 0.065

Laminate flooring 0.60
Sound insulation and finishings 0.10

Table 3.4. Characteristic permanent loading

Self-weight floor system 2.3 kN/m2

Interior Walls 0.5 kN/m2

Ceiling 0.3 kN/m2

3.4 Load combinations

Load combinations are determined according to NEN-EN1990 in combination with dutch national

annexes. The consequence class has been determined at CC3, since the building is taller then

70 meters. The consequence class gives an indication of the risk associated to the collapse of

the structure and the affiliated loss of human life and economic loss. The load combinations for

ultimate limit state are given in eq. 3.1 and 3.2.
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1.1(1.35G” + ”
∑
i≥1

1.5ψ0,1Qk,i) = 1.49G” + ”
∑
i≥1

1.65ψ0,1Qk,i (3.1)

1.1(1.2G”+”1.5Qk,1”+”
∑
i≥1

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

1.65ψ0,1Qk,i (3.2)

The load combinations which need to be considered for the serviceability loading are the character-

istic loading, frequent loading and quasi-permanent loading, and are given in eq. 3.3, 3.4 and 3.5

respectively.

∑
j≥1

Gk,j” + ”P” + ”Qk,1” + ”
∑
i>1

ψ0,iQk,i (3.3)

∑
j≥1

Gk,j” + ”P” + ”ψ1,1Qk,1” + ”
∑
i>1

ψ2,1Qk,i (3.4)

∑
j≥1

Gk,j” + ”P” + ”
∑
i≥1

ψ2,iQk,i (3.5)

Table 3.5 contains the used ψ-values for the different load combinations.

Table 3.5. ψ-values

ψ0 ψ1 ψ2

category B offices 0.5 0.5 0.3
wind 0 0.2 0
snow 0 0.2 0

3.5 Serviceability criteria

As discussed in section 2.6 the serviceability requirements play a large role in the design of

timber structure. The requirements for the lateral peak response acceleration is dependent on the

natural frequency and the requirement needs to be satisfied accordingly, see figure 2.36 for the

requirements. Furthermore requirements on the lateral deformation of the structure are mentioned

in NEN-EN1990, the total lateral displacement may not exceed H/500 and the lateral storey drift

may not exceed h/300, where H is the total building height and h is the storey height.
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3.6 Design assumptions

Fire safety

As discussed in section in section 2.5.1 fire safety of a tall timber building can be achieved

in multiple ways. For this research it has been assumed that fire resistance can be achieved by

combining compartmentalization, remaining cross section method, fire retardant painting, sprinklers,

fire stop and fire protection of the connections allowing the structural integrity of the timber building

for at least 120 minutes.

Foundation

The design of the foundation and its respective rotational stiffness will have a big effect on lateral

deformations of the structure. The design of a foundation is dependent on several parameters such

as the number of piles, local ground conditions, leading to complex and project specific designs.

Therefore it is not in the interest of this thesis to go in depth in the design of the foundation. The

assumption the foundation is a clamped base could lead to an overestimation of the capacity of the

structure, therefore it is proposed that the foundation is responsible for 50% of the lateral deflection

and the sls requirement is changed from H/500 to H/1000.

3.7 Design strategy

In this section the design strategy will be discussed. The design strategy of the three different cases

A, B and C will be discussed in detail and reasoning behind strategy choices will be highlighted.

3.7.1 Case A

Initially case A will be designed based on handcalculations for ULS loading conditions. This will

give some indication of the dimensions needed to transfer the loads. After the column and core

dimensions are determined the connections are designed. The initial design of the connections

is based on an assumed force in the detail. After the initial connection detail has been designed

a numerical model will be build incorporating the springstiffnesses of the initial connections.

From the numerical model the forces in the members and connections can be determined with a

higher degree of accuracy. With the forces extracted from the numerical model the connections

and members can be checked so that sufficient strength is available, if not the connection can

be redesigned. It is possible to use optimization software within SCIA to increase or decrease

the member sizes of the column and beams so that their unity check is approximately one. The

workflow used for case A can be seen in figure 3.3. The numerical model of case A can be seen in

figure 3.4 with a 3D view, a side view and the stability system as shown in figures 3.4a, 3.4b and

3.4c respectively.
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Figure 3.3. Workflow of case A

(a) 3D view (b) Side view (c) Stability system

Figure 3.4. Numerical model case A
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3.7.2 Case B

Once the design for case A satisfies the requirements on ULS set out by the Eurocode design of

case B will commence. In this initial design of case B the goal is to not make changes on the core

system as determined in case A, but simply add the outriggers and provide interaction between the

core and columns. The outrigger is to be designed in such a way that SLS requirements are verified

in the case B design. This will provide a good comparison between both cases allowing a clear

view of the influence of a timber outrigger on a CLT core building. The comparison between both

case may consist of the following aspects.

■ dynamic response and peak lateral acceleration

■ lateral deflection and respective contributions to the total deflection

■ member forces in CLT walls and columns

■ base shear between core and foundation

■ strength requirements of connections of the core

After the influence of the addition of an outrigger system is assessed design B can be improved

further. To show the potential an outrigger system has the influence of several design parameters

will be changed. Additionally the influence of connection design of the CLT core is assessed

■ assess influence of outrigger configuration on the effectiveness of the outrigger system.

■ assess influence of outrigger connection stiffness on the effectiveness of the outrigger system.

■ assess influence of outrigger member size on the effectiveness of the outrigger system.

■ assess influence of outrigger height on the effectiveness of the outrigger system.

■ assess influence of the type of outrigger on the effectiveness of the outrigger system.

■ assess influence of connection design of the core.

In the second phase of the design of case B the influence of several different connection types

will be assessed. The different connection types which will be assessed will be the connection

between truss elements, the connection between truss and CLT core and the connection between

the belt/truss and the columns.

The numerical model of case C can be seen in figure 3.5 with a 3D view, a side view and the

stability system as shown in figures 3.5a, 3.5b and 3.5c respectively.
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(a) 3D view (b) Side view (c) Stability system

Figure 3.5. Numerical model case B

3.7.3 Case C

As a final case study the results of the influence of the different connection types will be used to

build case C, this case will be a culmination of the previously found results and will consist of

the highest performing connections previously found, additionally the height of this case will be

increased until boundaries of the requirements are reached. This will give an indication of the

possibilities of a high-performance timber outrigger building in comparison to a CLT core building.

Figure 3.6 shows the adopted design strategy for the different case studies and the workflow used

throughout this research.

Figure 3.6. Workflow case studies
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The numerical model of case C can be seen in figure 3.7 with a 3D view, a side view and the

stability system as shown in figures 3.7a, 3.7b and 3.7c respectively.

(a) 3D view (b) Side view (c) Stability system

Figure 3.7. Numerical model case C

3.7.4 Strategy design choices

The reason that case A is calculated using only ULS criteria instead of a combination of ULS

and SLS is the following. The goal of case A and case B is to investigate the influence a timber

outrigger has on a CLT core building. Therefore it is proposed to have similar core layouts so

that an equal comparison can be made between the cases when only the outrigger is added. This

will give insight in the differences in force distribution of the models, global stiffness and overal

behaviour of the structures and the sub-components. If case A where to be designed using both

SLS and ULS criteria the addition of an outrigger to an already strong and stiff enough building

would lead to an overdesigned core which increases material use for the structure. It is therefore

preposed to have an underdesigned case A in terms of SLS so that when the outrigger is added

sufficient global stiffness can be achieved to meet the SLS requirements.

3.8 Member design

This section will discuss the design of members such as the CLT walls used for the cores, columns

and floor plates.

3.8.1 CLT wall design

The dimensions on of the wall are determined using handcalculation methods provided in the draft

version of the eurocode, however it should be noted that the draft version prEN1995-1-1 is limited

when it comes down to vertically loaded shear walls. The following assumptions have been used to

calculate the strength of the CLT.

■ It is assumed only the core takes up the bending moment and shear force in the initial design
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which excludes the outriggers, therefore columns are only responsible for transfer of vertical

loads.

■ Vertical load transfer is determined based on equal distance between columns and cores.

■ It is assumed the bending moment is only taken up by the core walls which are in-plane with

the bending moment.

■ Maximum and minimum normal force in the core is determined based on the maximum and

minimum stress in the in-plane core wall and extrapolated over the full area of a wall section

to determine the maximum and minimum normal force.

■ forces are iteratively extracted from SCIA

■ second order effects are not incorporated into the initial hand design.

During the design the layup used is that of a 9-layer CLT with 40 mm thick laminates. The lay up

can be seen in figure 3.8 with the two most outer layers both being orientated in vertical direction

to increase compressive and tensile strength, the latter will be governing in the design.

Figure 3.8. Layup CLT top view [0/0/90/0/90/0/90/0/0]

3.8.2 Column design

The design and verification of columns can be done based on equations provided in prEN1995-1-1.

The forces in the column can be seen in table 3.6.

Table 3.6. Forces in the column at ground floor

axial compressive force 2772 kN
shear force 19.7 kN

By having a column cross section of 400x400 mm the governing design criteria related to flexural

buckling will have a unity check of 0.9 as can be seen in table F.2.

3.8.3 Floor panels

This section will calculate the required thickness of the floor panels during ULS loading. During

the initial design it is assumed that only vertical q-load is acting on the CLT panels, however in

the actuall loading an additional compression component is present due to the lateral wind loading

which needs to be transfered from the perimeter of the building to the core. This transfer of lateral

loading is partially transfered through the beams and partially through the floor panels due to
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Figure 3.9. CLT floor panel layup

diaphragm action.

The calculation of the bending resistance of the floor panels is based on the same methods used for

the vertical walls which are used for the core, as shown in section 3.8.1.

A CL24 (0/90/0/90/0) with a 40mm laminate thickness, a total thickness of 200mm and a width of

3 meters has a bending resistance of 1057 kNm. While the acting permanent and variable loading

only result in a bending moment of 354 kNm. The reason to not reduce the thickness of the floor

panels is to leave enough capacity for the transfer of lateral loads from core to column.

The stiffness matrix of the CLT floor panel is shown in equation 3.6, which has been calculated

using the equations shown in 2.7. The floor panel layup can be seen in figure 3.9.

M =



5.8 0 0 0 0 0 0 0

0 1.5 0 0 0 0 0 0

0 0 0.35 0 0 0 0 0

0 0 0 20.20 0 0 0 0

0 0 0 0 11.30 0 0 0

0 0 0 0 0 1320.00 0 0

0 0 0 0 0 0 880.00 0

0 0 0 0 0 0 0 87.7


(3.6)

*Units are in MN and m

3.9 Connection design case A

This section will discuss the connections details used for case A.

3.9.1 Connection design considerations

As shown in the literature study the effects of connections play a rather large roll in the design

of a timber structure. The connection stiffness determines the force distribution throughout the

building. Additionally the effects of connection stiffness on the displacements and accelerations
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of the structure are therefore critical in the design of the structure. When a connection shows

excessive deformations the structural behaviour and force distribution of the structure which could

have drastic effects, for instance local failure of a member.

Ductility, strength and stiffness

The connections of the structure need to be able to provide sufficient strength and stiffness so

that excessive deformations of the joint do not occur. Ductility describes the amount of energy

that can be dissipated during dynamic excitations. During ductile behaviour of a timber and steel

joint a phenomenon called pinching occurs in the timber. Pinching is the result of crushing of the

wood which causes the steel connector to lose contact with the timber in reversed loading, and

results in an empty space between the steel connector and the timber member. Pinching could cause

premature failure of the connection due to local failure of the timber by introduction of splitting

forces. Additionally taking into account the pinching effect the total amount of energy dissipation

under hysteresis loading reduces.

However during the static and dynamic analysis due to lateral windloading the assumption has been

made that the entire structure is within the elastic regime and no plastic deformations occur. It is

therefore not desired that connections behave ductily and have plastic deformations.

Workflow

Throughout the designs of the different connections a similar workflow is used which can be seen

in figure 3.10. The initial design of the connection is based on forces derived from handcalculations.

From this initial design a stiffness of the connection is determined which can later be used to

implement in the numerical model. After running the numerical model a better estimation of the

forces flowing through the connections can be obtained. The design of a specific connection can

then be verified based on ULS requirements and the forces obtained from the numerical model. If

the connection fails in ULS a redesign of the connection needs to be made so that the requirements

are met.
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Figure 3.10. Workflow of the connection design

3.9.2 Connection types

The different connection types as discussed in section 2.4 are the horizontal, vertical in-plane and

vertical orthogonal connection as can be seen in figure 3.11.
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Figure 3.11. Connection types of the CLT core

Furthermore the connection types for the columns and beams consist of the column to column and

beam, column to foundation and beam to CLT core wall. An overview of these connection types

are shown in figure 3.12.

Figure 3.12. Connection types of the columns and beams

3.9.3 Vertical orthogonal connection

For the vertical orthogonal connection the design choice has been made to use self-tapping

screws(STS) under mixed angle, due to their combination of high strength and stiffness.

60



For the analytical strength verification of mixed angle screws it is proposed to follow the method

provided by Brown et al[32]. The analytical strength model used are a combination of the work of

several authors mentioned by Brown et al, similar to the derivation of the stiffness model used. It is

prefered to use the strength and stiffness models provided by Brown over that provided in the draft

version of the eurocode since the latter is rather limited for inclined screws.

For the STS connection it is of importance to check whether the shear strength is not exceeded,

additionally the shear stiffness will play a significant role in the global stiffness of the building as

seen in chapter 2.4 as it will enable the out of plane walls to partially carry the loads due to bending

of the core. The lateral loading of the vertical orthogonal connection can be seen in figure 3.13c.

(a) STS in straight
configuration

(b) STS in X configu-
ration

(c) Notation of the different angles associated with
inclined Screws

Figure 3.13. STS connection of CLT panels and their angle notation[32]

The primary force that needs to be checked is a vertical in-plane shear force which is present due to

lateral windloading as can be seen in figure 3.14.

Figure 3.14. Shear force in the vertical orthogonal connection
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The force on the connection extracted from SCIA can be seen in table 3.7.

Table 3.7. Force in vertical orthogonal connection

[kN/m]
Vertical In-plane shear force 250

The strength of the different screw configuration will first be calculated separately and later

combined into a single strength. The different screw configurations consist of the shear compression

screw (SC) and the shear tension screw (ST), both SC and ST are part of the X configuration. If an

X configuration with minimum spacing is not sufficiently strong an straight screws can be added to

every row to increase the strength.

The shear strength of straight screws can be calculated in the following method and its respective

angles can be seen in figure 3.13a.

The yield moment My is calculated using equation 3.7.

My = 0.15(600)d2.6 (3.7)

where d is the outer thread diameter of the screw;

The embedment strength for all 90◦ straight screws fh,s is calculated using equation 3.8.

fh,s = 20d−0.5 (3.8)

The effective diameter of the screw def is calculated using equation 3.9.

def = 1.1dc (3.9)

where

dc is the screw diameter of the core;

The shear strength of the dowel action for straight screws Rv,straight,i is calculated using equation

3.10.

Rv,straight,i =

√
2β

1 + β

√
2Mydeffh,s (3.10)
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where

β is the ratio between embedments strength of the different panels, assumed equal to 1;

i is the side of the panel in-plane or out-of plane, depening if an orthogonal or in-plane

connection is designed.

The axial strength of the straight screws Ra,straight,i is calculated using equation 3.11.

Ra,straight,i = min


f1dlef

1.2cos2(ϕ)+sin2(ϕ)
( ρk
350)

0.8

Rtension

(3.11)

where

f1 is the withdrawal strength parameter, 12 MPa and 11 MPa for 8 mm and 12 mm STS

respectively;

lef is the screw thread length in each panel, lt/2, where lt is the screw thread length;

ρk is the characteristic density of CLT;

Rtension is the tensile yield strength of the screw;

The strength of the straight screws can be calculated using equation 3.12.

FA,S,i = Rv,straight,i +min

Rv,straight,i

Ra,straight,i

4

(3.12)

The configuration of the X screws, consisting of SC and ST screws can be calculated using the

following equations. An example of a X configuration of screws can be seen in figure 3.13b.

The yield bending moment My is similar to the one used for straight screws and can be calculated

using equation 3.7. Similarly the effective diameter of the screw can be calculated using equation

3.9.

k90 = 1.35− 0.015d (3.13)

The embedment strength for inclined screws fh,ϕ is calculated using equation 3.14.

fh,ϕ =
0.082ρk(1− 0.01d)

(1.5cos2(ϕ) + sin2(ϕ))(k90sin2(θ) + cos2(θ))
(3.14)

The shear strength of the dowel action for inclined ST screws Rv,ST,i is calculated using equation
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3.15.

Rv,ST,i =

√
2β

1 + β

√
2Mydeffh,ϕ (3.15)

The axial strength for inclined ST screws Ra,ST,i is calculated using equation 3.16.

Ra,ST,i = min


f1dlef

1.2cos2(ϕ)+sin2(ϕ)
( ρk
350)

0.8

Rtension

(3.16)

For the calculation of the SC STS a zone exist in which zero stress exists x1, therefore the effective

length lef is reduced by x1.

x1 =
fh,ϕdef

2tan(ϕ)frs
(3.17)

where

frs is the rolling shear strength of specific layers, 2.2, 1.1 or 0.9 MPa for 20, 35 and 45 mm

thick CLT layers respectively;

The shear strength of the dowel action for inclined SC screws R∗
v,SC,i is calculated using equation

3.18.

R∗
v,SC,i =

√
2Mydeffh,ϕ + (fh,ϕdefx1)2 − fh,ϕdefx1 (3.18)

The axial strength for inclined SC screws R∗
a,SC,i is calculated using equation 3.19.

R∗
a,SC,i = min


f1d(lef−x1)

1.2cos2(ϕ)+sin2(ϕ)
( ρk
350)

0.8

Rtension

(3.19)

The combined strength of the SC and ST screws in X configuration can be calculated using equation

3.20.

FA,X,i = (Ra,ST,icos(ϕ) +Rv,ST,isin(ϕ) + (R∗
a,SC,icos(ϕ) +R∗

v,SC,isin(ϕ)) (3.20)

The combined strength of the STS in X and straight configuration can be calculated using equation

3.21.
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FA,X+S,i = nxFA,X,i + nsFA,S,i (3.21)

where

nx is the number of screws in x-configuration, as a pair one SC and one ST;

ns is the number of screws in straight configuration;

From 3.22 the design resistance of the joint is calculated.

FRD,X+S,i =
kmod

γM
FA,X+S,i (3.22)

In the next section the stiffness model for the STS connection will be discussed.

The lateral stiffness component of a screw can be determined using equation 3.23.

k⊥ =
ρ1.5m def
23

(3.23)

where

ρm is the mean density of the CLT;

def is the effective diameter as defined earlier;

The axial stiffness component k|| of a screw is determined using equation 3.24.

k|| =
1

1
kax,1

+ 1
kax,2

(3.24)

where

kax,1 is the axial slip modulus of panel 1;

kax,2 is the axial slip modulus of panel 2;

It should be noted that for equal embedment lengths axial slip modulus is the same for both CLT

panels.

kax = 25dlef (3.25)

It should be noted that for SC screws the effective length of the screw lef is reduced by x1.

The analytical stiffness model for a specific screw configuration, straight, SC or ST, KA,S , KA,SC

or KA,ST respectively is shown in equation 3.26.
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KA,STS = k⊥sin
2(ϕ) + k||cos

2(ϕ) (3.26)

The overall specimen stiffness is determined using equation 3.27.

KA = nsKA,S + nstKA,ST + nSCKA,SC (3.27)

where

ns is the number of straight STS;

nST is the number of ST STS;

nSC is the number of SC STS;

To compare the straight and double inclined screw a calculation was made for similar size screws

where the inclined screws have a length of 1200 mm and the straight screws a length of 720 mm the

following strength where obtained. For the inclined screws the strength of a combined shear tension

and shear compression screw was found to be equal to 71.8 kN while for two straight screws a

strength of 20.3 kN was found. Similarly a comparison was made on the stiffness of both screws

types where the combined stiffness for the inclined screws was found to be equal to 89.4 kN/m

while the straight screws had a combined stiffness of 6.6 kN/m. Showing the relevance of applying

the inclined screws in the design for both strength and stiffness. For the design of the orthogonal

connection only inclined screws are used spaced 20d apart, resulting in sufficient strength capacity

to transfer the vertical shear forces present in the vertical orthogonal connection.

For this specific case study the following design has been made for the orthogonal connection

where the input and output can be seen in table 3.8 and 3.9 respectively.

Table 3.8. Input data orthogonal STS connection calculation

inclined screws straight screws
d diameter of the screw 13 mm
dc diameter of the core of the screw 8 mm
l length of the fastener 1200 mm
lt screw thread length 1175 mm
ρk characteristic density CLT 385 kg/m3

ρm mean density CLT 420 kg/m3

fuk characteristic tensile strength 1000 N/mm2

fl withdrawal strength parameter 10 Mpa
frs rolling shear strength 0.9 Mpa
ϕ 45◦

θ 24◦

b width 360 mm
n number of screws in a single row 1*
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Figure 3.15. Scia coordinate system joint on a 2D member edge

*for inclined screws an X-configuration consist of a shear-tension and shear compression-screw

Table 3.9. Output data orthogonal STS connection

Ka combined lateral shear stiffness 344 kN/mm/m
FA,X+S,i combined lateral shear strength 276 kN/m

In table 3.10 the boundary conditions for the numerical modelling of the joint can be seen, figure

3.15 shows the coordinate system of a joint on a 2D member edge in SCIA. For the modelling of

the vertical orthogonal connection the influence of the vertical in-plane shear stiffness is of high

importance for the global stiffness of the structure as it will enable web-flange interaction. For the

out of-plane shear stiffness (uz) it has been assumed that the influence is negligible as the lateral

wind-loads will be transfered through the floor plates to the in-plane shear walls, which have a

much higher stiffness than the out-of plane shear walls. The axial stiffness of the joint (uy) is

modelled as rigid as well based on the assumption that the walls will remain in contact at all times,

only compressive forces present. It should be noted that this assumption might not be valid for the

case B in which an outrigger is introduced as this could introduce tensile forces in the connection

which could cause a gap opening. Finally the rotational stiffness of the joint ϕx is modelled as

pinned.

Table 3.10. Numerical boundary conditions vertical orthogonal joint

ux uy uz ϕx
Boundary conditions 344 kN/mm/m rigid* rigid* free

*it is assumed only horizontal compressive forces are present

Detailed drawings of the connection are shown in figure 3.16, in which a exploded view and

different 2D views are shown. it should be noted that for inclined screws spacing and edge distances

should be taken form the center of gravity of a screws in a specific member, additionally the edge

distance of the ends of entry points of the screws have been taken as 20 mm to ensure enough space

is available for the head of the screw. According to the eurocode no requirements are given on edge

distances for the head of a double inclined screw.
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(a) Exploded view (b) A-A

(c) B-B (d) C-C

Figure 3.16. Vertical orthogonal connection CLT panels mixed angle STS
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3.9.4 Vertical in-plane connection

The design of the vertical in-plane connection is made using STS similar to the vertical orthogonal

connection. The stiffness of the vertical in-plane connection will have a rather high influence on

the global behaviour of the structure, therefore it is required that the connection has a high stiffness,

which the STS under combined angle can provide. Additionally the connection must be able to

provide sufficient strength. Vertical in-plane loading of the connection can be seen in table 3.11

and is obtained from SCIA. The direction of loading is similar to that of the vertical orthogonal

connection and can be seen in figure 3.17.

Figure 3.17. Shear force in the vertical in-plane connection

Table 3.11. Vertical in-plane forces, SCIA

[kN/m]
Vertical in-plane shear force 328

From initial calculations it has been shown that applying only inclined screws a maximum shear

strength of 311 kN/m could be obtained by applying double inclined screws spaced 10d apart. The

reason for the reduced strength in comparison to the vertical orthogonal connection is the available

maximum length for the inclined screws which is 1200 and 620 for the vertical orthogonal and

vertical in-plane shear connections respectively. Therefore additional straight screws are placed

to enhance the shear capacity of the joint. For the calculation of the shear strength of the straight

screws, equations provided by the Eurocode are used and substituted in place in the strength

calculation and stiffness model provided by Brown et al., [32] as shown in section 3.9.3.

For the inclined screws calculation methods provided in section 3.9.3 are used. While calculation

methods for the straight screws are provided in section Vertical in-plane connection of Appendix H.

For this specific case study the following design has been made for the in-plane connection. As

previously mentioned from an initial design a connection with a pair of double inclined screws did

not provide sufficient strength, therefore a straight screw is added to every row. Since a straight
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screw can only be added for the case that an overlapping joint is made as can be seen in figure 3.18b.

By using a horizontal angle of the inclined screw θ equal to 45◦ spacing and edge distances to the

center of gravity of a inclined screw can be guaranteed. The input data used for the calculation of

the vertical in-plane connection can be seen in table 3.12.

Table 3.12. Input data vertical in-plane STS connection

inclined screws straight screws
d diameter of the screw 13 mm 13 mm

dhead diameter of the head of the screw 22 mm 22mm
dc diameter of the core of the screw 8 mm 8mm
l length of the fastener 620 mm 360 mm
lt screw thread length 595 mm 345 mm
ρk characteristic density CLT 385 kg/m3 385 kg/m3

ρm mean density CLT 420 kg/m3 420 kg/m3

fuk characteristic tensile strength 1000 N/mm2 1000 N/mm2

fl withdrawal strength parameter 11.7 Mpa 11.7 Mpa
frs rolling shear strength 0.9 Mpa 0.9 MPa
ϕ 45◦ 90◦

θ 45◦ 0
b width 360 mm 360 mm

spacing 10d 10d
n number of fasteners per row 1* 1

*for inclined screws an X-configuration consist of a shear-tension and shear compression-screw

The resulting combined strength and stiffness of the connection is shown in figure 3.13.

Table 3.13. Output data vertical in-plane STS connection

Ka combined lateral shear stiffness 355 kN/mm/m
FA,X+S,i combined lateral shear strength 367.9 kN/m

A detailed drawing of the connection is shown in figure 3.18 in which a 3d view is shown in

combination with different 2d cuts of the joint.
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(a) Exploded view

(b) A-A

(c) B-B (d) C-C

Figure 3.18. Vertical in-plane connection CLT panels mixed angle STS
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In table 3.14 the boundary conditions for the numerical modelling of the joint can be seen. Similar

assumptions are used to that of the vertical orthogonal connection as shown in the previous section.

The in-plane shear stiffness is modelled according to the obtained stiffness from the calculation

while in all other directions of translation the joint is modelled as rigid, with the rotational stiffness

modelled as pinned.

Table 3.14. Numerical boundary conditions in-plane vertical joint

ux uy uz ϕx
Boundary conditions 355 kN/mm/m rigid* rigid* free

*it is assumed only compressive forces are present

3.9.5 Horizontal connection CLT panels

Main function of the horizontal connection between CLT panels and that between the core and the

foundation is to resist shear forces and tensile uplifting forcesdue to lateral wind loading as can be

seen in figure 3.19a and 3.19b respectively. Additionally the connection should provide sufficient

stiffness to limit rigid body rotations and translations of the core.

(a) Shear force (b) Tensile force

Figure 3.19. Forces on the horizontal connection between CLT panels or CLT to foundation

For the horizontal connection the design choice has been made to use a doweled connection

with steel dowels and internal steel plates in combination with a castellated joint. The dowelled

connection will provide axial stiffness to the connection while also providing lateral stiffness to

the connection. The addition of the castellations to the horizontal joint will provide additionall

stiffness in lateral direction by mechanical interlocking and reduce rigid body translation, while not

increasing the amount of connectors needed (only the length of the steel plates is increased).
72



The calculation will consist of two parts, first the dowelled connection which will provide axial and

shear strength and stiffness, secondly the castellations which will increase shear stiffness of the

joint. It is assumed that he out of plane shear stiffness is neglible such that the shear force in the

structure is only taken up by the in-plane shear walls of the CLT core.

The forces in the horizontal connection between foundation and groundfloor core walls and at

horizontal joints between corewalls at fourth to fifth floor and eight to ninth floor can be seen in

figure 3.15.

Table 3.15. Axial forces in vertical direction in the CLT core, SCIA

wind load x-direction wind load y-direction
tensile force
groundfloor 1405 kN/m 1344 kN/m

fourth to fifth floor 484 kN/m 404 kN/m
eight to ninth floor 248 kN/m 211 kN/m
compressive force

groundfloor 2263kN/m 2176 kN/m
fourth to fifth floor 884 kN/m 803 kN/m
eight to ninth floor 401 kN/m 262 kN/m

The calculation methods used to determine the shear resistance of dowels combined with steel

plates for the horizontal connections is provided in section Horizontal connection of Appendix H.

The input for the calculation of the strength and stiffness of the joints can be found in table 3.16.

Table 3.16. Input data doweled connection

d diameter of the fastener 20 mm
ρmean mean density 385 kg/m3

ρk characteristic density 350 kg/m3

fuk characteristic tensile strength 500 N/mm2

n number of fasteners in a row 41
m number of rows 3
α 90◦/0◦

b width 360 mm
γM partial safety factor 1.25
kmod modification factor taking into account duration of

load and moisture content
0.9

krp,1 0.25
krp,2 0

With the output for three rows of dowels as can be seen in table 3.17. It should be noted that with

the regards to stiffness the result shown below is single side of the dowelled connection i.e. the

steel to timber stiffness. To calculate the stiffness of a two sided doweled connection the composite

stiffness needs to be calculated as springs in series.
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Table 3.17. Output dowelled horizontal connection

number of dowel rows 3 2 1
Ft,D [kN/m] Tensile resistance 1819 1213 606
Fv,D [kN/m] In-plane shear resistance 1451 967 483

Kser [kN/mm/m] Tensile and in-plane shear stiffness 1231 820 410

Based on the strengths found above the following conclusions can be made. For a design based on

ULS the connection between the core and foundation needs to have three rows of dowels to provide

sufficient strength while for the connection between CLT panels at the fourth to fifth storey and

eight to ninth one row of dowels will suffice.

Horizontal connection - castellation

To increase the in-plane shear stiffness the following section will discuss the design of a castellated

joint which will be performed in combination with the dowelled connection as calculated in the

previous section. From experimental tests it has been shown that the stiffness of a castellated joint

is high enough in comparison to that of steel fasteners that deformations due to the castellated joint

can be assumed to be neglible [27]. Showing the relevence of applying a castellated joint and its

respective effects on stiffness. The in-plane shear force loading of the castellated joint can be seen

in figure 3.20 and 3.19a. The in-plane shear force transfer in the horizontal connections between

CLT panels can be found in table 3.18 below.

Figure 3.20. In-plane shear loading castellated joint[58]

Table 3.18. In plane shear forces, SCIA

In-plane shear force
fourth to fifth floor 264 kN/m
eight to ninth floor 123 kN/m

The strength and stiffness model used in this section are obtained from the Brown et al. [36]. The

stiffness model consist of approximating the behaviour of the joint by simplifying the different

layers in to springs which then consist of several components as described in the following section.

The model used to represent individual layers is shown in figure 3.21, the model shown is for a
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5-layer [0/90/0/90/0] CLT panel.

Figure 3.21. Analytical spring model 5-layer CLT [58]

The axial stiffness of the CLT layers loaded parrallel to the grain KE,0,i as shown in equation 3.28.

KE,0,i =
E0,iHTTL,0,i

LT
(3.28)

where

E0,i is the modulus of elasticity for layer i.

HT is the height of the castellation.

TL,0,i is the thickness of the CLT layer.

LT is the length of the castellation.

The castellated longitudinal shear stiffness KG,0,i as shown in equation 3.29

KG,0,i =
G0,iLTTL,0,i

HT,i

2

(3.29)

where

G0,i is the shear modulus for layer i.

The rolling shear stiffness of the outer and inner layers KGrs,out,i and KGrs,out,i as shown in

equation 3.30 and 3.31 respectively.

KGrs,out,i =
GRS,out,iLTHT

TL90,i
(3.30)
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KGrs,in,i =
GRS,in,iLTHT

TL90,i

2

(3.31)

where

GRS,out,i is the rolling shear modulus of the outer layer.

GRS,in,i is the rolling shear modulus of the inner layer.

TL90,i is the thickness of the CLt layer in rolling shear deformation.

For the layers loaded in parallel to the grain it has been assumed that deformation occur due to

compression and longitudinal shear. The combined stiffness KA of the layer is therefore calculated

using equation 3.32.

KA =
KE,0,iKG,0,i

KE,0,i +KG,0,i
(3.32)

For the layers loaded in perpendicular to the grain it has been assumed that deformation occur due

to rolling shear and longitudinal shear. The combined stiffness KB and KC of the outer and inner

layer is therefore calculated using equation 3.33 and 3.34 respectively.

KB =
KRS,out,iKG,0,i

KRS,out,i +KG,0,i
(3.33)

KC =
KRS,in,iKG,0,i

KRS,in,i +KG,0,i
(3.34)

The strength of the castellations is a summation of the critical failure plane load and the loads

carried by the other planes, as can be seen in equation 3.35.

FJ = min



Fv = fvTL,0LTnl,0(1 +
nBKB
nAKA

+ nCKC
nAKA

)

Frs,out = frs,outHTLTns,out(1 +
nAKA
nBKB

+ nCKC
nBKB

)

Frs,in = frs,inHTLTns,in(1 +
nAKA
nCKC

+ nBKB
nCKC

)

FC = fcHTTL,0nL,0

(3.35)

The input data used for the calculation is shown in table 3.19.
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Table 3.19. Input data castellated joint

HT tenon height 300mm
LT tenon length 330 mm
TL0,i layer thickness parallel to loading 40 mm
TL90,i layer thickness perpendicular to loading 40 mm
E0,i youngs modulus 11000 Mpa
G0,i shear modulus 650 MPa

Grs,out,i rolling shear modulus outer layer 50
Grs,in,i rolling shear modulus inner layer 50
fv longitudinal shear strength 5.5 N/mm2

frs,out rolling shear strength outer layer 0.7 N/mm2

frs,in rolling shear strength inner layer 0.7 N/mm2

fc compressive strength 21 N/mm2

nA and nL,0 number of layers parallel to loading 3
nB and ns,out number of layers perpendicular to loading not in the

center
6

nC number of layers perpendicular to loading at the cen-
ter

0

ns,in layer at center perpendicular to loading 0

In table 3.20 the in-plane strength and stiffness of the castellated joint is shown.

Table 3.20. Output data castellated joint

In-plane shear strength 846 kN/m
In-plane shear stiffness 1166 kN/mm/m

As stated in section 2.4.3 a horizontal connection between CLT panels using castalletions is able to

take up high shear forces while also providing a high shear stiffness. The designed joint is able to

increase the shear stiffness of the dowelled horizontal connection.

overview horizontal connection panel to panel

With the above calculated strength and stiffnesses of the doweled and castellated joint the following

boundary conditions will be used to numerically approximate the horizontal connection, as can

be seen in table 3.21. The tensile force and stiffness in vertically direction is provided by the

castellated joint alone, with the stiffness taken as composite stiffness of two single sided stiffnesses

in series. For the composite stiffness in ux the stiffness is approximated by first modelling the

stiffness of the dowels as springs in series for a two sided dowelled connection. Secondly the

composite stiffness of the entire joint is calculated as the composite stiffness of the dowels which

are in parallel with the stiffness of the castellation, a graphical representation of the spring model is

shown in figure 3.22.
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Figure 3.22. Composite spring model horizontal joint

Table 3.21. Numerical boundary conditions horizontal joint

ux uy uz ϕx
Boundary conditions 1371 kN/mm/m 205 kN/mm/m free free

From the stiffness in ux direction it can be concluded that introducing a castellation to the joint

design is able to effectively increase the in-plane shear stiffness from 205 to 1371 kN/mm/m.

Detailed drawing of the connection between CLT panels is shown in figure 3.23, consisting of 1

row of dowels with a diameter of 20mm.
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(a) 3D view (b) Through thickness

(c) Front view

Figure 3.23. Horizontal dowelled and castellated connection CLT panel

overview core to foundation

The design of the core to foundation is similar to that of the CLT to CLT horizontal connection

as shown in the previous section, except for the fact castellations are not applied. The reason

that castellations are not applied is the uncertainty when applying timber castellations to concrete.

According to table 3.17 the maximum tensile force of 1405 kN/m can be taken up by applying 3

rows of dowels, these will also provide sufficient in-plane shear strength to the joint. The tensile

forces of the internal steel plate are transfered to the concrete foundation by anchorage rods.
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For the the design of the anchorage rods the number of rods is determined based on the yield

strength and area of the rods. For a 20mm diameter rod and a yield strength of 410 N/mm2 and a

tensile force of 1405 kN/m a total of 30 rods are needed over the length of the wall section (2.625

m).

The design of the core to foundation connection can be seen in figure 3.24 and consists of two

internal steel plates and 3 rows of 20mm dowels. For the core to foundation connection the use of

castellations is excluded due to uncertainties around mechanical interlocking of timber in concrete.

(a) 3D view (b) Through thickness

(c) Front view

Figure 3.24. Horizontal dowelled and castellated connection CLT panel to foundation

The assumptions for the modelling of the core to foundation connection are given in table 3.22.

The stiffness of the dowels is the same in ux as uy direction, while in uz translations are assumed

free and rotations assumed as pinned.
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Table 3.22. Numerical boundary conditions horizontal connection core to foundation

ux uy uz ϕx
Boundary conditions 1231 kN/mm/m 1231 kN/mm/m free free

For the sake of comparison an alternative design of the core to foundation connection is made

making use of glued-in rods which are connected to the steel plate instead of internal steel plates

and dowels. The design of the glued-in rods connection and influence on the stiffness can be found

in Appendix K. Although glued-in rods may offer reduced shear stiffness, their axial stiffness is

higher than that of dowelled connections, resulting in reduced global deflections. Nonetheless, the

process of placing the rods can pose challenges due to the confined space and the need to maintain

minimum spacing and end distances.

3.9.6 Column to foundation

The column to foundation connection can be made with a doweled connection or a steel dissipater

and shoe as described in section 2.3.3. A distinction needs to be made between both connections

types and the requirements needed for case A. Since no outriggers are used in case A it is expected

that the forces in the columns are compressive since the overturning moment is transfered to the

core. Therefore the tensile requirements of the columns is limited, additionally it is assumed shear

force is mostly transfered through the core. For the case that limited tensile and shear forces are

transferred a steel shoe and internal bonded-in rods acting as dissipaters and lateral and tensile

resistance will suffice, according to section 2.4.5. This connection type will be easy to install since

the shoe can be connected to the column of site and only needs to be bolted to the foundation. The

calculation method used for the verification of the bonded in rods can be found in section Column

to foundation in Appendix H.

Table 3.23. Maximum normal and shear force in the column to foundation connection, SCIA

wind load x-direction wind load y-direction
compressive force 2772 kN 2772 kN

tensile force - -
shear force 19.7 kN 12.6 kN
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(a) Axial load (b) Lateral load

Figure 3.25. Loading of the bonded-in rods

For the calculation of the axial and shear resistance of the joint the following input is used table

3.24.

Table 3.24. Input data glued-in rod connection

d diameter of the rod 30 mm
fy,k characteristic yield strength of the rod 410 MPa
fu,k characteristic ultimate strength of the rod 500 Mpa
Es modulus of elasticity of the rod 210 Gpa
ρk characteristic density of the timber 425 kg/m3

ρmean mean density of the timber 460 kg/m3

α 0
γm partial factor for a material property 1.25

ϵu,timber failure strain for timber parallel to the grain 2.4h
kmod modification factor taking into account the effects of

load duration and moisture
0.9

n number of glued-in rods 4

From the input data given in table 3.24 the axial and shear resistance of the connection is calculated

as can be seen in table 3.25.

Table 3.25. Output glued-in rod connection

Fax,Rd axial tensile design resistance 366 kN
FV,Rd shear design resistance 23 kN

The current design is able to take up the lateral shear force it is subjected to according to SCIA. A

detailed drawing of the column to foundation connection can be found in figure 3.26, including a

side view and a top view.
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(a) Side view

(b) Top view

Figure 3.26. Column to foundation connection steel shoe and internal bonded-in rods
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Table 3.26. Numerical boundary conditions column to foundation connection

ux uy uz ϕx ϕy ϕz
Boundary conditions rigid rigid rigid rigid free free

The modelling assumptions and boundary conditions for the column to foundation connection can

be seen in table 3.26 with the coordinate system used in SCIA for a hinge on a 1D member as shown

in figure 3.27. It should be noted that the coordinate system shown is that of the beam, for the

column the coordinate system is rotated 90◦. The connection is modelled as a hinged connection

with translations modelled as rigid and rotations modelled as pinned, except for the rotation ϕx
modelled as rigid which would otherwise result in free translations of the column.

Figure 3.27. SCIA coordinate system hinge on a 1D member

3.9.7 Column to column

In the design of the column to column connection it is important to note that a high number of

similar connections need to be realised throughout the structure, therefore it is required that the

joint is easy to construct to reduce construction time and cost associated with both designing of the

joints as well as manufacturing. Therefore a solution by Rothoblaas is proposes which is repeatable

and easy to construct. The column to column connection in combination with supports for the floor

systems can be provided by steel connectors designed by Rothoblaas. The connectors are able to

provide up to 5000 kN of compressive force transfer between columns, however the load that the

connectors are able to carry are dependent on the dimensions of the columns, floors and the steel

connector itself.

Table 3.27. Maximum force in the column to column connection, SCIA

force [kN]
compressive force 2494 kN

tensile force -
shear force 23 kN

The connection is able to withstand large compressive forces however the tensile force transfer of

the connection is limited, if tensile forces occur due to lateral loading additional measures needs
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to be taken. For instance the addition of steel plates and dowels could provide sufficient tensile

capacity or the use of embedded steel rods. Therefore the design in figure 3.28 is proposed using

similar bonded in rods as in the design for the column to foundation connection shown in section

3.9.6.

It should be noted that continuous columns of 4 storeys with similar heights as the CLT panels for

the core will be used. This will drastically reduce the amount of the column to column connections

and will allow construction time to be reduced. The numerically modelling of the connection will

be similar to that used for the column to foundation connection and will be hinged as shown in

table 3.28.

ux uy uz ϕx ϕy ϕz
Boundary conditions rigid rigid rigid rigid free free

Table 3.28. Numerical boundary conditions column to column connection
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(a) Side view

(b) Top view

Figure 3.28. Column to column connection steel connector and internal bonded-in rods
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3.9.8 Connection of the beams

The connection of the beams will be made using steel hangers with internal wings as can be seen

in figure 3.29. This connection allows for quick assembly and is relatively inexpensive for the

connection of large size beams. Detailed calculations, drawings and modelling assumptions for the

beam to column and beam to core connection can be found in sections Column to beam and Beam

to core connection of Appendix J.

(a) 3D view (b) Metal hanger with internal wings

Figure 3.29. Beam to column joint

3.9.9 Connection of the floors

To accurately describe the behaviour of the diaphragm action of the floors under lateral loading

it is important to identify the stiffnesses that the different connections have. In Appendix I the

three connection types of the floors are designed and detailed drawings and modelling assumptions

are shown. These connection types consist of the floor to beam, floor to floor and floor to core

connection. All connections of the floor will be made using STS in X-configuration, enabling both

shear tension and shear compression screws, providing high strength and stiffness to the joints.

3.10 Connection design case B

This section will discuss the connection design of case B. For the design of the outrigger the

governing forces used for the verification of the connections and members of the outrigger are

shown in figure 3.30, which are itteratively obtained from SCIA. The two connections which will

be designed are the outrigger to column connection and the outrigger to core connection discussed

in section 3.10.1 and 3.10.2 respectively.
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(a) Left side of the core

(b) Right side of the core

Figure 3.30. Forces in the outrigger

The maximum force in the diagonal is a tensile force of 751 kN. The width of the diagonal is equal

to 360 mm to ensure similar embedmentlengths in both the dowels in the diagonal as in the core,

since spacing between the plates at both sides of the connection remain the same. The height is

determined based on the calculation method shown in section 3.8.2 and is equal to 300 mm.

3.10.1 Outrigger to column connection

In this section the design of the outrigger to column connection will be shown. As mentioned in

section 2.3.2 the connection between multiple timber members can be performed by making use of

a slotted in steel plate and steel dowels, this connection type is able to connect multiple members

at the same intersection and can provide high strength and stiffness, additionally ductility can be

achieved by designing the connections in such a way that a ductile failure mode occurs.

At the intersection of the columns, beams and diagonals a connection needs to be designed which

is able to withstand lateral wind loading and floor loading. High normal forces can be expected in

the outrigger due to the transfer of bending moment from the core to the columns. The beams will

carry loads due to lateral windloads and floor loads. The design for the connection will consist of

two slotted in steel plates and dowels.

Lateral resistance of fasteners per shear plane

The characteristic lateral resistance per shear plane Fv,k of a single fastener should be calculated

according to equation H.21 and H.22. For glulam members fibres run in a single direction as
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opposed to CLT, therefore the embedment strength is the same throughout the member. Similar to

the design of the horizontal connection between CLT panels, compatibility between the outer and

inner failure mechanisms need to be ensured, resulting in the same failure combinations, possible

outer shear plane modes (a), (d) and (f) with the inner shear plane mode (a) and (f). The possible

failure modes for fasteners under four shear planes can be seen in figure 3.31, where failure modes

(e), (f) and (g) in figure 3.31b need to be avoided. Similar to the failure mode of the horizontal CLT

connection a ductile failure mode is preferred rather than a brittle failure of the timber.

(a) Failure modes (a), (b), (c) and (d)

(b) Failure modes (e), (f) and (g)

Figure 3.31. Failure mode of a dowel under four shear planes

The characteristic embedment strength fh,k for dowels and bolts can be calculated according to

equation H.23.

The forces used for the strength verification of the outrigger to column joint are given in tabe 3.33.

The design of the dowels in the beam are based on the tensile force shown in the lower beam in

figure 3.30b, while the diagonal is calculated based on the maximum tensile force shown in figure

3.30a. The forces present in the column side of the outrigger to column connection are based on

the resulting force component under an angle to the grain as shown in figure 3.32.

Table 3.29. Forces in the outrigger to column connection

normal force (kN) shear force (kN) angle to the grain
beam 242 30 83◦

diagonal 751 - 0◦

column 662 - 58◦
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Figure 3.32. Resulting force in the outrigger to column connection

The input data for the calculation of the dowels in the diagonal, beam and column are given in table

3.30.

Table 3.30. Input data outrigger to column connection

diagonal beam column
d diameter of the fastener 20 mm 20 mm 20 mm

ρmean mean density 385 kg/m3 385 kg/m3 385 kg/m3

ρk characteristic density 350 kg/m3 350 kg/m3 350 kg/m3

fuk characteristic tensile strength 500 N/mm2 500 N/mm2 500 N/mm2

n number of fasteners in a row 4 5 5
m number of rows 4 2 4
b width 360 mm 300 mm 400 mm
γM partial safety factor 1.25 1.25 1.25
kmod modification factor taking into account

duration of load and moisture content
0.9 0.9 0.9

krp,1 factor for the rope effect 0.25 0.25 0.25
krp,2 limitation factor for the rope effect 0 0 0

The calculated strength and stiffness of the dowels in the beam, diagonal and column are shown in

table 3.31.

Table 3.31. Output data outrigger to column connection

F K
beam 465 kN 263 kN/mm/m

diagonal 807 kN 420 kN/mm/m
column 756 kN 525 kN/mm/m

The connection between the outrigger and columns is shown in figure 3.33. A 3D view of the

outrigger and core highlighting the outrigger to column connection is shown in figure 3.33a. Figure
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3.33b shows a side view of the connection and figure 3.33c shows a top view of the connection

with the dowels of the beam to column connection.

(a) 3D view

(b) Side view (c) Top view

Figure 3.33. Outrigger to column connection

The modelling assumptions used for modelling of the outrigger to column connection are given in

table 3.32.

Table 3.32. Stiffness modelling assumptions outrigger to column connection

ux uy uz ϕx ϕy ϕz
beam 263 kN/mm/m (tension only) rigid rigid rigid free free

diagonal 420 kN/mm/m (tension only) rigid rigid rigid free free
column 525 kN/mm/m (tension only) rigid rigid rigid free free
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3.10.2 Outrigger to core

The design of the outrigger to core connection consist of similar steel plates and dowels as the ones

used for the outrigger to column connnection discussed in previous section 3.10.1. The size of the

diagonal has been chosen in such a way that unity checks for ULS are close to 1 while the width of

the diagonal is equal to the width of the core. This has been done to increase the chance of similar

type of failure modes within the diagonal and core dowels. By having a similar thickness in both

members the thickness of the timber members in the outer and inner shear plane remain the same.

If for instance the diagonal has a reduced width the failure mode can be shifted towards a brittle

failure of the outer shear plane due to insufficent embedment length to create a plastic hinge in

the dowel. The calculation of the dowelled connection within the CLT core wall is similar to the

methods provided in 7.2.

The forces present in the beam and diagonal and the resulting force in the core from both members

for the governing load condition are given in table 3.33. The derivation of the resulting force on the

core side of the connection is shown in figure 3.34.

Table 3.33. Forces in the outrigger to core connection

normal force (kN) shear force (kN) angle to the grain
beam 32 30 83◦

diagonal 751 - 0◦

core 792 - 56.5◦

Figure 3.34. Resulting force in the core

The input data for the calculation of the dowels for the core side of the connection is given in table

3.34.

92



Table 3.34. Input data outrigger to core connection

core
d diameter of the fastener 20 mm

ρmean mean density 385 kg/m3

ρk characteristic density 350 kg/m3

fuk characteristic tensile strength 500 N/mm2

n number of fasteners in a row 5
m number of rows 2
ϵ angle between fastener and grain direction
b width 400 mm
γM partial safety factor 1.25
kmod modification factor taking into account duration of

load and moisture content
0.9

krp,1 factor for the rope effect 0.25
krp,2 limitation factor for the rope effect 0

The results of the strength and stiffness calculation of the core side of the connection is shown in

table 3.35.

Table 3.35. Output data outrigger to core connection

F K
core 1197 kN 788 kN/mm/m
beam 465 kN 263 kN/mm/m

diagonal 807 kN 420 kN/mm/m

To enable a connection of the outrigger in both direction in the corner of the CLT core a cut is

made in which a steel box is placed. The reason to use the steel box is to allow the transfer of

compression forces between the outrigger and the core.

Detailed drawings of the outrigger to core connection are shown in 3.35. Figure 3.35a shows a

3D view of the core and outrigger with the outrigger to core connection highlighted. Figure 3.35b

shows a vertical cut in which a single connection of the outrigger to core connection is shown, it

should be noted perpendicular to the plane an additional connection is made of the outrigger to

core. Figure 3.35c shows a horizontal cut of the connection, with the internal steel plates and box

shown in figure 3.35d.
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(a) 3D view (b) Side view

(c) Top view (d) Internal steel plate and box

Figure 3.35. Outrigger to core connection

The modelling assumptions used for modelling of the outrigger to column connection are given in

table 3.36

Table 3.36. Stiffness modelling assumptions outrigger to core connection

ux uy uz ϕx ϕy ϕz
beam 263 kN/mm/m (tension only) rigid rigid rigid free free

diagonal 420 kN/mm/m (tension only) rigid rigid rigid free free
core 788 kN/mm/m (tension only) rigid rigid rigid free free
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4. Numerical modelling

This chapter will discuss the numerical modelling assumptions which have been made, SCIA will

be used to model the different case studies. The reason for using SCIA is based on the fact SCIA

already contains a lot of building materials and elements which can be used for civil/structural

engineering practices while also having sufficient flexibility to be able to model new materials i.e.

CLT.

4.1 Modelling assumptions

This section will discuss the assumptions which have been used to create the numerical models.

Most of these assumptions are used to decrease the complexity of the models which will reduce

calculation time as well as time to build the models, however this will come at a cost of reduced

accuracy of the models.

Connections

Connection in the models will be constructed of translational springs or rotational springs depending

on the type and location of the connection. The stiffnesses of these springs will be based on the

designs made for specific details, calculations of the springs can be found in the appendixes. By

defining the force displacement graph of a specific connection in SCIA it can be made possible to

simulate ductility and or yielding of the connection. Additionally tendons can be modelled using

translational springs which have the same stiffness as the steel tendons themself.

CLT

As mentioned in chapter 2.7 CLT consists of numerous layers which are glued together at an

angle. Modelling of the orthotropic CLT plates can be done based on the equivalent orthotropic

shell model which will reduce complexity of modelling the plates itself. During the modelling

of CLT the stiffness matrix will first be calculated analytically based on design parameters of the

material(layer thickness, layer strength, layer orientation etc.) This matrix will then be inputted in

SCIA coinciding with the correct local axis to ensure the CLT is oriented in the correct direction.

For the modelling of beams, columns and diagonals SCIA already has specific material types ready

to be used, therefore it is not necessary to determine the stiffness matrix for this material.

Lateral loading

Lateral loads will be modelled as line loads divided over the columns and beams on the facade. For

this research it is not of importance to check the influence facade panels have on the load transfer

from facade to column and eventually core.
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Floors

In the models it is of importance to correctly implement floors. Floors are able to provide the

structure with additional stiffness by diaphragm action, additionally this will transfer loads to the

core and or outer columns. Floorloads can therefore be modelled as distributed loads over the area

of the floor.

4.2 Validation of the numerical modelling methods

To ensure the methods and assumptions used in the numerical model are accurate and are able

to give accurate results a validation check is done based on experimental results. A numerical

model is buildt of the C-shaped CLT core wall as described in the research of Brown et al. [27] and

compared to the experimental data provided in the research.

In appendix Appendix G the assumptions and results of the validation model are shown in detail. It

has been concluded that with the used modelling methods and assumptions the numerical model

was able to replicate the behaviour of the C-shaped CLT core with a very high accuracy.

4.3 Numerical modelling of case A

This section will describe the modelling process of case study A, consisting of the materials,

dimensions, connections and loads and modelling methods. The workflow used throughout the

modelling process can be seen in figure 4.1.
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Figure 4.1. Workflow numerical modelling

Properties of the members

For the both the columns and beams the choice is made to use GL28h since this a material which

is currently widely used and available. Higher material strengths can provide the structure with

higher performance and reduce the amount of material used, however obtaining large quantities of

high strength timber can prove to be difficult according to manufacturers. The material properties

for GL28h are shown in table 2.2. For similar reasons the strength of the CLT laminates is chosen

to be equal to CL24 as shown in table 2.1.

Initial dimensions of the walls and columns are calculated based on the calculation methods

provided in section 3.8.1 and 3.8.2 respectively. Resulting in a initial wall thickness of 360 mm

with a 40 mm laminate thickness and a 9-layer buildup (0/0/90/0/90/0/90/0/0). Since the vertical

strength of the panels needs to be highest it is chosen to have 6 layers in vertical direction and 3

layers in horizontal direction. The dimensions of the columns are 450 mm by 450 mm. Using the

stiffness matrix calculations as shown in chapter 2.7 in combination with the correct symmetrical

lay-up and material properties the stiffness matrix of an equivalent shell model can calculated,

results are shown in 4.1.
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M =



39.96 0 0 0 0 0 0 0 MNm

0 5.81 0 0 0 0 0 0 MNm

0 0 1.85 0 0 0 0 0 MNm

0 0 0 39.58 0 0 0 0 MN/m

0 0 0 0 20.26 0 0 0 MN/m

0 0 0 0 0 2640.00 0 0 MN/m

0 0 0 0 0 0 1320.00 0 MN/m

0 0 0 0 0 0 0 193.08 MN/m


(4.1)

The dimensions of the beams connecting the floor panels to the columns and to the core are

calculated itteratively using the optimization software used in SCIA. The reason to use a iterative

numerical calculation technique is because the beams are not only responsible for carrying the self

weight of the floors and the imposed floor loads but also to transfer the wind loads from the facades

to the core system. However wind loads are not only transfered using the beams but also due to the

diaphragm action of the floors themselves.

Foundation plate

Since in the case studies the foundation is not of interest the groundfloor has been modelled as

a plate with a very high stiffness, the plate is rigidly supported in all directions on the bottom

surface. Ensuring rotations and translations of the structure are only present due to deformation of

the structure itself. The plate can now be used to attach the first members.

Modelling sequence

Starting with the core each individual panel is placed according to the floorplan as shown in figure

3.1. These panels have a width of 2.625 meters and a height of 3.9 meters (equal to the story

height). By enabling non-linearity in SCIA orthotropic material properties can be enabled and the

stiffness matrix can be inputted. It is important to correctly set the locale coordinate system so

that the local x-axis follows the vertical in-plane direction, the local y-axis follows the horizontal

in-plane direction and the z-axis follows the out-of-plane direction. To provide interaction between

the corner section of the core system lintels are placed and modelled as beams which are hinged on

both sides. The width of the lintels is equal to that of the CLT panels, 360 mm, and have a height of

500 mm. Material properties used for the lintels is equal to that of the columns and beams, GL28h.

The columns are placed in a grid of 6 by 6 meters to reduce the maximum spans of the floor panels

to 6 meters. In figure 4.2 the numerical model of the base floor including the columns, beams and

core system is shown.
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Figure 4.2. Numerical model groundfloor

Similar to the columns the floor plates are also modelled as hinged and have a layout as shown in

figure 4.3. The layout of the floor panels is chosen in such a way to leave a total of four corners

open with an area of 3 by 3 meters which can be used for the vertical transport of inhabitants.

similar to the vertical CLT panels used for the core close attention needs to be paid to the locale

coordinate system of the floor panels such that the LCS coincides with the intended direction as

calculated in the stiffness matrix. The thickness of the CLT floor panels is based on the selfweight

and imposed loads similar to the calculations used for the core systems. A thickness of 200 mm is

obtained for the 6 meter span floor panels.

Figure 4.3. Orientation of CLT floors
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Connections

For the design of the connections the calculation method in 3.9.3 is used for double inclined

self-taping screws. For this design the choice has been made to use a combination of double

inclined screws and straight screws as research has shown the combined action will provide the

best combination of strength, stiffness and ductility.

By using the tool ’hinge on a 2d’ the connections between the CLT panels can be modelled, while

for 1D members ’hinge on a beam’ is used as can be seen in figure 4.4a and 4.4b respectively. In

figure 4.5 an example is given of modelling a hinge on a 2d member for the vertical orthogonal

connection of the core.

(a) 2D member (b) 1D member

Figure 4.4. Locale coordinate systems joints SCIA

(a) Location orthogonal joint (b)

Figure 4.5. Example of modelling a hinge on 2d member on the orthogonal core connection

An overview of the modelling assumptions of the different connections of case A as derived in

section 3.9 is shown in table 4.1. While the modelling assumptions of the different connections of

case B as derived in section 3.10 is shown in table 4.2.
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Table 4.1. Overview connection stiffness’s numerical model case A

ux [kN/mm/m] uy [kN/mm/m] uz [kN/mm/m] ϕx ϕy ϕz
connections of the core
vertical orthogonal 344 rigid rigid free - -
vertical in-plane 355 rigid rigid free - -
horizontal CLT core to
CLT core

1371 205* free free - -

horizontal CLT core to
foundation

1231 1231* free free - -

connections of the columns and beams
column to foundation rigid rigid rigid rigid free free
column to column rigid rigid rigid rigid free free
beam to column rigid rigid rigid rigid free free
beam to CLT core rigid rigid rigid rigid free free
connections of the floors
floor to beam single 53 53 rigid free - -
floor to beam double 53 56* rigid free - -
floor to floor 52 rigid rigid free - -
floor to CLT core 129 194* rigid free - -

Table 4.2. Overview connection stiffnesses numerical model case B

ux [kN/mm/m] uy [kN/mm/m] uz [kN/mm/m] ϕx ϕy ϕz
connections of the outrigger

beam 263* rigid rigid rigid free free
diagonal 420* rigid rigid rigid free free
column 525* rigid rigid rigid free free
CLT core 788* rigid rigid rigid free free

*non-linear tension only springs are implemented

Increase number of floors

During the modelling the following building sequence is used to reduce workload and increase

modelling speed. The first floor is build until a height of 3.9 meters. This can then be copied and

pasted including all the add-on data to increase the number of stories to 10. The entire model can

be seen in figure 4.6.
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Figure 4.6. Numerical model case A

It is important to note that in SCIA connections of 2D panels or 1D members that do not have

hinges or other constraints at the ends are modelled as rigid. This is especially important when

copy pasting different stories on top of each other.

Horizontal connection

Since the maximum length of a CLT panel is 16 meters, due to manufacturing constraints, horizontal

connections need to be implemented to connect the vertical panels. The choice is made to have a

horizontal connection at 15.6 meters height and 31.2 meters height which coincides with floor level

4 and 8 respectively. The design of the horizontal connection consists of a doweled connection

which integrates a steel plate in the center of the CLT panel. Calculation is performed based on 3.9.5

and makes use of the minimum spacing and end distances as provided in prEN1995-1. According

to prEN1995-1 the stiffness of a doweled connection connecting CLT with a steel plate the stiffness

may be doubled for the case that the thickness of the plate is equal to the thickness of the dowel.

Loading and load combinations

The loading of the model consist of permanent loading, variable loading and wind loading. Both

the permanent and variable loading is placed on the floor panels as surface loads. In contrary the

wind load is modelled as line loads on the beams placed in the facades.
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Before the numerical calculation can commence it is important to note that non-linear load combina-

tions need to be made manually to allow for a non-linear calculation. The reason to use non-linear

load combinations is be able to correctly model the tension only springs in the horizontal connection

between CLT panels and to be able to use orthotropy.

element size of the CLT

The element size of the core has been chosen in such a way that the height of the element is similar

to the height of the beams, between 400 and 500 mm the height of the beam and corbels respectively.

If an element height greater then the height of the beam is chosen local deformations at the beam to

core connection will be under estimated, while an element height smaller then the height of the

beam will lead to over estimation of the local deformations. Therefore the element size has been

chosen so that eight elements are used over the height of a single storey, 3.9 meters. Resulting in an

element height of approximately 490 mm.

4.4 Numerical modelling of case B

This section will describe the modelling process of case study B, consisting of modelling the

outrigger. The rest of the structure will remain the same as in case A shown in section 4.3.

Outrigger

The outrigger will be incorporated in the model of case A, the following changes will be made to

case A.

■ Introduction of outrigger diagonal

■ Change of beam size of the outrigger

■ Introduction of the correct connection stiffnesses as shown in table 4.2
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5. Results

In this section the results of the different numerical case studies are discussed. Starting with the

results of case A, followed by the results of case B and finally the results of case C. Additionally to

determine the influence of design parameters a sensitivity analysis is done for the joint design of

case A and the design parameters of the outrigger for case B. The workflow used throughout the

sensitivity analysis can be seen in figure 5.1.

Figure 5.1. Workflow sensitivity analysis design parameters
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5.1 Results case A

This section will discuss the results of the numerical simulation of case A. Initially the behaviour

of the core is examined under lateral loading in SLS.

5.1.1 Static response

In this section the static behaviour of case A is discussed. The deflection of the core can be seen in

figure 5.2 where the maximum deflection of the of the core is equal to 61.8 mm.

Figure 5.2. Horizontal deflection of case A

The maximum deflection is higher then the allowed maximum deflection limit of h/1000.

When looking closer at the behaviour at ground floor of the core the following topics should be

noted. Figure 5.3 shows the core system at ground floor with a scaled up displacement and indicated

values of the vertical displacement.

Due to the overturning moment induced by the windload, tensile forces occur in the horizontal

connection between the core and the foundation resulting in a small uplifting of 1 mm at end

positions of the core while the compression side remains in contact with the foundation. Additionally

there is sliding which occurs between the in-plane walls which results in a small gap at the top of

the panels, similarly sliding occurs at the vertical orthogonal connection.
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Figure 5.3. Global displacement case A of the core at groundfloor level, SLS loading, vertical
deflection

The results show that the implementation of the different connection details provide similar results

as in the verification model discussed in Results of the numerical validation model in Appendix G

confirming the modelling methods used.

Contributions to the total deflection

In figure 5.4 the lateral translation of 61.8 mm for case A is subdivided into the different categories

such as material and connections. It can be seen that the contribution due to bending and shear

deformation is 70.6% and 18% respectively.

Secondly the contributions due to the influence of the different connections of the core is shown,

which is subdivided into the horizontal and vertical connections. The total contribution of the

horizontal connection towards rigid body translation is equal to 0.6% while the rigid body rotation

is responsible for 8.1%. It is shown that even a slight gap opening of 0.6 mm at ground level can

increase deflections by 6.8%, again highlighting the significance of providing a rigid connection at

ground level. The addition of castellations in the horizontal core to core connections provided a

high stiffness to the joints resulting in low rigid body translations.

Additionally the slip of the different connections is shown in the in-plane shear direction and the

gap opening for the horizontal connection is given which results in rigid body rotation of the core.
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Figure 5.4. Origin of translations case A

Analytical calculation

In this section an analytical calculation is made of the deflection of the CLT core based on

assumptions as shown in appendix Appendix B. By comparing analytical and numerical results a

validation of both methods can be made based on results.

The deflection of a clamped beam can be calculated according to equation 5.1. The wind load is

taken as distributed q-load equal to 69.84 kN/m and the bending stiffness of the core is taken as

four times the individual stiffness of the corner sections as shown in figure B.3b.

u =
ql4

8EI
(5.1)
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Table 5.1. Result analytical calculation

Ieff mm
4 deflection mm

model 3.42 ∗ 1013 78.6
vertical orthogonal interaction

γ = 0 2.06 ∗ 1013 130.4
γ = 1 3.44 ∗ 1013 78.3

vertical in-plane interaction
γ = 0 1.46 ∗ 1013 185.2
γ = 1 3.47 ∗ 1013 77.8

Table 5.2. Result analytical vs numerical calculation

deflection [mm] deflection [mm]
type analytical numerical

horizontal connections included no yes
model 78.6 61.8

vertical orthogonal interaction
γ = 0 130.4(+65.9%) 94.1(+52.3%)
γ = 1 78.3 (-0.4%) 61.2(-1%)

vertical in-plane interaction
γ = 0 185.2(+135%) 158.6(+156.6%)
γ = 1 77.8(-2.7%) 60.6(-1.9%)

The results shown in table 5.18 show that while the calculated value for the deflection is higher in

the analytical model than in the numerical model the influence of the different connections can be

assessed analytically with a reasonable accuracy. In both models it is shown that the influence of

the vertical in-plane connection is larger then the orthogonal connection especially for the case that

γ is equal to zero.

The following assumptions for the analytical model could be the cause for the difference in

deflection between both models. First of all the assumption is made that the corners of the core

behave separately, however in the numerical model connections of the floors to core provide some

interaction between the corner sections which increases the global bending stiffness. Secondly the

influence of the effective flange width of the core has a large effect on the analytical calculation of

the composite bending stiffness, and since literate on the topic is relatively scarce an estimation is

made with some simple numerical models.

5.1.2 Dynamic response

The dynamic response of the structure is analyzed by performing a model analysis. The first five

eigenfrequencies of case A can been seen in figure 5.5. The first eigenfrequencies for lateral sway

modes are 0.86 Hz and 0.89 Hz for the x and y direction respectively. Both modes are below the

approximations of the first flexural modes for steel and concrete buildings provided in the eurocode

in equation 2.6 and the approximation for timber buildings excluding connections as shown in
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equation 2.8, with values 1.18 Hz and 1.41 Hz respectively.

Figure 5.5. Dynamic response case A

The lateral acceleration of the structure due to dynamic wind loading is estimated using the

equations provided in section 2.6.2. The peak acceleration is equal to 0.076 m/s2, which is below

the maximum allowed lateral acceleration according to the eurocode as can be seen in figure 2.36,

equal to 0.1 m/s2 for region 1 (residential buildings) and 0.18 m/s2 for region 2 (residential

buildings).

It should be noted that for the calculation of the peak lateral acceleration the following assumption

is used. As can be seen in figure 5.5 the first mode is a torsional mode, however since the wind

load is a symmetric load the anti-symmetric torsional mode will not-hardly be excited. Therefore

the first lateral sway mode , the first symmetric mode, is used in the calculation of the peak lateral

accelerations in the along wind direction.

5.1.3 Sensitivity of connection design of case A

In this section a sensitivity analysis is performed. The interaction of the different wall section and

thus the global stiffness of the core is large dependent on the stiffness of the connections between

different segments. The influence of the stiffness of different connections of the core is assessed on
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the global stiffness of the structure. Allowing the optimized design to economically make use of

material while increasing the global stiffness of the structure.

Horizontal connection CLT core

An overview of the horizontal connections with its respective displacement modes, rigid body

translation and rotation can be seen in figure 5.6.

(a) Location horizontal connection

(b) Core to core (c) Core to foundation

(d) Tensile force (e) Shear force

Figure 5.6. Overview horizontal connection
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To asses the sensitivity of the horizontal connection, i.e. the CLT panel to CLT panel connection

as designed in section 3.9.5, the following design changes are made. The connection stiffness

is increased by doubling and tripling the amount of dowels and finally for comparison sake the

connection is modelled as rigid. The amount of dowels used in each design is six and nine rows

of dowels for the core to foundation connection and two and three rows of dowels for the panel

to panel connection for the double and triple stiffness models respectively. The results of the

horizontal deflections of the different models are shown in figure 5.7. It should be noted that during

the modelling of the increased stiffness models the castellations remain the same throughout, except

for the rigid model, with the in-plane shear stiffness ux calculated using the spring model shown in

figure 3.22. Input for the different connections can be seen in table 5.3.

Table 5.3. Boundary conditions horizontal connection core to core and core to foundation, sensitivity
analysis

dowel rows ux uy uz ϕx
double amount of dowels

ground floor 6 2462 kN/mm/m 2462 kN/mm/m free pinned
fourth to fifth floor 2 1576 kN/mm/m 410 kN/mm/m free pinned

seventh to eight floor 2 1576 kN/mm/m 410 kN/mm/m free pinned
triple amount of dowels

ground floor 9 3693 kN/mm/m 3693 kN/mm/m free pinned
fourth to fifth floor 3 1781 kN/mm/m 615 kN/mm/m free pinned

seventh to eight floor 3 1781 kN/mm/m 615 kN/mm/m free pinned
rigid

- - rigid rigid free rigid

Figure 5.7. Influence of the amount of dowels in the horizontal connection on the lateral deflection

Additionally the influence of the castellations is assessed by comparing a model with and without

castellations. The results of both models can be seen in figure 5.8. Besides the models shown in the

figure below an additional model is made in which the horizontal connection is modelled as rigid in

the in-plane shear direction to check the influence of rigid body translations on the global stiffness.
111



In table 5.4 the boundary conditions of the different models are shown used to asses the influence

of the castellations.

Table 5.4. Boundary conditions horizontal connection core to core, sensitivity analysis castelattions

dowel rows ux uy uz ϕx
with castellations (case A)

fourth to fifth floor 1 1371 205 kN/mm/m free rigid
seventh to eight floor 1 1371 205 kN/mm/m free rigid
without castellations
fourth to fifth floor 1 205 kN/mm/m 205 kN/mm/m free pinned

seventh to eight floor 1 205 kN/mm/m 205 kN/mm/m free pinned
rigid castellation

fourth to fifth floor 1 rigid 205 kN/mm/m free rigid
seventh to eight floor 1 rigid 205 kN/mm/m free rigid

Figure 5.8. Influence of the castellations on the lateral deflection

In table 5.5 the maximum horizontal deflection of the different models are shown and the percentage

difference between the results of case A are given.

Table 5.5. Influence of the horizontal connection on the lateral deflection

deflection [mm] % with regards to case A
Case A 61.8 -

Without castellations 62.3 +0.8%
rigid castellation 61.5 -0.5%
Double stiffness 60.5 -2.1%
Triple stiffness 60 -2.9%

Rigid 56.5 -8.6%

Comparing the results between the different cases the following observations can be made. The

difference between the case A and rigid model shows a difference of 8.6%. Which is a result of
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rigid body rotation and translation of the CLT panels due to stiffness of the horizontal connection.

The addition of the castellations provide an increase in global stiffness and reduces deflections by

0.8%. It should be noted that case A has a height of 39 meters and has only two horizontal CLT to

CLT panel connections, however if a taller building is constructed which has more horizontal panel

to panel connections the effectiveness of the castellations will increase and the total amount of rigid

body translations will reduce.

From the model in which the horizontal connections are modelled as rigid it is shown that 8.6% of

deflections originate from rigid body translations and rotations. Taking into account the percentage

of rigid body translations 0.5%, it is shown that 8.1% of the deflections originate from rigid body

rotations. Which highlights the importance of reducing the rigid body rotations to increase global

stiffness of a CLT core building.

Increasing the amount of dowels by double and triple the amount reduces the deflections of the

structure by 2.1 % and 2.9 % respectively. However even with triple the amount of dowels, tensile

forces in the core still result in rigid body rotation of the panels. Eliminating the issue could be

done by introducing compressive forces in the core by making use of a pres-lam system, side effect

is increased size of the panels is needed to carry compressive loads.

Vertical orthogonal connection CLT core

An overview of the vertical orthogonal connection with its respective deformation mode can be

seen in figure 5.9.

The influence of the vertical orthogonal connection on the global stiffness is assessed by introducing

three variation models. A model with the connection modelled as free, a model with an increased

stiffness and a model with a rigid connection. The increased stifness model has a reduced spacing of

10d instead of the 20d shown in section 3.9.3. Comparing different models allows for examination

of the interaction between in-plane and out-of-plane walls and its effect on the effective flange width.

The modelling assumptions for the different models are shown in table 5.6 and the deflections are

shown in figure 5.10.

Table 5.6. Boundary conditions vertical orthogonal connection , sensitivity analysis

ux uy uz ϕx
free free free free pinned

minimum spacing 10d 688 kN/mm/m rigid rigid pinned
rigid rigid rigid free pinned
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(a) Deformation

(b) Location vertical orthogonal connection

(c) Connection detail

Figure 5.9. Overview vertical orthogonal connection

Figure 5.10. Influence of the vertical orthogonal connection on the lateral deflection

The maximum deflections are shown in table 5.7 combined with the percentage difference to case

A.
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Table 5.7. Influence of the vertical orthogonal connection on the lateral deflection

deflection [mm] % with regards to case A
Case A 61.8 -

free 94.1 +52.3%
minimum spacing 10d 61.6 -0.3%

Rigid 61.2 -1.0%

From the results shown above increasing the stiffness of the vertical orthogonal by doubling the

mount of screws or modelling the connection as rigid reduces deflections by 0.3% and 1.0%

respectively. This shows that the effective flange width is not greatly increased in the case of an

increased stiffness in the vertical orthogonal connection.

Vertical in-plane connection CLT core

An overview of the vertical in-plane connection with its respective deformation mode can be seen

in figure 5.11.

(a) Deformation

(b) Location vertical in-plane connection

(c) Connection detail

Figure 5.11. Overview vertical in-plane connection

The influence of the vertical in-plane connection on the global stiffness is assessed by introducing

two boundary models. A model with the connection modelled as free and a model with the

connection modelled as rigid, given the lower and upper boundary of the effects of the connection

on the global stiffness. The modelling assumptions for the different models are shown in table 5.8
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and the deflections are shown in figure 5.12.

Table 5.8. Boundary conditions vertical in-plane connection , sensitivity analysis

ux uy uz ϕx
free free rigid rigid pinned
rigid rigid rigid rigid pinned

Figure 5.12. Influence of the vertical in-plane connection on the lateral deflection

The maximum deflections are shown in table 5.9 combined with the percentage difference to case

A.

Table 5.9. Influence of the vertical orthogonal connection on the lateral deflection

deflection [mm] % with regards to case A
Case A 61.8 -

free 158.6 +156.6%
Rigid 60.6 -1.9%

Comparing the lower and upper bound value of the influence of the vertical in-plane connection it is

observed that quite a large difference exist between both values, namely 98 mm. Which highlights

the effect of the in-plane connection on the global stiffness of the system. Providing an in-plane

connection with a high stiffness can increase the overall stiffness of the core system. The currently

designed in-plane connection, based on ULS, as shown in section 3.9.4 is already close to the upper

bound value. Therefore increasing the stiffness of the connection will not lead to a drastic reduction

of the deflections. Additionally the connection is already designed at a minimum spacing of the

screws, therefore to increase the stiffness of the connection a new joint design should be made.
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Variable distribution of the vertical connections

The connections for the vertical orthogonal and vertical in-plane have been designed based upon

maximum forces in ULS, in which the joint is homogeneous over the height of the structure. In

this section the influence of a variable distribution of the vertical joint design is assessed. The

vertical joints have a stiffness K equal to the previously designed values at ground floor, 344 and

355 kN/mm/m for the orthogonal and in-plane connection respectively, while at the 10th floor

the stiffness is equal to 0, as can be seen in figure 5.13a. The deflection of for the structure with

variable distributed vertical orthogonal, vertical in-plane and a combination of both can be seen in

figure 5.13b with maximum values shown in table 5.10.

(a) Variable distribution (b) Lateral deflection

Figure 5.13. Influence of variably distributed vertical connections on the lateral deflection

Table 5.10. Maximum values of the lateral deflection for tapered vertical connections

deflection [mm] % with regards to case A
Case A 61.8 -

tapered vertical in-plane 62.9 +1.8%
tapered vertical orthogonal 62.7 +1.4%

tapered vertical in-plane & orthogonal 63.7 +3.1%

It can be seen that decreasing the amount of screws over the height decreases interaction between

the walls resulting in an increased lateral deflection. However reducing the amount of screws by

50% in the vertical connections increases lateral deflections 3.1% still providing a high degree of

interaction between core walls, showing that a large part of the slip in the vertical joints originate

from the lower section of the core where forces are at a maximum.

5.1.4 Conclusion results case A

The current design of case A which has been designed based ULS criteria does not meet the

imposed limit on deflections, however for such a non-slender structure the dynamic behaviour is
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not governing in this case.

The castelations are able to reduce deflections by 0.8% using mechanical interlocking without

increasing the amount of steel used. Gap opening at ground level is one of the most critical

connection design aspects of a CLT core and is responsible for 6.8% of lateral deflections. Both the

vertical in-plane as orthogonal connection provide a high degree of composite interaction between

core walls. Further increasing the vertical stiffness’s will not have large effects on the composite

interaction of the core system.

Global stiffness of a CLT core incorporating vertical joints can be estimated using analytical

calculation methods. However carefull design choices need to be made when determining the

effective flange widths of the core. Additionally depending on the type of connection between core

and floors interaction between corner sections of the core may or may not occur.

5.1.5 Discussion results case A

During the modelling of the floor to core connection attention needs be paid as to how the connection

is realised. For instance modelling of the connection as rigid in the vertical direction will not only

prevent slip in the vertical joints but will also induce a bending moment in the floor plates, resulting

in a behaviour much like a moment resistant frame connecting corner sections of the core.

5.2 Results case B

In this section the results of case B are discussed, after which a sensitivity analysis is performed.

5.2.1 Static response

In this section the static behaviour of case B is discussed. The deflection under SLS loading can be

seen in figure 5.14. The maximum deflection of case B is equal to 52.9 mm, which is a reduction of

14.4 % in comparison to the maximum deflection of case A, which is 61.8 mm. From the figure

below it can also be noted that case B which is designed on ULS does not provide sufficient stiffness

to meet the SLS requirement on maximum deflection, equal to 40 mm.
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Figure 5.14. Deflection of case B

Contributions to the total deflection

The different contributions to the total deflection of case B can be seen in figure 5.15. Similar

observation can be made as discussed in section 5.1.1 with regards to the behaviour of the core and

its respective contributions, however the average contributions of the core have decreased due to

the addition of the outrigger.
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Figure 5.15. Origin of translations case B

Forces in the connections

In this section the influence of the addition of the outrigger on the forces in the core connections

are discussed.

Comparing the axial forces in the horizontal connection as shown in table 5.11. It can be seen that

a reduction of maximum forces is present due to the addition of the outrigger.
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Table 5.11. Maximum axial force horizontal connections

tensile force [kN] compressive force [kN]
Case B

ground floor +1290(-8.2%) -2168(-4.2%)
fourth to fifth +271(-44%) -796(-10%)
eight to ninth +102(-58.9%) -390(-2.7%)

Case A
ground floor +1405 -2263
fourth to fifth +484 -884
eight to ninth +248 -401

Table 5.12. Maximum shear force horizontal connections

Case A Case B
shear force [kN/m]

ground floor 390 372 (-4.5%)
fourth to fifth 287 269(-6.3%)
eight to ninth 103 92 (-10.6%)

Table 5.13. Maximum shear force vertical connections

Case A Case B
shear force [kN/m]

in-plane 328 261 (-20.4%)
orthogonal 250 202 (-19.2%)

From table 5.13 it can be seen that the forces in the vertical connections of the core have been

reduced by approximately 20%. Since the connection has been designed based on ULS the spacing

between the screws can be increased by 20% which would provide enough strength to carry the

design loads. What is interesting to note however is that increasing the spacing by 20% does not

have a large effect on the interaction factors of the core as can be seen in table 5.14.

Table 5.14. Interaction factors

K [kN/mm] s [mm] γ

Vertical orthogonal γ1.1 89.4 260 0.988
Vertical orthogonal γ1.2 89.4 260 0.976

Vertical in-plane γ2 46.2 130 0.968
+20% spacing

Vertical orthogonal γ1.1 89.4 312 0.985(-0.3%)
Vertical orthogonal γ1.2 89.4 312 0.972(-0.4%)

Vertical in-plane γ2 46.2 156 0.962(-0.6%)

Calculating the analytical deflection of the CLT core similar as in section 5.1.1 results in a deflection

of 78.9 mm, compared to the 78.6 mm previously found, which is only 0.3 mm higher. The influence

of increasing the spacing on the global deflections has been verified with numerical models in
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which the deflections are increased by 0.2 mm when the spacing in the vertical orthogonal and

in-plane connections is increased by 20%.

Behaviour of the outrigger

In this section the behaviour of the outrigger is discussed, first the deflections of the outrigger are

discussed and secondly the forces in the outrigger are discussed. Contributions to the deflections

and forces in the outrigger are subdivided into contributions due to lateral wind loading and

contributions due to vertical loading of the structure.

In figure 5.16 the vertical displacement of the outrigger is shown due to wind loads, vertical loading

and finally a combination of wind and vertical loads. In table 5.15 the vertical displacement of the

nodes are given due to lateral wind loading, from this table it can be seen that the displacement

of the inner and outer column row is approximately equal to 1 mm. For the loaded side the

displacement is upwards while for the opposite side the displacement is downwards resulting in

tensile and compressive loads in the columns respectively.

While in table 5.15 it can be seen that the displacement due to vertical loading of the inner column

row is equal to 12.5 mm while the displacement of the outer column row is 9 mm. The larger

displacement in the inner column row is due to a higher load transfer in the column which causes a

larger axial deformation. Additionally it can be seen that the axial shortening in the core is 2 mm

due to vertical loads, resulting in an average axial shortening difference between columns and core

of 8.8 mm.

Table 5.15. Vertical displacements of the outrigger

left outer
column

left inner
column

left side
core

right side
core

right inner
column

right outer
column

wind loading 0.9 mm ↑ 0.9 mm ↑ 2.5 mm ↑ 1.9 mm ↓ 1.1 mm ↓ 0.9 mm ↓
vertical loading 9.0 mm ↓ 12.5 mm ↓ 2.0 mm ↓ 2.0 mm ↓ 12.5 mm ↓ 9.0 mm ↓

combination 8.1 mm ↓ 11.6 mm ↓ 0.5 mm ↑ 3.9 mm ↓ 13.6 mm ↓ 9.9 mm ↓
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(a) Wind load

(b) Vertical loads

(c) Combination

Figure 5.16. Vertical displacement of the outrigger

In figure 5.17 the axial force in outrigger members is shown. In figure 5.17a the forces are shown

due to lateral wind loading, it can be seen that compressive forces in the diagonals are slightly

larger than tensile forces. Which is likely due to the axial stiffness of the connection, which is

only activated in tension resulting in a lower outrigger stiffness for the tensile side, resulting in a

slightly larger compressive force in the columns. Additionally it can be seen that inner column row

transfers a higher load than the outer column row. The total bending moment which is transferred

from core to columns is equal to 6105 kNm.

Vertical loading of the structure results in a tensile force of approximately 420 kN in the inner

diagonal while the outer diagonal transfers a compressive force of 150 kN as can be seen in figure

5.17b.

Combining both lateral and vertical loads it is shown that compressive forces in the column are not

decreased enough to reach the tensile regime, as can be seen in figure 5.17c. Additionally it can

be seen that the force in the outer diagonal on the left side of the core is reduced after combining

vertical and lateral loading, while the tensile force on the inner diagonal is increased. At the right

side of the core the force in the inner diagonal is reduced while the force in the outer diagonal is

increased.
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(a) Wind load

(b) Vertical loads

(c) Combination

Figure 5.17. Forces in members of the outrigger

Behaviour of the core at outrigger level

In this section the behaviour of the core at outrigger level is assessed. Due to the addition of the

outrigger, forces within the core may change with regards to case A.

During the design of the vertical connections, orthogonal and in-plane, the assumption has been

made that wall sections remain in contact during loading since only compressive horizontal forces

are present. The horizontal forces at outrigger level and adjacent floors, floor six, seven and eight,

are shown in figure 5.18.
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(a) Case A

(b) Case B

Figure 5.18. Horizontal axial forces ny in the core at outrigger level

In figure 5.18a it can be seen that for case A without outrigger the horizontal forces ’ny’ in the

vertical in-plane connection is equal to zero. When the outrigger is introduced forces in the

horizontal direction at outrigger level differ, see figure 5.18b. It can be seen that at the left hand

side a compressive and tensile force is introduced, in the lower beam and diagonal respectively,

with the values shown in figure 5.17c. The compressive force can be transferred through contact

between the in-plane wall sections. While the tensile force, with a maximum value of 164 kN/m, in

the in-plane connection needs to be taken up by the inclined and straight screws.
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Figure 5.19. Force transfer outrigger to core , top view

The horizontal forces are transferred through the three horizontally orientated layers with a total

thickness of 120 mm as can be seen in figure 5.19. Additionally it can be seen that the outrigger

transfers forces to the in-plane CLT core wall, indicated with black and green direction. It can be

seen in equation 5.2 and 5.3 that the horizontal layers are sufficiently strong to carry the transfer

the tensile loads.

ft,0,d = kmod ∗
ft,0,k
γM

= 10.1 N/mm2 (5.2)

σt,d =
Nt,y

A
= 1.4 N/mm2 ≤ ft,0,d (5.3)

In equations 5.4 and 5.5 it can be seen that the compressive stresses can be transferred through the

horizontal layers, based on a maximum horizontal compressive force of 200 kN/m.

fc,0,d = kmod ∗
fc,0,k
γM

= 15.1 N/mm2 (5.4)
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σc,d =
Nc,y

A
= 1.7 N/mm2 ≤ fc,0,d (5.5)

5.2.2 Dynamic response

The first eigenfrequencies for case B can be seen in figure 5.20, with the type of modes similar to

the ones found for case A. However a shift in frequency is observed when compared to case A as

can be seen in table 5.16.

Figure 5.20. Dynamic response case B

Table 5.16. Eigenfrequencies lateral sway modes case B

x-direction [Hz] y-direction [Hz]
Case A 0.86 0.89
Case B 0.94(+9.3%) 0.97(+9.0%)

The increase in eigenfrequencies results in a decreased peak lateral acceleration as can be seen in

table 5.17. The peak accelerations are reduced by 10.1 % due to the addition of the outriggers.
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Table 5.17. Peak lateral acceleration case B

acceleration [m/s2]
case A 0.076
case B 0.069 (-10.1%)

Similar to case A the first mode is a torsional mode and is disregarded in the calculation of the

along wind peak lateral acceleration on the basis of being anti-symmetric while the wind load is

symmetric.

Simplified calculation

A simplified model is made in the software matrixframe using the previously calculated anayltical

bending stiffness of the core as shown in section 5.1.1. Results are shown in table 5.18 with

assumptions for the model shown in Appendix B.

Table 5.18. Result analytical vs numerical calculation outrigger

deflection [mm] deflection [mm]
type analytical/simplified numerical

horizontal connections included no yes
without outrigger 78.6 61.8

with outrigger 53.3(-32%) 49(-20.7%)

The simplified model provides a upper bound value of the influence of the addition of an outrigger

to a CLT core building.

5.2.3 Sensitivity analysis case B

During the sensitivity analysis the influence of different design parameters on the stiffness of the

structure are assessed. Starting with the member size of both the outrigger and column, secondly

the stiffness of the connections of the outrigger, thirdly the height of the outrigger and finally the

orientation of the system itself.

Column size

In this section the influence of the inner and outer column connected to the outriggers is assessed,

the related columns can be seen in figure 5.21.
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Figure 5.21. Columns connected to the outrigger

The influence of the column size on the global stiffness is assessed three separate models, the first

model which is the regular case B design, which has a column size of 400x400 mm. The second

model use a column size in which the cross sectional area is increased by 25% resulting in a column

of 450x450 mm. The third model makes use of a column size of which the cross sectional area is

increased by 50 % compared to case B, 490x490 mm. The numerical results of the different models

are shown in table 5.19.

Table 5.19. Influence of the column size on the lateral deflection

column size maximum deflection % with regards to case B
Case B 400x400 mm 52.9 mm -

25% increase 450x450 mm 52.9mm 0%
50% increase 490x490 mm 52.9mm 0%

From the results it is immediately apparent that the column size does not influence the lateral

deflection, at least not for the cases that the column size is increased by 25% and 50%.

Outrigger size

similar to the column size sensitivity discussed in the previous section the influence of the size

of the outrigger is checked on the lateral deflection. Case B is compared to a model with a 25

% increased member size of the outrigger and a model with a 50% increased member size of the

outrigger. The numerical results of the different models are shown in table 5.20.

Table 5.20. Influence of the outrigger size on the lateral deflection

column size diagonal size beam size deflection % with regards to case B
Case B 400x400 mm 360x300mm 300x400mm 52.9 mm -

25% increase 450x450 mm 360x375mm 360x415mm 52.5mm -0.8%
50% increase 490x490 mm 360x500mm 360x450mm 52.2mm -1.3%
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From the results it is shown that increasing the cross sectional areas of the outrigger by 25% and

50% leads to a reduction of lateral deflection by 0.8% and 1.3% respectively. The models used do

not included changes to the stiffness related to the connection of the outrigger, additionally column

size of the columns outside of the outrigger remain the same as in case B.

Connection stiffness

The influence of the connection stiffness of the outrigger is assessed by comparing case B to a

model with double the amount of dowels and a rigid model. The connections of the outrigger can

be seen in figure 5.22.

(a) Outrigger to core (b) Outrigger to column

Figure 5.22. Overview outrigger connections

The modelling assumptions used in the model are shown in table 5.21.

Table 5.21. Boundary conditions outrigger connection , sensitivity analysis

dowel rows ux uy uz ϕx ϕy ϕz
Case B
beam 2 rigid 262 kN/mm/m rigid rigid pinned pinned

diagonal 4 rigid 420 kN/mm/m rigid rigid pinned pinned
double stiffness

beam 4 rigid 524 kN/mm/m rigid rigid pinned pinned
diagonal 8 rigid 840 kN/mm/m rigid rigid pinned pinned

rigid
beam - rigid rigid rigid rigid pinned pinned

diagonal - rigid rigid rigid rigid pinned pinned

The results of the models are shown in figure 5.23 and table 5.22
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Figure 5.23. Influence of the connection stiffness of the outrigger on lateral deflection

Table 5.22. Influence of the connection stiffness of the outrigger on the lateral deflection

deflection [mm] % with regards to case B
Case B 52.9 -

double stiffness 52.3 -1.1%
Rigid 51.9 -1.9%

From the results shown above deflection is reduced by 1.1% if the amount of dowels is doubled and

thus the stiffness of the connection is doubled. Additionally it is shown that if the connections are

modelled as rigid the deflections can be reduced by 1.9%.

Combined member size and connection stiffness

In this section the influence of a combined increase of the column and outrigger size and the

connection stiffness on the global stiffness is assessed. The column and outrigger sizes are

increased by 25% and 50% similar as in the section 5.2.3. The stiffness of the connections are also

increased by 25% and 50% as shown in table 5.23 which is equal to an additional one or two rows

of dowels respectively.

Table 5.23. Boundary conditions outrigger connection , sensitivity analysis

dowel rows ux uy uz ϕx ϕy ϕz
Case B
beam 2 rigid 262 kN/mm/m rigid rigid pinned pinned

diagonal 4 rigid 420 kN/mm/m rigid rigid pinned pinned
+25% stiffness

beam 2.5 rigid 327.5 kN/mm/m rigid rigid pinned pinned
diagonal 5 rigid 525 kN/mm/m rigid rigid pinned pinned

+50% stiffness
beam 3 rigid 393 kN/mm/m rigid rigid pinned pinned

diagonal 6 rigid 630 kN/mm/m rigid rigid pinned pinned
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Results of the different models are shown in table 5.24.

Table 5.24. Influence of the connection stiffness of the outrigger on the lateral deflection

deflection [mm] % with regards to case B
Case B 52.9 -
+25% 52.3 -1.1%
+50% 51.8 -2.1%

Increasing both the member sizes and amount of dowels in the connection related to the outrigger

system by 25% and 50% reduces deflections by 1.1% and 2.1% respectively.

Material stiffness

The influence of the material stiffness is assessed by changing the outrigger and adjacent columns

from GL28h to GL32h to check to influence of the increased modulus of elasticity. The different

material strengths grades have different mean values for the Youngs modulus, according to table

2.2 the values for E0,g,mean are 12600 and 14200 Mpa for GL28h and GL32h respectively.

The maximum deflection for the case that GL32h is used is equal to 52.7 mm which is only 0.2mm

less then the case in which GL28h is used. Since the cost of GL32h is higher then that of GL28h, it

is not likely that changing the material properties leads to an cost effective method of decreasing

deflections.

Type of outrigger

Two different types of outrigger are assessed namely a truss type and a shear wall type. The shear

wall is constructed of similar build up of CLT connecting the core to the columns. It should be noted

that the assumption is made that a similar connection as the panel to foundation connection will

be sufficient in transferring the forces from core to outrigger wall and vice versa. The orientation

is that of vertical core wall rotated by 90 degrees, such that the vertical fibres lay in horizontal

direction. The deflection of both types of outriggers can be seen in figure 5.24.
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Figure 5.24. Deflection of CLT the shear wall outrigger

The maximum deflection of the wall outrigger is 47.4 mm which is 5.5 mm or 10.4 % lower than the

deflection of case B which shows the effectiveness of the system. It should be noted however that

such a system drastically reduces the open floor area of the storey at which the system is applied.

Having openings in the outrigger wall will allow for transportation across rooms but will likely

have large effects on the effectiveness of the system. Additionally the amount of timber needed for

this system is higher than that of the truss.

Additionally changing the type of outrigger will have the following influence, while stiffness is

increased compared to a truss type outrigger the type of force on the connection between core and

outrigger is changed. For the truss type an axial and compressive force is transferred to the core

while a shear wall will transfer a bending moment, the values of the resulting horizontal force can

be seen in figure 5.25. Comparing the force per meter length to that of the truss the following

observations can be made. The maximum tensile force per meter length for the shear wall outrigger

is equal to 1200 kN/m, while the maximum tensile force (750 kN) in the truss is transferred through

the diagonal of the outrigger at a vertical member height of 360 mm resulting in a maximum tensile

force per meter length of 1747 kN/m. Therefore it can be said that introduction of a shear wall as

an outrigger will reduce tensile requirements on the dowels compared to a truss type. A shear wall

type is able to more effectively spread out the stresses over the height of the connection, while a

truss results in higher local stresses.
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Figure 5.25. Horizontal force in the outrigger to core connection

Location of the outrigger

The influence of the location of the outrigger is assessed by placement of the outrigger at the fourth,

fifth, sixth, seventh (Case B), see figure 5.26b, and eight floor. The deflection of the different cases

is shown in figure 5.26a and the maximum deflection is shown in table 5.25.

(a) (b) Outrigger location case B

Figure 5.26. Lateral deflection of the structure with different heights of the outrigger

Table 5.25. Influence of the location of the outrigger on the lateral deflection

deflection [mm] % with regards to case B
Case B(seventh floor) 52.9 -

fourth floor 55.5 +5.4%
fifth floor 53.7 +1.5%
sixth floor 53.1 +0.4%
eight floor 53.6 +1.3 %

According to literature the optimum height of the outrigger was at 49 % of the building height for

displacement optimization. From the results shown above for a glulam outrigger to a CLT core the

optimum height can be found at seventh floor for a 10 storey building, which is at 58.5 % of the
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building. This shows there is an upwards shift of the optimum location for an outrigger in a timber

building versus a concrete/steel building.

Outrigger truss configuration

Different outrigger truss configurations are modelled to investigate the influence it has on the

deflection of the structure. The different configurations modelled are shown in figure 5.27.

Figure 5.27. One storey outrigger configurations

Modelling of the connection and member sizes is based on the member size of the diagonal of 360

by 300 mm with the spring stiffness as calculated in section 3.10.

The deflections of the different truss configuration can be seen in figure 5.28. The maximum

deflection of the different configurations are found in table 5.26.

Figure 5.28. Lateral deflection of the outrigger truss configurations
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Table 5.26. Influence of the location of the outrigger on the lateral deflection

deflection [mm] % with regards to case B
Case B 52.9 -

configuration 1 54.0 +2.0%
configuration 2 56.8 +7.4%
configuration 3 52.5 -0.8%
configuration 4 53.2 +0.6%

Configuration 3 provides the lowest maximum deflection of the structure and reduces overall

deflection by 0.8%. Difference between the configurations is noticeable, especially configuration 2

has a large negative effect on the maximum stiffness. This is largely due to the reduced angle of the

diagonal from 33◦ to 18◦.

Two storey outrigger truss configuration

In this section the influence of the outrigger configuration for a two storey tall truss will be assessed.

From the forces in the truss of the Case B design as shown in figure 3.30 most of the forces on the

tensile (left) side are transferred to the inner column, which reduces the lever arm of the bending

moment and as a result the effectiveness of the system is reduced. Therefore it is proposed to

increase the height of the outrigger to two storey to have a member directly connecting the core to

the outer column, while not reducing the angle of the diagonal. Four different designs are made

which are shown in figure 5.29.

Figure 5.29. Two storey outrigger configurations

The lateral deflection of the different configurations can be seen in figure 5.30 and the values for

the maximum deflections can be found in table 5.27.
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Figure 5.30. Lateral deflection of the two storey tall outrigger truss configurations

Table 5.27. Influence of the location of the outrigger on the lateral deflection

deflection [mm] % with regards to case B
Case B 52.9 -

configuration 1 49 -7.4%
configuration 2 41.9 -20.8%
configuration 3 46.8 -11.5%
configuration 4 44.4 -16.6%

The deflection of the outrigger system can be reduced by increasing the storey height of the truss,

allowing for a direct line between the outer column and the core. By shifting the outer diagonal

one storey down in comparison to the design of case B, as shown in figure 5.29 configuration 1,

the deflections of the structure can be reduced by 7.4 %. Configuration two reduces the maximum

deflections by 20.8 % to 41.9 mm, which is almost sufficient for the 40 mm deflection limit.

The maximum deflection of the structure can be decreased by 32.2 % when compared to case A

without outrigger, while a single storey outrigger reduces deflections by 15.1 %. Which highlights

the significance of have a two storey tall outrigger.

Effectiveness of the outrigger system

In this section the influence of the outrigger stiffness on the lateral deflections and peak lateral

accelerations is discussed. For each of the before mentioned outriggers the effective bending

stiffness is calculated in Appendix L, which includes the calculation method and relevant data

needed from each different case. The effective bending stiffness of 10 different cases is determined,

four two storey outriggers, six one storey outriggers of which one shear wall type outrigger. The

ratio of effective bending stiffness of outrigger to core is determined and plotted on the x-axis

with the maximum lateral deflections and normalized lateral deflections on the y-axis as shown

in figure 5.31a and 5.31b respectively, after which an exponential curve is fitted to the processed
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data. A similar approach is used to determine the influence of the stiffness ratio on the peak lateral

acceleration as can be seen in figure 5.31c and in figure 5.31d with normalized values

(a) Lateral deflection (b) Normalized lateral deflection

(c) Peak lateral acceleration (d) Normalized peak lateral acceleration

Figure 5.31. Fitted curves influence of stiffness ratio

In figure 5.31a it can be seen that for a stiffness ratio close to zero the deflection is equal to the

deflection of case A, 61.8 mm. For a high outrigger stiffness and as a result a higher stiffness ratio

the maximum lateral deflection is close to 41 mm and 0.66 for a normalized deflection. For the case

of accelerations the normalized value for the peak lateral acceleration becomes 0.77. In this case

the outrigger can be assumed as an infinitely rigid beam. Even though some scatter occurs it can be

seen that an exponential fit closely follows the data points plotted in the figure. From the graph it

can be seen that increase the stiffness ratio from 0 to 10 ∗10−5 will have a large effect on the later

deflection, namely 28% reduction. While increasing the stiffness ratio from 10 to 20 ∗10−5 will

only result in a reduction in deflections of 5%. Similar observations can be made for the influence

of the stiffness ratio on the peak lateral accelerations.

By mirroring the normalized exponential relationships around the x-axis and changing the values

on the y-axis from 0 to 100% an estimation of the effectiveness of a specific outrigger design can be

made according to figure 5.32 on terms of maximum lateral deflection and peak lateral accelerations.

In which 0% represents the case that the outrigger has no bending stiffness, i.e. non-existant. While

100% represents the case that the outrigger has an infinitely high bending stiffness.
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Figure 5.32. Effectiveness outrigger

5.2.4 Conclusion results case B

The following conclusions are made based on the results from case B.

■ A 10 storey CLT core with a one storey timber outrigger designed based on ULS does not

provide sufficient stiffness to meet the SLS requirement on deflections.

■ Similar to case A the most critical connection in terms of deflections is the connection

between the core and foundation. In which rigid body translations are responsible for 6.4%

of the total deflections.

■ Implementation of the outrigger leads to a reduction in forces in the core. Redesign of the

vertical orthogonal and in-plane connection, by increasing the spacing by 20%, increases

global deflections only by 0.4%.

■ Introducing an outrigger to a CLT core system introduces horizontal loads in the core at

outrigger level, these loads need to be taken up in the vertical in-plane connection between

CLT panels.

■ Peak lateral accelerations are decreased by 10% due to the addition of the outrigger system

while the first eigenfrequencies for lateral sway modes are increased by 9 %.

■ Increased member size of the column showed to have little effects on lateral deflections,

while an increase in member size of the outrigger truss by 25 % and 50% reduced deflections

by 0.8% and 1.3%.

■ Increasing the stiffness of the connections in the outrigger truss by doubling the amount of

dowels reduces deflections by 1.1%.

■ A combined increase of outrigger member size and connection stiffness by 25% and 50%

reduces deflections by 1.1% and 2.1% respectively.

■ A CLT shear wall type outrigger is able to reduce deflections more effectively than a truss

type outrigger. However the open floor area is drastically reduced by implementing a closed

outrigger system.

■ Optimum location of the outrigger was found to be at 58.5 % of height of the structure for a

10 storey timber building.
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■ Reducing the angle of the diagonal of the outrigger reduces the overall effectiveness of the

system. An increase of deflections of 8% is observed when the diagonal connects the outer

column directly to the core, instead of outer column to inner column and inner column to

core.

■ Two storey outriggers are able to more then double the reduction of lateral deflections

compared to a single storey outrigger. A reduction of deflections of 32.2 % and 15.1% is

observed when a two and one storey outrigger is implemented in the CLT core building

compared to the deflections of the core itself.

■ Due to the addition of the outrigger forces in the vertical connections in the core are reduced

by 20%. Decreasing the amount of screws by 20% does not have a large influence on the

interaction factor between walls, the increase in lateral deflections is 0.4%.

■ The influence of the outrigger to core effective bending stiffness ratio on both the lateral

deflections and peak lateral accelerations was evaluated. An exponential fit provided a close

fit to the data points.

■ An estimation can be made of the effectiveness of a specific stiffness ratio in terms of

reducing deflections and lateral accelerations. With lower and upper bound effectiveness

representing zero and infinite bending stiffness of the outrigger respectively.

5.2.5 Discussion results case B

Connection design of the different configurations of outriggers both one and two storey config-

urations is based upon the design for case B. The numerical results showed that the dowelled

connection provided adequate strength to support the loads from various outrigger configurations.

5.3 Results case C

In this section the results of Case C are discussed, additionally the design of case C is discussed

based on sensitivity analysis results of case A and B.

Design of case C

Design of case C is based upon the results obtained from the sensitivity analysis of case A and B as

shown in chapters 5.1.3 and 5.2.3 respectively. To further decrease the deflections to a value of 40

mm or lower the following changes are made to case B to obtain case C.

■ It has been shown that a two storey outrigger is able to more then double the reduction in

deflections compared to a single storey outrigger. Therefore it is proposed to implement a

two outrigger with an X-configuration similar to configuration 2 as shown in figure 5.29,

reducing the deflections to 41.9 mm.

■ From both case A and case B it has been shown that the connection between foundation and

core is critical and is responsible for 6.8% and 6.4% of total deflections due to rigid body

rotation of the core. Therefore it is proposed to increase the stiffness of the horizontal ground

floor connection by doubling the amount of dowels , from three to six rows of dowels. Which
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decreases the deflections to 40.5 mm.

■ Finally the member size of the diagonals and beams in the outrigger is increased by 25% in

combination with an increased connection stiffness of 25%, which is equal to an additional

dowel row in both members. Which decreases deflections further to below 40 mm.

5.3.1 Static response

In figure 5.33 it can be seen that case C provides sufficient global stiffness to meet the requirements

on maximum deflection of 40 mm.

Figure 5.33. Deflection case C

In table 5.28 the results of the maximum deflection for the different case studies can be seen.

Table 5.28. Maximum deflections of case studies

deflection [mm] % with regards to case A
case A 61.8 -
case B 52.9 14.4%
case C 39.9 35.4%

Forces in the connections

In this section the influence of the addition of the two storey outrigger with X-configuration on the

forces in the core connections are discussed.

Comparing the axial forces in the horizontal connection as shown in table 5.29. It can be seen that

a reduction of maximum forces is present due to the addition of the outrigger two storey outrigger,

reducing strength requirements on the horizontal core to core and core to foundation connection.

Additionally the reduced forces in the horizontal connection result in a smaller vertical gap opening

lowering the rigid body translations of the core.
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Table 5.29. Maximum axial force horizontal connections, case C

tensile force [kN] compressive force [kN]
Case C

ground floor +1197(-14.8%) -2109(-6.8%)
fourth to fifth +133(-73%) -593(-33%)
eight to ninth +78(-69%) -382(-4.5%)

Case B
ground floor +1290(-8.2%) -2168(-4.2%)
fourth to fifth +271(-44%) -796(-10%)
eight to ninth +102(-59%) -390(-2.7%)

Case A
ground floor +1405 -2263
fourth to fifth +484 -884
eight to ninth +248 -401

Table 5.30. Maximum shear force horizontal connections, case C

Case A Case B Case C
shear force [kN/m]

ground floor 390 372 (-4.5%) 337 (-13.6%)
fourth to fifth 287 269(-6.3%) 261(-9%)
eight to ninth 103 92 (-10.6%) 92(-10.6%)

Table 5.31. Maximum shear force vertical connections, case C

Case A Case B case C
shear force [kN/m]

in-plane 328 261 (-20.4%) 218 (-33.5%)
orthogonal 250 202 (-19.2%) 170 (-32%)

By implementation of the two storey outrigger (case C) the connection forces are further reduced

compared to the case of a single storey outrigger (Case B) as can be seen in the tables above. In table

5.31 it can be seen that maximum shear forces in the vertical connections of the core are reduced

by approximately 33%, further reducing strength requirements of the vertical connection of the

core compared to a single storey outrigger. Spacing of the screws of the vertical core connections

could be reduced further to decrease the amount of steel used, without having a large influence on

the interaction factor of the different connections.

Forces in the outrigger

In this section the forces in the outrigger of case C are discussed. In figure 5.34c the maximum

forces in the outrigger are shown while in 5.34a and 5.34b the forces due to wind and vertical

loading are shown respectively.
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(a) Wind load

(b) Vertical loads

(c) Combination

Figure 5.34. Forces in members of the outrigger of case C

It can be seen in figure 5.34a that the total amount of bending moment transferred from core to

columns is around 14200 kNm, which is more than twice the amount of case B which was 6100

kNm respectively.

Behaviour of the core at outrigger level

In this section the behaviour of the core at outrigger level is assessed due to the addition of a two

storey outrigger with X-configuration. The maximum forces can be seen in figure 5.35 with a

tensile force in the upper outrigger to core connection and a horizontal force in the lower outrigger

to core connection.
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Figure 5.35. Horizontal axial forces ny in the core at outrigger level, case C

The maximum horizontal stresses in the horizontally orientated layers are shown in equation

5.6 and 5.7. The forces induced by the outrigger can be transferred through the in-plane CLT

panels. The current design of the vertical in-plane connection is sufficiently strong to carry the

maximum horizontal tensile loads. However if the forces in the connection are increased further

local reinforcement is needed to transfer the tensile loads from panel to panel.

σt,d =
Nt,y

A
= 2.2 N/mm2 ≤ ft,0,d (5.6)

σc,d =
Nc,y

A
= 2.6 N/mm2 ≤ fc,0,d (5.7)

5.3.2 Dynamic response

The first eigenfrequencies for case C can be seen in figure 5.36, the fifth mode is changed from

second lateral sway mode to third torsional mode. The eigenfrequency of the lateral sway modes is

increased by approximatly 27-28% compared to case A as can be seen in table 5.32.
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Figure 5.36. Dynamic response case C

Table 5.32. Eigenfrequencies lateral sway modes case C

x-direction [Hz] y-direction [Hz]
Case A 0.86 0.89
Case B 0.94(+9.3%) 0.97(+9.0%)
Case C 1.10(+27.9%) 1.13(+26.9%)

The increase in eigenfrequencies results in a decreased peak lateral acceleration as can be seen

in table 5.33. The peak accelerations are reduced by 25 % due to the addition of the two storey

outrigger.

Table 5.33. Peak lateral acceleration case C

acceleration [m/s2]
case A 0.076
case B 0.069 (-10.1%)
case C 0.057 (-25%)

Similar to case A and B the first mode is a torsional mode and is disregarded in the calculation of

the along wind peak lateral acceleration on the basis of being anti-symmetric while the wind load is

symmetric.

5.3.3 Conclusion results case C

The following conclusions are made based on the results from case C.

■ A 10 storey CLT core with a two storey timber outrigger is able to provide sufficient stiffness
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to meet the SLS requirement on deflections. The maximum later deflection is equal to 39.9

mm which is a reduction of 35.4% compared to case A.

■ Due to the addition of the two storey outrigger forces in the vertical connections in the core

are reduced by 33%.

■ An overall reduction of forces in the connections can be observed when introducing a two

storey outrigger compared to a single storey outrigger. Further decreasing the strength

requirements on the connections of the core.

■ The transfer of bending moment from core to columns is increased from 6100 kNm to 14200

kNm by implementing a two storey outrigger compared to single storey outrigger.

■ Introducing an outrigger to a CLT core system introduces horizontal loads in the core at

outrigger level, these loads need to be taken up in the vertical in-plane connection between

CLT panels. By introducing a two storey outrigger the horizontal tensile stress is increased

from 1.4 N/mm2 to 2.2 N/mm2 compared to a single storey outrigger in the horizontally

orientated layers. Horizontal compressive stresses are increased from 1.7 N/mm2 to 2.6

N/mm2. Tensile strength requirements on the vertical in-plane connection between core

panels is further increased compared to a single storey outrigger.

■ Peak lateral accelerations are decreased by 25% due to the addition of the two storey outrigger

system while the first eigenfrequencies for lateral sway modes are increased by 27%.
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6. Discussion

Limitations

The influence of the foundation is not included, therefore the results provided throughout the report

reflect only on the behaviour of the structure. Not including the foundation reduces the accuracy of

the results provided in this report, however the influence of the addition of the outrigger can still be

assessed with a reasonable accuracy.

Throughout the design of the different case studies a similar core layout is used. The influence of

increasing the core size has not been assessed in the sensitivity analysis. Increasing the core size

will have a positive influence on the global stiffness of the structure, but will come at the cost of

available net floor area, an increased amount of material and an increased amount of connections

that are needed.

For the case studies in this research only the influence of a single outrigger is assessed, since the

structure is only 10 storeys tall. Adding more outriggers will come at the cost of open floor area. If

the use of the building is changed from office to residential the need for open floor area is reduced

and more shear walls and/or outriggers can be placed.

In this research the scatter of different aspects of the design such as stiffness, geometrical and

material strength on component and global level has not been taken into account. However the

scatter of these parameters especially the former two can have significant influence on some of the

comparisons made in this research. Comparison between different case studies, connections and

design parameters as shown in section 5 showing low differences can be significantly influenced by

such scatters.

Behaviour of the CLT core structure

The core is build-up of different CLT walls which are connected using double inclined STS. The

designed connections are able to provide high interaction between core walls which increases global

stiffness and provides better use of the CLT panels. Sliding between panels is minimized due to the

high connection stiffnesses and respective high interaction factors, which are close to 1.

At foundation level uplifting forces are present due to the lateral wind-loading. Since the core is

not post-tensioned gap opening occurs which will result in lateral deformations due to rigid body

rotations, a gap opening at foundation of 0.6 mm results in lateral deflection of 4.2 mm at the top of

the structure, being responsible for 6.8% of total deflections for case A. Additionally due to shear

forces in the horizontal connections sliding occurs resulting in rigid body translations. However

with the introduction of the castellations rigid body translations can be kept to a minimum. These

phenomenons together describe the composite behaviour of a CLT core with both vertical and
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horizontal connections.

Behaviour of the outrigger structure

By introducing a timber outrigger to a CLT core a part of the bending moment in the core is

transferred through the outrigger to the columns which transfers the force to the foundation. The

outrigger restricts rotation of the core which induces a inflection point in the deflection graph

resulting in a decreased global deflection of the structure. By introducing an outrigger the global

structure becomes stiffer resulting in a higher natural frequency which in turn results in a lower

peak lateral acceleration. The effectiveness of the system depends on the stiffness of the outrigger.

Increasing the effective stiffness of the outrigger will increase the overall effectiveness of the

system.

The in this research presented relationship between the ratio of the effective bending stiffness of the

outrigger to core and deflection and accelerations is determined based on the numerical data from

the different case studies and sensitivity analyses. However the following influences have not been

taken into account in the determination of the relationship. First the influence of the building height,

secondly the lever arm of the outrigger and finally the influence of the effective core stiffness.

Nevertheless the current model presented can provide an estimation of the reduction of lateral

deflections or peak lateral accelerations due to the addition of an outrigger for outriggers placed

around mid height of the building. Additionally with the fitted curves as shown in figure 5.37 the

overall effectiveness of the outrigger can be estimated on terms of reducing lateral deflections and

accelerations where 0% is equal to an outrigger with zero bending stiffness while 100% is equal to

an infinitely rigid outrigger. From the figure below it can be seen that an outrigger design reaches a

higher maximum lateral deflection effectiveness than a peak lateral acceleration effectiveness for a

similar stiffness ratio.

Figure 5.37. Effectiveness outrigger

The curves shown in figure 5.37 could help structural engineers in getting a feeling for a specific

core and outrigger design and provide an estimation of how much a design could be improved

based on the stiffness ratio in terms of deflections and accelerations.
148



The outrigger is able to transfer forces from the core to the outer columns, as a result the strength

requirements on the connections of the core are reduced. By having a stiffer outrigger the system

is more effective in transferring forces from the core to the columns, further reducing force

requirements on the connections of the core.

The single storey outrigger is able to provide interaction between the core and columns which

reduces the bending moment in the core by 6106 kNm. The bending moment is transferred as

compressive and tensile loads through the diagonals and beams from the core to the columns. This

tensile loads results in horizontal tensile forces being present in the vertical in-plane connection

between CLT panels in the core. By increasing the stiffness of the outrigger the amount of forces

transferred is increased to 14200 kNm for case C compared to case B resulting in an increase of

horizontal forces in the core by 58%. Increasing the stiffness of the outrigger will increase bending

moments transferred from core to column which will in turn result in higher tensile stresses in the

vertical connections of the core at outrigger level.

In section 5.2.3 the influence of different two-storey outriggers has been assessed. Comparing a

single diagonal connecting the core to the columns, for a one storey outrigger as shown in figure

5.38a and a two storey outrigger as shown in figure 5.38c, an outrigger with an increased angle from

18◦ to 33◦ respectively is able to more effectively transfer forces from the core to columns. This is

due to the fact that an increased angle results in a higher percentage of vertical forces transferred to

the columns, increasing the effectiveness of the system and reducing lateral deflections from 56.8

to 49 mm for a one and two storey outrigger respectively.

Additionally it has been shown that a single outrigger diagonal directly connecting the outer column

to the core of a two-storey outrigger compared to one-storey outrigger with similar angels is able

to increase effectiveness of the system without increasing the material use. The deflections are

reduced from 52.9 to 49 mm by introducing outrigger configurations as shown in figure 5.38b

and 5.38c respectively. Finally it is shown that an X-type outrigger configurations is the most

effective method of transferring forces from core to columns. This is due to the fact that not one

but two diagonals directly connect the core to outer columns, of which one in tension and one in

compression, resulting in an increased stiffness of the system.

(a) One storey outrigger (b) One storey outrigger

(c) Two storey outrigger

Figure 5.38. Outrigger with a single diagonal connecting core to column
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Horizontal connections of the core

The height of a CLT panel is maximized in order to reduce the amount of horizontal connections,

which in turn reduces the lateral deflections due to rigid body translation and rotation. The

horizontal connection of CLT panel to CLT panel consists of both dowels as castellations. During

the calculation of the combined stiffness it has been assumed fabrication margins of both the

castellations and dowels holes do not lead to initial rigid body translations when loaded, therefore

the provided combined stiffness is used.

The castellated joint design is able to increase the shear stiffness by a factor 6.5 compared to a single

dowel row connection. If the building height is increased both the amount of horizontal connections

and the forces on the horizontal connection will increase which will increase the effectiveness of

the castellations in reducing the rigid body translations, provided a similar core layout is used.

Therefore the higher the structure the bigger the influence castellations will have on reducing global

deflections due to rigid body translations.

The horizontal connection at foundation level showed to be a critical design aspect in the ser-

viceability design of CLT core. The reason that especially the connection at foundation level

is critical is due the high tensile forces and the respective effect of vertical gap opening on the

lateral displacement. A horizontal connection at foundation level will double the lateral deflection

compared to a horizontal connection at half the height of the structure with similar vertical gap

opening, the lower the horizontal connection the higher the effect on lateral displacements. In both

case A and B small gap openings, below 1 mm, are responsible for approximately 6.5% of the total

lateral deflections due to translations of the core.

A possible alternative to the horizontal connection between core and foundation has been designed

by making use of glued-in rods as described in section Appendix K. The glued-in rod connection

could provide an increase in axial stiffness by a factor 5 while shear stiffness is reduced by a factor 5

compared to the dowelled connection. However since gap opening at foundation is critical glued-in

rods could reduce global deflections of a structure. Nevertheless placement of the glued-in rods

could proof difficult due to the limited amount of space.

Vertical connections of the core

As discussed in section 5.2.1 increasing the spacing, reducing the stiffness per meter length, in

the vertical core connections by 20% has minimal influence on the lateral deflections. In figure

5.39 the influence of the connection stiffness per meter length on the interaction factor γ can be

seen, showing an exponential distribution. From figure 5.39a it can be seen that the influence of

reducing connection stiffness by 20% is minimal while a more significant influence can be seen if

the connection stiffness is reduced by 50%, similar to the influence of having a variable distributed

vertical joint design as shown in section 5.1.3. The values of the interaction factors for different

connection stiffness values can be seen in table 5.34, highlighting the low influence of reducing

stiffness by 20% and showing a more significant but still low influence if stiffness is reduced by

50%. Decreasing the stiffness further than 50% could have drastic effects on the interaction factor
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and thus composite interaction of the core due to the exponential function of interaction factor vs

stiffness. It can also be seen from figure 5.39 that if the connection stiffness is doubled from 344 to

688 kN/mm/m a limited increase occurs in the orthogonal interaction factors. Which explains the

low influence of decreasing the spacing of the vertical orthogonal connection on the global stiffness

as previously shown in section 5.1.3.

(a) Interaction factor vs connection stiffness (b) Corner section core

Figure 5.39. Interaction factors CLT core

Table 5.34. Influence of connection stiffness on interaction factors

γ1.1 γ1.2 γ2
orthogonal connection orthogonal connection in-plane

Case A
Connection stiffness [kN/mm/m] 344 344 355

Interaction factor γ 0.988 0.976 0.968
-20%

Connection stiffness [kN/mm/m] 275 (-20%) 275(-20%) 284(-20%)
Interaction factor γ 0.985(-0.3%) 0.971(-0.5%) 0.961(-0.7%)

-50%
Connection stiffness [kN/mm/m] 172(-50%) 172(-50%) 177.5(-50%)

Interaction factor γ 0.976(-1.2%) 0.954(-2.3%) 0.939(-3.0)

In section 5.1.3 the influence of the vertical orthogonal connection of the core is shown. It was

shown that by modelling the vertical orthogonal connection as free the lateral deflections increased

by 52.3% showing the significance of providing interaction between the web and flange of the core.

In figure 5.40a the effective core contributing to the bending stiffness of the structure can be seen.

In the case of zero interaction between the webs and flanges, the webs are fully responsible for

providing stability against lateral loading.

In section 5.1.3 the influence of the vertical in-plane connection of the core is shown. It was shown

that by modelling the vertical in-plane connection as free the lateral deflections increased by 158.6%

showing the significance of providing interaction between the webs of the core. In figure 5.40b

the effective core contributing to the bending stiffness of the structure can be seen. In the case of
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zero interaction between the webs the effective length of the web is reduced by half with the lower

section of the web acting independently, additionally the effective flange width is reduced due to

the limited available width.

(a) Orthogonal (b) In-plane

Figure 5.40. Effect of zero interaction of the vertical connections of the core

Connections of the outrigger

From the sensitivity analysis on the influence of the connection stiffness of the outrigger in

section 5.2.3 it was shown that increasing the connection stiffness decreases global deflections.

By increasing the axial connection stiffness the axial slip of the outrigger joints under tension is

reduced providing an increased stiffness of the outrigger system and reducing overall deflections.

During modelling of the outrigger connections the assumption has been made that the slip only

occurs when the joint is under tension, as when under compression direct contact between members

would restrict slip in joints. Therefore increase the connection stiffness only effects joints under

tension.

Floor to core connection

In all graphs for deflections a slight inflection point can be seen at which the structures starts

bending in the opposite direction of the wind loading, which is especially apparent for the different

results of case A. The reason for this inflection point is the connection between corners of the core

and the floor, providing interaction between corner sections and restricting deformations, similar to

a moment resisting frame. In figure 5.41a the deflection of case A with and without floors can be

seen, while in figure 5.41b the normalized deflection of case A with and without the floors can be

seen.
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(a) Lateral deflection (b) Normalized deflection

Figure 5.41. Deflection of case A with and without floors

From the figures above it can be seen that the inflection point is due to the addition of the floors as

they will increase interaction between corners of the core and will reduce overall lateral deflections.

By adding stiffness in the vertical direction to the floor-to-core connection, the floors are able to

transfer bending moments between the corner sections of the core, similar to a moment resisting

frame. This interaction between corners improves the overall bending stiffness of the core. However

special attention needs to be paid during the design phase as to how this connection is realized and

how this influences the behaviour of the core system due to lateral wind loading.

Dynamic behaviour

The influence of the outrigger is assessed by performing a modal analysis with estimations of the

peak lateral acceleration made according to EC1-4. The estimation of the damping capacity is

based on results of previous timber buildings as discussed in section 2.6.1, a damping ratio of 1.9%

has been used. During the calculations for the lateral peak accelerations a similar damping ratio has

been used for all case studies. Therefore the additional connections and materials used to construct

the outrigger has not been taken into account to asses the influence the outrigger has on the global

damping ratio.

Throughout this research dynamic response of the structure is assessed due to lateral wind-loading.

When designing a similar structure for earthquake loading, using vertical connections in the core

consisting of double inclined screws can provide the necessary ductility and help dissipate energy.

The first eigen frequencies for lateral sway modes for case A are below the estimation for steel

and concrete buildings and approximations provided by Reynolds[50]. However values are similar

to the first two eigenfrequencies of the Treet. By introducing the timber outrigger to the CLT

core as done in case B and case C the first eigenfrequencies for lateral sway are increased by

9% and 27 % for a one and two storey outrigger respectively, which is a result of the increased

global stiffness. For the case that a two storey timber outrigger is introduced as in case C the

value of the eigenfrequency of the first lateral sway mode is in between the lower and upper bound

approximations as shown in figure 2.32.
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The dynamic behaviour of the different case studies has been determined by use of numerical

software, modal analysis and estimations by EC1-4. The first five eigenmodes of the structure

are determined, of which the first mode a torsional mode. Since the wind-load is assumed the act

symmetrically on the structure, the anti-symmetric torsional mode will not or hardly be excited.

Therefore for the calculation of the peak lateral acceleration, the first lateral sway mode is used,

which is the first symmetric mode of the structure. Similar results for the first five eigenmodes in

which the first mode is a torsional one where found in the thesis research performed by Boellaard,

B.[4], in which a CLT core with timber outriggers was assessed.
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7. Conclusions and recommendations

7.1 Conclusions

In this section the research question are answered, starting with the two sub questions after which

the main research question is answered.

Sub research questions

The two sub research questions have been defined as follows:

What are the critical parameters of a CLT core building with timber outriggers?

How can a timber outrigger system of a CLT core building be optimized?

Core design

The following conclusions can be made regarding the design and optimization of a CLT core,

answering the sub questions.

1. The most critical and influential connection is the horizontal connection between the CLT

core and foundation. Since small vertical gap opening at foundation level resulting in rigid

body rotation results in relatively large deformation at the top of the structure. Reducing the

gap opening at ground level is an effective method of reducing the lateral deflections of a

CLT core building. In case study A and B vertical gap opening at foundation is responsible

for 6.8% and 6.4% of the total deflections respectively in SLS loading.

2. Introduction of castellations in the horizontal CLT to CLT connection can effectively reduce

rigid body translations by mechanical interlocking of the core while not increasing the

amount of steel used in the connection.

3. Both the vertical in-plane and orthogonal connection between CLT panels using double in-

clined STS provided a high composite interaction between core walls, due to their respective

high interaction factors.

4. A 10 storey CLT core building designed based on ULS does not provide sufficient stiffness

to meet SLS requirements. Provided a similar slenderness of the core is used
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5. For vertical connections of the core having high interaction factors close to 1, decreasing

the connection stiffness does not have large effects on the global behaviour. Namely an

decreased connection stiffness in the vertical direction by 20% results in an increase of lateral

deflections by only 0.4%.

Outrigger design

The following conclusions can be made regarding the design and optimization of a timber outrigger

connected to a CLT core, answering the sub questions.

1. The optimum location of the outrigger to minimize lateral deflections was found to be at

58.5% of the building height.

2. Introduction of a shear wall type outrigger reduces lateral deflection more effectively than a

single storey truss, however effective floor area is decreased while material use is increased.

3. Introduction of a two storey timber truss outrigger is able to more than double the reduction

on lateral deflection compared to a single storey timber truss outrigger.

4. Increasing the angle of the outrigger diagonal can result in a higher transfer of bending

moments from core to columns, compared to a lower angle of the diagonal, while not

increasing the amount of material needed.

5. Increasing the stiffness of an outrigger results in a higher force transfer from core to col-

umn, reducing bending moments in the core and decreasing global deflections of the structure.

6. An exponential relationship has been derived between the ratio of the effective bending

stiffness of the outrigger and the core and the maximum lateral deflections.

7. An exponential relationship has been derived between the ratio of the effective bending

stiffness of the outrigger and the core and the peak lateral accelerations.

8. An estimation can be made of the effectiveness of a specific stiffness ratio of the outrigger

and the core in terms of reducing deflections and lateral accelerations. With lower and

upper bound effectiveness representing zero and infinite bending stiffness of the outrigger

respectively.
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Main research questions

The results and observations found during this investigation can be used to answer the main research

question, which is as follows:

How does a timber outrigger system influence the structural behaviour of a cross laminated core
building?

Influence of the outrigger

Introducing a timber outrigger to a CLT core system has the following effects, answering the main

research question.

1. Lateral deflections of a CLT core building can be reduced by implementation of a timber

outrigger, a higher stiffness of the outrigger will result in a larger reduction of deflections.

For the specific case presented throughout this research lateral deflections are reduced by 14

and 34 % for a one and two storey outrigger respectively compared to a CLT core building.

2. Peak lateral accelerations of a CLT core building can be reduced by implementation of a

timber outrigger, a higher stiffness of the outrigger will result in a greater reduction of peak

lateral accelerations. For the specific case presented throughout this research peak lateral

accelerations are reduced by 9 and 25 % for a one and two storey outrigger respectively

compared to a CLT core building.

3. Introducing an outrigger generates horizontal tensile forces in the core, which must be

considered when designing the core connections. A higher stiffness of the outrigger will

increase the amount of the horizontal forces that are transferred to the core, increasing the

strength requirements on the vertical core connections.

4. The addition of an outrigger can reduce the force requirements on connections of the core.

The efficiency of the outrigger in transferring loads from the core to the columns directly

impacts the magnitude of the reduction in forces in the core connections. In other words, the

more efficient the outrigger is, the greater the reduction in forces in the connections of the

core. With the exception of the vertical connection at outrigger level as mentioned in the

previous point.
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7.2 Recommendations

In this section recommendations are given on future research within CLT core buildings and timber

outriggers.

1. It has been shown that the connection between core and foundation is critical. It would be

interesting to check what the influence of a post-tensioned cable connecting the core to the

foundation is on material use, deflections and peak lateral accelerations.

2. A possible alternative to the connection between the core and foundation was given by

making use of glued-in rods. It would be interesting to perform an optimization of the design

of such a connection in which the maximum tensile and shear strength is determined per

meter length, for instance by optimizing the diameter of the rods or by placement of the rods.

3. The effective flange width found from numerical results showed large differences with the

effective flange width as provided by Masoudnia et al., [59], 1900 and 490 mm respectively.

Comparison between numerical and experimental results of different CLT thicknesses and

lay-ups in combination with CLT webs could provide a more accurate estimation of the

effective flange width for more then 5-layer CLT.

4. For the design of the vertical connections between the core panels the assumption has

been made that the strength and stiffness models provided by brown et al, [27] can be

used for long screws, in this research up to 1200 mm. However in the experimental tests

performed inclined screws had a maximum length of 200 mm. It would therefore be in-

teresting to experimentally verify the strength and stiffness models for lengths above 200 mm.

5. For the calculation of the dynamic response of the different case studies a similar damping

ratio is used. However it would be interesting to quantify the influence of adding an outrigger

and its respective connections would have on the damping ratio.

6. In this research a design has been made of the horizontal connection between CLT panels

combining both internal steel plates and dowels with castellations. Current scientific literature

is very limited regarding this subject, therefore it would be interesting to verify the response

of such a system by performing experimental tests.

7. The in this research presented relationship between the ratio of the effective bending stiffness

of the outrigger to core and deflection is determined based on the numerical data from the

different case studies and sensitivity analyses. Similarly as for the relation between stiffness

ratio of the outrigger and core and peak lateral accelerations. By increasing the amount of

data incorporated the accuracy of the models can be improved. Incorporation of different

effective bending stiffnesses of the core, lever arms of the outrigger and building heights

could help increase the understanding of the relationship between the stiffness ratio and
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lateral deflections or accelerations and possibly provide upper and lower bound estimations

of the relationship.
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Appendix A

Wind velocity

The mean wind velocity vm(z) is calculated according to equation A.1, making use of equation

A.2, A.3 and A.4. It should be noted that all equations to determine the wind loads are extracted

from the most recent version of the eurocode NEN-EN1 991-1-4.

vm(z) = cr(z)c0(z)vb (A.1)

where

vm(z) is the mean wind velocity;

cr(z) is the terrain roughness factor;

c0(z) is the orography factor, equal to 1.0 for Netherlands;

vb = cdircseasonvb,0 (A.2)

where

vb is the basic wind velocity at a reference height of 10 m;

vb,0 is the fundamental value of the basic wind velocity, equal to 27m/s for Rotterdam, area

2 according to EC1;

cdir is the wind direction influence factor;

cseason is the seasonal influence factor;

cr(z) = krln(
z

z0
) (A.3)

where

z0 is the terrain roughness length;

kr is the terrainfactor dependant on the roughnesslength z0 using equation A.4

kr = 0.19(
z0
0.05

)0.07 (A.4)

Peak wind pressure
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The peak wind pressure qp(z) dependent on height z is calculated using equation A.5.

qp(z) = (1 + 7Iv(z))
1

2
ρv2m(z) (A.5)

where

ρ is he density of air during storm conditions;

Iv(z) is the turbulance intensity, according to equation A.6.

Iv(z) =
kl

c0ln(
z
z0
)

(A.6)

where

kl is the turbulence factor, equal to 1 according to national annexes;

Table A.1. Results Peak wind pressure calculation

parameter value assumption
h and z 40 meters value is taken at 40 meters height
cdir 1
cseason 1
vb,0 27 m/s wind-area 2 South-holland
vb 27 m/s
z0 0.5 m urban area
kr 0.223
cr 0.978
vm 26.4 m/s
kl 1
Iv 0.228
ρ 1.25 kg/m3

qp 1.13 kN/m2

Wind pressure

The wind pressure is determined based on the force coefficient method which determines the

characteristic global wind load on a building for the different surfaces, the calculation is performed

using equation A.7.

Fw = cscd
∑

surfaces

cfqp(z)Aref (A.7)

where

cscd is the structural factor;

cf is the force coefficient;
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Aref is the reference area;

qp(z) is the peak wind pressure;

cscd =
1 + 2kpIv(z)

√
B2 +R2

1 + 7Iv(z)
(A.8)

where

kp is the peak factor;

Iv is the turbulance-intensity factor;

B2 is the background response factor;

R2 is the resonance response factor;

kp =
√
2ln(vT ) +

0.6√
2ln(vT )

≥ 3 (A.9)

where

v is the estimation of the wind gust frequency;

T is the average period of the reference wind velocity, T = 600seconds;

v = n1,x

√
R2

B2 +R2
(A.10)

where

n1,x is the natural frequency;

B2 =
1

1 + 3
2

√
( b
L(z))

2 + ( h
L(z))

2 + ( b
L(z)

h
L(z))

2
(A.11)

where

b is the width of the structure;

h is the height of the structure;

L(z) is the turbulence length scale;

L(z) = Lt(
z

zt
)α (A.12)

where

Lt is the reference scale length, 300 meter;

zt is the reference height, 200 meter;
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and

α = 0.67 + 0.05ln(z0) (A.13)

R2 =
π2

2δ
SLKs (A.14)

δ = δs + δa (A.15)

where

δs is the logarithmic decrement of the structural damping, assumed 0.19;

Logarithmic decrement of the of the aerodynamic damping,

δa =
cfρvm(z)

2n1,xµe
(A.16)

µe = ρbd (A.17)

where

ρb is the volumetric mass of the building, estimated as 90 kg/m3;

and

cf = cf,0ψrψλ (A.18)

where

cf,0 is the force coefficient for rectangular cross section without correction factor, from figure

A.1;

ψr is the reduction factor for rectangular cross section with rounded corners, equal to 1;

ψλ is the reduction factor for end effects, equal to 1;

The spectral density function for the distribution of the wind speed frequencies can be calculated
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Figure A.1. Force coefficient for rectangular cross section with sharp corners
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Figure A.2. Reference height according to NEN1991-1

according to equation A.19.

Sl =
6.8fl(z, n)

(1 + 10.2fl(z, n))5/3
(A.19)

fl =
n1,xL(z)

vm(z)
(A.20)

Ks =
1

1 +
√

(Gyϕy)2 + (Gzϕz)2 + (π2GyϕyGzϕz)2
(A.21)
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ϕy =
cybn

vm
(A.22)

ϕz =
czhn

vm
(A.23)

where

cy and cz are decay constants;

Table A.2. Results calculation windpressure

parameter value assumption
n1,x 1.34 Hz based on equation 2.8
b 36 meters
h 40 meters
cy 11.5
cz 11.5
ϕy 21.01
ϕz 23.4
Gy 1/2
Gz 3/8
ky 1
kz 3/2
Ks 0.016
α 0.635
Lt 300 m
zt 200 m
L 107.9
fl 5.48
Sl 0.044
µe 3240 kg/m2

cf 2.4 square floorplan
δa 0.01
δ 0.2
R2 0.017
B2 0.565
v 0.229 Hz
kp 3.33
cscd 0.716

characteristic wind load

As an initial assumption it is assumed that a constant characteristic wind load is acting on the

structure, for this the wind load at 40 meters high is used. Equation A.24 is used to calculate the

characteristic windload.
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we,total = cscdcfqp (A.24)

we,total = 0.716 · 2.4 · 1.13 = 1.94kN/m2 (A.25)
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Appendix B

Analytical calculation of deflections

In this section an analytical calculation of the deflections is made to verify the numerical results

provided in the report.

Assumptions

For the analytical calculation of the stiffness of the structure some assumptions are made to reduce

calculation efforts. The interaction between corner sections of the core is assumed to be equal to

zero, each corner behaves separately. The horizontal connections of the CLT core are not taken into

account, therefore the related rigid body rotations and translations are omitted.

Effective width

To calculate the moment of inertia of the corner section the effective width of the flanges should be

taken into account. The effective width takes into account a reduced flange width due to shear lag

effect. according to experimental research performed by Masoudnia et al.,[[59]] the effective flange

width of a CLT panel can be calculated according to equation B.1. It should however be noted

that the effective flange widths are determined without taking into account different geometrical

properties of the web, throughout the before mentioned research a constant web is used, namely an

LVL beam with dimensions 300x600 mm. The test setup used to determine the effective flange

width of a specific CLT configuration can be seen in figure B.1.

Figure B.1. Test setup used to determine the effective width of a CLT-LVL composite beam [59]

beff = αβ23400(
(
∑
Longitudinallayerthickness)2∑
Transverselayerthickness

)−0.67 (B.1)

where

α is the coefficient for MoE, 0.95, 1.00, 1.30 for 6, 8 and 10 GPa respectively

β is the coefficient for plank width, 1.00
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For a CLT layup of [0/0/90/0/90/0/90/0/0], a layer thickness of 40mm and a Youngs modulus of 11

GPa the effective flange width is equal to 490 mm. Additionally the effective flange width of the

core has been determined by numerical calculations. According to the numerical calculations the

effective flange width of the core is equal to 1900 mm for the case that flanges extend on both sides

of web, while the effective flange width for the corner section is equal to 950 mm.

Results between both methods deviate substantially which would have large results on the analytical

calculation of the bending stiffness of the core. Since the experimentally proposed effective flange

width is based on 5-layer CLT in which only the layup and thickness of the CLT flanges is varied

the numerically found effective flange width will be used to analytically calculate the deflections

and asses the influence of the different connections. Since the geometrical and material properties

of the web will have significant influence on the effective flange width.

Composite beam theory

Since the core is made of several vertical panels mechanically jointed the composite stiffness

can be calculated according to NEN-EN1995-1-1, which takes into account the stiffness of the

different connections by incorporating an interaction factor γ. The composite stiffness for a beam

shown in figure B.2 can be calculated according to equation B.2. In equation B.2 the steiner part

is multiplied by interaction factor, where γ = 1 equals a fully composite interaction and γ = 0

equals no interaction. In table B.1 the interaction factors for the vertical in-plane and orthogonal

connections are provided, taken into account the effective flange widths as shown in figure B.3b. It

should be noted that in equation B.3 the length is taken as the length of a beam between two hinges,

therefore the length should be taken as twice the building height.

Figure B.2. Mechanically jointed beam according to NEN-EN1995-1-1

(EIeff ) =
∑

(EiIi + γiEiAia
2
i ) (B.2)
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γi =
1

1 + π2EiAisi
Kil2

(B.3)

where

si is the spacing between fastener rows

Ki is the slip factor of a fastener row

l is the length of the "beam", in this case clamped CLT core, between two hinges, therefore

the height is doubled from 39 meters to 78 meters

E is taken as the average youngs modulus of the CLT in which 6 vertically orientated layers

and 3 horizontally orientated layers are present, 7500 N/mm2

Table B.1. Interaction factors

K [kN/mm] s [mm] γ

Vertical orthogonal γ1.1 89.4 260 0.988
Vertical orthogonal γ1.2 89.4 260 0.976

Vertical in-plane γ2 46.2 130 0.968

In figure B.3 the shear lag effect on a corner section of the CLT core is shown. In figure B.3b

the different interaction factors for the different connections between CLT panels can be seen.

Namely γ1.1 which is an orthogonal connection at the corner of the core, γ1.2 which is an orthogonal

connection between a web and a flange and finally γ2 is used to indicate the interaction factor for

the in-plane connection. The reason to use two different orthogonal interaction factors γ1.1 and γ1.2
is because of the different available flange widths.

(a) CLT core system (b) Corner section

Figure B.3. Shear lag effect CLT core

174



Results

The deflection of a clamped beam can be calculated according to equation B.4. The wind load is

taken as distributed q-load equal to 69.84 kN/m and the bending stiffness of the core is taken as

four times the individual stiffness of the corner sections as shown in figure B.3b.

u =
ql4

8EI
(B.4)

Table B.2. Result analytical calculation

Ieff mm
4 deflection mm

model 3.42 ∗ 1013 78.6
vertical orthogonal interaction

γ = 0 2.06 ∗ 1013 130.4
γ = 1 3.44 ∗ 1013 78.3

vertical in-plane interaction
γ = 0 1.46 ∗ 1013 185.2
γ = 1 3.47 ∗ 1013 77.8

Table B.3. Result analytical vs numerical calculation

deflection [mm] deflection [mm]
type analytical numerical

horizontal connections included no yes
model 78.6 61.8

vertical orthogonal interaction
γ = 0 130.4(+65.9%) 94.1(+52.3%)
γ = 1 78.3 (-0.4%) 61.2(-1%)

vertical in-plane interaction
γ = 0 185.2(+135%) 158.6(+156.6%)
γ = 1 77.8(-2.7%) 60.6(-1.9%)

The results shown in table B.2 show that while the calculated value for the deflection is higher in

the analytical model than in the numerical model the influence of the different connections can be

assessed analytically with a reasonable accuracy. In both models it is shown that the influence of

the vertical in-plane connection is larger then the orthogonal connection especially for the case that

γ is equal to zero.

The following assumptions for the analytical model could be the cause for the difference in

deflection between both models. First of all the assumption is made that the corners of the core

behave separately, however in the numerical model connections of the floors to core provide some

interaction between the corner sections which increases the global bending stiffness. Secondly the

influence of the effective flange width of the core has a large effect on the analytical calculation of

the composite bending stiffness, and since literate on the topic is relatively scarce an estimation is

made with some simple numerical models.
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Outrigger structure

The deflection of the outrigger core structure is approximated by a simple model in developed in

matrixframe. In this model again the influence of the horizontal core connections are neglected.

The previously analytically calculated stiffness of the core is used in the model combined with

columns and a beam clamped to the core which represents the outrigger, the matrixframe model

is shown in figure B.4. Similar to the numerical models the influence of foundation on lateral

deflections is not taken into account.

Figure B.4. Matrixframe outrigger structure

The upper bound value of the moment of inertia of the outrigger is calculated as the moment of

inertia of two beams spaced 3.9 meters apart as shown in figure B.5 and is equal to 9.1 ∗ 1011 mm4.

Since only a single outrigger and column is modelled in the out of plane direction the stiffness of

the core is halved similar to the lateral wind loading. As it is assumed half of the core takes half the

loading. Columns are modelled as gl28h with dimensions 400x400mm. Loading of the system is

placed directly on the core.
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Figure B.5. Bending stiffness outrigger

The input for the matrixframe model is shown in table B.4.

Table B.4. Input matrixframe

I [mm4]
core 1.72 ∗ 1013

outrigger 9.1 ∗ 1011

The lateral deflection of the outrigger structure in matrixframe can be seen in figure B.6a, with

the maximum value equal to 44.6 mm. Which is a 43.3 % reduction of the maximum deflection

compared to case with only a CLT core a shown in table B.2. The imposed column forces due

to compression and tension are equal to 150 and 245 kN for the outer and inner column row

respectively, as can be seen in figure B.6b.

(a) Lateral deflection (b) Normal force members

Figure B.6. Results matrixframe outrigger beam model
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Additionally a model is made in which the truss is not simplified to a beam and modelled as shown

in figure B.7.

Figure B.7. Matrixframe outrigger structure with truss

The resulting lateral deflection can be seen in figure B.8a, in which the maximum horizontal

deflection is equal to 53.3 mm. Which is a 32 % reduction of the maximum deflection compared to

case with only a CLT core a shown in table B.2. The imposed column forces due to compression

and tension are equal to 146 and 115 kN for the outer and inner column row respectively, as can be

seen in figure B.8b.
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(a) Lateral deflection (b) Normal force members

Figure B.8. Results matrixframe outrigger truss model

Comparison of the results of the analytical calculation of the outrigger system can be found in

chapter 5.2.2.
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Appendix C

Behaviour of the outrigger

In this section the behaviour of the outrigger is examined. Contributions to the deflections and forces

in the outrigger are subdivided into contributions due to lateral wind loading and contributions due

to vertical loading of the structure.

In figure C.1 the vertical displacement of the outrigger nodes are given.In figure C.1a the vertical

displacement of the nodes are given due to lateral windloading, from this figure it can be seen that

the displacement of the inner and outer column row is approximately equal to 1 mm. For the loaded

side the displacement is upwards while for the opposide side the displacement is downwards.

While in figure C.1b it can be seen that the displacement due to vertical loading of the inner column

row is equal to 12.5 mm while the displacement of the outer column row is 9 mm. The larger

displacement in the inner column row is due to a higher load transfer in the column which causes a

larger axial deformation.

In figure C.2 the displacement of the members is shown.
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(a) wind load

(b) vertical loads

(c) combination

Figure C.1. Vertical displacement of the outrigger nodes
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(a) wind load

(b) vertical loads

(c) combination

Figure C.2. Vertical displacement of the outrigger

In figure C.3 the axial force in outrigger members is shown. In figure C.3a the forces are shown

due to lateral wind loading, it can be seen that compressive forces in the diagonals are slightly

larger than tensile forces. Which is likely due to the axial stiffness of the connection, which is only

activated in tension, resulting in a slightly larger compressive force in the columns. Additionally it

can be seen that inner column row transfers a higher load than the outer column row.

Vertical loading of the structure results in a tensile force of approximatly 420 kN in the inner

diagonal while the outer diagonal transfers a compressive force of 150 kN as can be seen in figure

C.3b.

Combining both lateral and vertical loads it is shown that compressive forces in the column are not

decreased enough to reach the tensile regime, as can be seen in figure C.3c. Additionally it can

be seen that the force in the outer diagonal on the left side of the core is reduced after combining

vertical and lateral loading, while the tensile force on the inner column is increased. At the right

side of the core the force in the inner diagonal is reduced while the force in the outer diagonal is
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(a) wind load

(b) vertical loads

(c) combination

Figure C.3. Forces in members of the outrigger

increased.
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Appendix D

Origin of deflections

In this appendix the origin of deflections are discussed.

Case A

In figure D.1 the lateral translation of 61.8 mm for case A is subdivided into the different categories

such as material and connections. It can be seen that the contribution due to bending and shear

deformation is 70.6% and 18% respectively.

Secondly the contributions due to the influence of the different connections of the core is shown,

which is subdivided into the horizontal and vertical connections. The total contribution of the

horizontal connection towards rigid body translation is equal to 0.6% while the rigid body rotation

is responsible for 8.1%. It is shown that even a slight gap opening of 0.6 mm at ground level can

increase deflections by 6.8%, again highlighting the significance of providing a rigid connection at

ground level.

Additionally the slip of the different connections is shown in the in-plane shear direction and the

gap opening for the horizontal connection is given which results in rigid body translation of the

core.
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Figure D.1. Origin of translations case A

Case B

The different contributions to the total deflection of case B can be seen in figure D.2. Similar

observation can be made as discussed in the previous section with regards to the behaviour of the

core and its respective contributions, however the average contributions of the core have decreased

due to the addition of the outrigger.
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Figure D.2. Origin of translations case B
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Appendix E

Verification CLT wall

The maximum compressive force in the core wall is equal to 2263 kN/m, extracted fom SCIA.

compression

The compressive resistance of the wall can be checked according to equation E.3.

σc,0,d ≤ kc,1fc,0,d (E.1)

where

kc,1 is the factor considering the effect of moisture on the compressive strength, 1 for CLT;

The effective area of the CLT is given by equation E.4.

Aeff = bheff (E.2)

where

heff is the effective height, cummulative height of all layers orientated in the load direction;

tensile resistance

σt,0,d ≤ klft,0,d (E.3)

where

kl is the length modification factor, assumed equal to 1, version used does not contain these

factors as of yet;

The effective area of the CLT is given by equation E.4.

Aeff = bheff (E.4)

where

heff is the effective height, cummulative height of all layers orientated in the load direction;
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Shear resistance

The shear resistance of the CLT panel loaded in-plane is verified by making use of the effective

cross section method. The effective cross section method reduces thickness of the outer laminates

by 20%. Resulting in a total effective width teff of 344 mm for a 9 layer CLT with 40 mm laminates.

The horizontal and vertical in-plane shear resistances per meter can be calculated using equation

E.6.

VEd ≤ VRd (E.5)

VRd,hor = kv(tefffv,d1000) (E.6)

With kv, the adjustment factor for shear strength, equal to equation 1 for CLT.

The value for the design shear strength can be calculated with equation E.7.

fv,d =
fv,k
γm

kmod (E.7)

Lateral flexural buckling

Stability and buckling strength of the core wall need to be checked to ensure buckling does not take

place. The calculation methods used in this section are provided by prEN1995-1-1.

For the calculation of a wall buckling will only occur in the weak out of plane direction, therefore

only the following calculations are used

λc,y,rel =

√
fc,0,k
σy,crit

(E.8)

The critical stresses σy,crit for the y-axis can be calculated according to equation E.9.

σy,crit =
π2

A

E0,05Iy,eff
l2y,eff

(E.9)

where

E0,05 is the fifth percentile of the axial modulus of elasticity;

ly,eff are the effective lengths of the members for buckling around the y-axis;
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Iy,eff is the effective moment of inertia around the y-axis based on vertically orientated

layers only;

The buckling resistance of the wall can be verified according to equation E.10 , with λc,rel,0 = 0.3

for CLT.

σc,0,d
kc,yfc,0,d

≤ 1 (E.10)

with

kc,yλ
2
c,y,rel ≤ 0.5 (E.11)

where

kc,y is the factor for the effects of imperfections;

kc,y =
1

ϕc,y +
√
ϕ2c,y − λ2c,y,rel

(E.12)

with

ϕc,y = 0.5[1 + βc(λc,y,rel − λc,rel,0) + λ2c,y,rel] (E.13)

and

where

ϕc,y are the intermediate parameters for the calculations of kc,y;

βc is the material specific imperfection factor for compressive members,

as calculated in equation E.14;

βc = βc,0kcreep (E.14)

where

βc,0 is the initial imperfection factor for members under compression;

The factor to account for the effects of creep kcreep, can be calculated according to equation E.15.

kcreep = 1 + ψGkdef (E.15)

189



where

ψG is the share of permanent loads in the considered load combination, with ψG ≤ 1;

kdef is the deformation factor;

In table E.1 an overview is given of values used for the calculation of the different strength criterion’s

with the unity checks given in table E.2.

Table E.1. Input data calculation wall section

t layer thickness 40 mm
b width 2625 mm

ly,eff height of a storey 3.9 m
fc,0,k compressive strength parralel to the fibres 21 Mpa
ft,0,k tensile strength parallel to the fibres 14 Mpa
fv,k shear strength out of plane loading 3.5 Mpa
fv,xy,k shear strength perpendicular to plane loading 5.5 Mpa
E0.05 fifth percentile value of youngs modulus 10.5 Gpa
λc,rel,0 0.3
βc,0 initial imperfection for members under compression 0.1
kdef deformation factor 0.6
ψG share permanent loads 0.5
kmod modification factor 0.9
γm partial factor 1.25

Table E.2. Unity checks CLT core wall

compression σc,0,d

fc,0,dkc,1
0.62

tension σt,0,d

ft,0,dkl
0.58

shear horizontal in-plane VEd
VRd

0.2
shear vertical in-plane VEd

VRd
0.26

buckling resistance σc,0,d

fc,0,dkc,y
0.64
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Appendix F

Verification columns

Compression

For the verification of compressive forces in columns, as well as diagonals of the truss connecting

the core to perimeter columns compression is solely parallel to the grain. Therefore the following

checks can be used.

The compressive stresses in the columns have to satisfy equation F.1.

σc,0,d ≤ kc,1fc,0,d (F.1)

where

kc,1 is a strength factor dependent on the moisture content and material, 1.2 for GLT

in SC1 conditions, 0.83 for LVL designed in SC2 or 3 conditions and 1 for all

other cases;

Tension

The tensile forces within the column have to satisfy equation F.2.

σt,0,d ≤ klft,0,d (F.2)

where

kl is the length modification factor;

Shear

The shear stresses within the column need to satisfy equation F.3 to ensure shear failure does not

occur.

τd ≤ kvfv,d (F.3)

With kv, the adjustment factor for shear strength, equal to 1 for LVL and equal to equation F.4 for

GLT.
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kv = min{kh,vkvar
fv,k,ref
fv,k

; 1} (F.4)

Where the depth modification factor kh,v can be calculated according to equation F.5.

kh,v = min{(600mm
h

)0.1; 1.1} ≥ 1 (F.5)

where

fv,k,ref is the reference characteristic shear strength, 2.5 for GLT;

Bending

the Bending stresses within the columns need to satisfy the equation given, F.6 and F.7.

σm,y,d

fm,y,d
+ kred

σm,z,d

fm,z,d
≤ 1 (F.6)

kred
σm,y,d

fm,y,d
+
σm,z,d

fm,z,d
≤ 1 (F.7)

where

kred is a reduction factor, equal to 0.7 for rectangular cross-sections;

Bending and Compression

Combined bending and compression needs to be checked in the columns to ensure failure does not

occur, both equation F.8 and equation F.9 need to be satisfied.

(
σc,0,d
fc,0,d

)p +
σm,y,d

fm,y,d
+ kred

σm,z,d

fm,z,d
≤ 1 (F.8)

(
σc,0,d
fc,0,d

)p + kred
σm,y,d

fm,y,d
+
σm,z,d

fm,z,d
≤ 1 (F.9)

where

p is the factor accounting for the probabilistic effects on combined bending

and compressive strength, equal to 2 for rectangular cross-sections;
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Lateral flexural buckling

Stability and buckling strength of the columns need to be checked to ensure buckling does not take

place. The calculation methods used in this section are provided by pr EN1995-1-1.

The relative slenderness for in-plane buckling can be calculated according to equation F.10 and

F.11 for buckling around the y-axis and z-axis respectively.

λc,y,rel =

√
fc,0,k
σy,crit

(F.10)

λc,z,rel =

√
fc,0,k
σz,crit

(F.11)

The critical stresses σy,crit and σz,crit for the y-axis and z-axis can be calculated according to

equation F.12 and F.13 respectively.

σy,crit =
π2

A

E0,05Iy
l2y,ef

(F.12)

σz,crit =
π2

A

E0,05Iz
l2z,ef

(F.13)

where

E0,05 is the fifth percentile of the axial modulus of elasticity;

ly,ef , lz,ef are the effective lengths of the members for buckling around the y-axis and

z-axis respectively;

If λc,y,rel ≤ λc,rel,0 and λc,z,rel ≤ λc,rel,0, with λc,rel,0 = 0.3 for LVL and GLT, equations F.8 and

F.9 need to be satisfied, else equations F.14 and F.15 need to satisfied.

σc,0,d
kc,yfc,0,d

+
σm,y,d

fm,y,d
≤ 1 (F.14)

σc,0,d
kc,zfc,0,d

+
σm,z,d

fm,z,d
≤ 1 (F.15)

with

kc,y/zλ
2
c,y/z,rel ≤ 0.5 (F.16)
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and
σm,y/z,d

fm,y/z,d
≤ 0.25 (F.17)

where

kc,y,kc,z are the factors for the effects of imperfections;

kc,y =
1

ϕc,y +
√
ϕ2c,y − λ2c,y,rel

(F.18)

kc,z =
1

ϕc,z +
√
ϕ2c,z − λ2c,z,rel

(F.19)

with

ϕc,y = 0.5[1 + βc(λc,y,rel − λc,rel,0) + λ2c,y,rel] (F.20)

and

ϕc,z = 0.5[1 + βc(λc,z,rel − λc,rel,0) + λ2c,z,rel] (F.21)

where

ϕc,y, ϕz,y are the intermediate parameters for the calculations of kc,y and kc,z;

βc is the material specific imperfection factor for compressive members,

as calculated in equation F.22;

βc = βc,0kcreep (F.22)

where

βc,0 is the initial imperfection factor for members under compression;

The factor to account for the effects of creep kcreep, can be calculated according to equation F.23.

kcreep = 1 + ψGkdef (F.23)

where
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ψG is the share of permanent loads in the considered load combination, with ψG ≤ 1;

kdef is the deformation factor;

Table F.1. Input data column calculation

h width 400 mm
b depth 400 mm

fc,0,k characteristic compressive strength 28 Mpa
E0.05 fifth percentile of the axial modulus of elasticity 10500 Mpa
ly,ef effective buckling length 3.9 m
λc,rel,0 threshold value for buckling 0.3
βc,0 initial imperfection for members under compression 0.1
kdef deformation factor 0.6
ψG share of permanent loads 0.5
γm partial factor for material property 1.25
kmod modification factor taking into account load duration and moisture content 0.9

Table F.2. Unity checks column

shear τd
kvfv,d

0.047
compression σc,0,d

fc,0,dkc,1
0.72

buckling σc,0,d

fc,0,dkc,y
0.9
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Appendix G

Validation of the numerical modelling methods

In this appendix a validation is made of the numerical modelling methods by comparing the

deflections of a numerical and experimental model of a C-shaped post-tensioned core wall, as tested

by Brown et al., [27]

Description of the experimental model

Since the experimental data makes use of several different configurations the choice is made to use

CW-6 to verify the numerical methods and assumptions. The reason to use CW-6 is solely based on

the fact that it provides the largest stiffness to the structure.

The CLT used for the C-shaped CLT core wall consists of a 175 mm thick five-ply (45/20/45/20/45)

panel, consisting of SG8 grade Douglas firm laminations, according to NZS3603, a New Zealand

standard from 1993.The connection stiffness and yield strength are listed in table G.1, figure G.1

shows the dimensions of the experimental test setup.

Table G.1. Connection stiffness experimental tests CW-6 [27]

joint Fy (kN/m) Kser (kN/mm/m)
In-plane 150 121
Wall 1/3 joint 68 55
wall 2/4 joint 63 51
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Figure G.1. Dimensions of the experimental test setup [27]

The following should be noted from figure G.1, total height of the test setup is 8600 mm which

includes 4 floor levels, the goal of adding floors in this test setup is not to transfer loads from flange

to flange but to resist out of plane deformations. Floors are connected to the walls through angle

profile consisting of slotted holes allowing for horizontal and vertical displacement, gaps of 10 mm

between the walls and floors are used eliminate strut action.

The test setup uses a steel beam as support and anchorage for the post tension cables, additionally

shear keys are placed at the end of each wall section to not allow for rigid body translations of the

walls. Next to the supports at the base of the wall section actuators on each flange along the weak

direction at a height of 7400 mm provided resistance against torsion.

In the web and flanges cut outs are made in which tendons are placed and post tensioned up to 75

kN. Location of the cut outs are marked in figure G.1, diameter of the rods are 26.5 mm with a

yield strength of 835 N/mm2.

Description of the numerical validation model

In this section a description is given of modelling methods and assumptions used for the numerical

validation model. The CLT, connections, floors, steel tendons, supports and loads are descriped.
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CLT

One of the most important aspects of modelling CLT structures correctly is incorporating the correct

stiffness matrix in the models. Since the layup and properties of the CLT is known a calculation

can be made in which the different stiffness terms on the diagonal matrix can be quantified. These

calculations can be done analytically or by the use of the software "CLTdesigner". For both cases a

similar matrix is obtained which can later be used as input in SCIA. User defined material can be

made in SCIA with the previously derived stiffness matrix.

To ensure the stiffness matrix coincides with the intended direction in the models the local coordinate

system of all the vertical CLT elements need to follow similar convention as those can be seen in

figure 2.37a, x-axis in the longitudinal direction, y-axis in the transverse direction and the z-axis in

the out-of-plane direction.

Connections

During the modelling of the connections the follow assumptions have been made, the vertical

connections, i.e. the STS connections, can be modelled as vertical springs bonding the elements

together. The horizontal connections consisting of castellated joints can be modelled as rigid in the

horizontal connection, since experimental test have shown that deformation of the castellation is

negligible.

Floors

The floors are modelled using the following constraints. The connection between the floor and web

of the core is free in all aspects, expect for translation in lateral direction, this will ensure the floors

do not move through the wall section and will provide the web with lateral support. The connection

between the floor and flange section is modelled as a pinned connection. Allowing the floor to

rotate without introducing out-of-plane bending stresses in the core.

Steel tendons

To model the steel tendons a different technique needs to be used than simply applying post-

tensioned cables, since this is not possible in the used version of SCIA. Therefore it is proposed

to use discrete springs which connect the vertical panels to each other. The springs modelled are

tension only springs and are therefore non-linear. The springs are modelled over a width equal

to 26.5 mm which is equal to the diameter of the cables used in the experimental test. The steel

tendons have a yield strength of 835 N/mm2 and a Youngs modulus of 170 GPa. Combining

this with the data given in table G.2 the spring stiffness representing the cables can be calculated

according to equation G.1.
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Table G.2. Spring stiffness of the cables

Youngs
mod-
ulus
(E)
[GPa]

yield
strength (fy)
[N/mm2]

length cables
(lc) [mm]

Spring stiff-
ness per
meter (kc)
[kN/mm/m]

170 835 5600 631.8

kc =
E1/4πϕ2

lcϕ
(G.1)

The springs representing the cables are modelled at the following locations,in vertical plane at

foundation level and at 5500 mm height(horizontal castellated joint).While in horizontal plane the

springs are placed at the positions of the ducts in the experimental model as shown in figure G.1 on

the lefthandside and in the numerical model as shown in figure G.2.

Figure G.2. Spring placement (pink)in the numerical model

Supports

The following supports are modelled in SCIA. As discussed previously the experimental model

makes use of a steel beam which supports the entire structure. The steel beam is moment resistantly

fixed to the concrete floor and does provide the structure with additional translations and or rotations.

Therefore the beam is modelled with fixed supports along the length and a high enough stiffness so

that deformations do not occur. Furthermore two lateral supports are placed at 7400 mm height

at each flange in the weak axis direction, providing the structure with rotational restraints. The

applied supports on the model can be seen in figure G.3, in blue.
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Figure G.3. Support on the numerical verification model

Loads

Loads on the structure consist of a horizontal pointload at 8200 mm height at the intersection of

web and flange, lateral loading is in the strong direction of the structure. Additionally selfweight

of the structure has been turned on. Finally pointloads at the location of the discrete springs are

placed at a height 8600 mm (top of the structure) to simulate the post tensioned force in the cables.

Loading of the structure can be seen in green in figure G.4
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Figure G.4. Loads on the numerical validation model

Overview of the numerical validation model

Combining all the before mentioned aspects of modelling the C-shaped wall the following model

in figure G.5 is obtained.
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Figure G.5. C-shaped CLT wall numerical model

The orientation of the degrees of freedoms for 2D joints in scia can be seen in figure G.6. Addition-

ally an overview of the connection constraints is given in table G.3

Table G.3. Overview connection constraints

ux uy ux ϕx ϕy ϕz
In-plane vertical 121 kN/mm/m rigid rigid rigid - -

Orthogonal vertical 51 kN/mm/m rigid rigid rigid - -
horizontal rigid *631.8 kN/mm/m rigid rigid - -

floor to web free rigid free free - -
floor to flange rigid rigid rigid free - -

*non-linear springs are used to model the horizontal joints where the springs are only activated in

tension using the springstiffnesses as shown in table G.1.

Figure G.6. Orientation joint degree of freedoms SCIA
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Results of the numerical validation model

Running a non-linear analysis in SCIA the global displacements of the C-shaped CLT wall can be

obtained, result is shown in figure G.7. When checking the lateral dispacement in the direction

of the load at the height of the load, the height at which experimental measurements are taken, a

maximum displacement of 23.4 mm is obtained.

Figure G.7. Global displacement of the C-shaped CLT wall

From the global displacement as previously shown two distinct features of the model need to

mentioned. In figure the shear deformation of the in-plane joint can be seen, which is as expected.

Figure G.8b shows that in the left side of the base the compressive force is overcome by tensile

forces induced by the overturning moment, resulting in activation of the tensile springs and the

opening of a small gap. On the compressive side of the base contact is maintained between the wall

section and the beam, confirming that implementation of the non-linear springs is correct.
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(a) (b)

(c) Location of (a) and (b)

Figure G.8. (a) Shear deformation in-plane joint, (b) Tensile deformation vertical springs

The results of the experimental model and that of the numerical model can now be compared.

From the experimental test a maximum horizontal displacement of 27.2 mm is found. Comparing

this with the maximum displacement of the numerical test, 23.4 mm, a difference of 3.8 mm is

observed. One of the causes of differences between the numerical and experimental modeling is

that of the horizontal joints, of which one exists between CLT panels. In the numerical model these

connections are rigid in the horizontal in-plane panel direction, however in the experimental model

castellated joints are used. The Castellated joints can be modelled as rigid since the stiffness is

approximately similar to that of the base material, however during fabrication a margin of 2 mm

was used, resulting in free sliding of 4 mm when panels are joined(the rigid body translation of the

panels due to the castellation has been confirmed by Brown et al.). Taking this into account when

comparing the numerical and experimental tests a difference of only 0.2 mm (0.8%) is noted. This

confirms that the modelling methods and assumptions used are able to provide results with very

high accuracy.
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Discussion of the numerical validation model

During the numerical modelling of the experimental model some assumptions have been made

which could cause differences in the output of both models. First the modelling of the post-tensioned

cables have been simplified to discrete springs. This results in the following differences. The force

distribution of the panels in the numerical model differ with those in the experimental model. In the

numerical model the tensile force flows from the panel through the discrete spring to the adjacent

panel, while in the experimental model the tensile force is transferred through the cable entirely.

Additionally the cut outs in which the cables are placed are not modelled in the numerical model but

are present in the experimental model. Another difference is in the way panels are connected and

there specific placement, SCIA makes use of shell elements to model plates which are connected on

a 2D line, while in the experimental tests the flanges are extended on which the web is connected

as can be seen in figure G.1. Additionally modelling walls as shell elements and introducing an

equivalent stiffness does not allow the through-thickness behaviour of the wall the be inspected.

In the numerical model the influence of the reduced stiffness of the castellations is neglected and

the horiontal connection is modelled as rigid in both horizontal directions. Another reason for the

difference in results is the lack of experimental data and the deviation in material properties, more

specifically stiffness properties of both the material and of the different connections.
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Appendix H

Calculation methods connections

In this appendix the calculation methods for the different connections are shown.

Vertical in-plane connection

The characteristic lateral shear resistance of a fastener can be calculated according to equation H.1.

FV,k = kWDFD,k + Frp,k (H.1)

where

kWD is the reduction factor for wooden dowels, equal to 1 for steel fasteners.

The six failure modes which shall be considered in the determining the shear resistance of an

fastener loaded in single shear can be seen in figure H.1.

Figure H.1. Failure modes of a fastener loaded in single shear

The characteristic and design value of the dowel-effect per shear plane FD,k and FD,Rd can be

calculated according to equation H.2 and H.3 respectively.
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FD,k = min



Fv,Rk,a

Fv,Rk,b

Fv,Rk,c

Fv,Rk,d

Fv,Rk,e

Fv,Rk,f

(H.2)

FD,Rd =
kmod

γM
FD,k (H.3)

With the detailed calculations of the different failure modes as shown in figure H.1 can be calculated

according to equation H.4, H.5, H.6, H.7, H.8 and H.9 for the modes a, b, c, d, e and f respectively

Fv,Rk,a = fh,1,kt1d (H.4)

Fv,Rk,b = fh,2,kt2d (H.5)

Fv,Rk,c =
fh,1,kt1d

1 + β
[

√
β + 2β2(1 +

t2
t1

+ (
t2
t1
)2) + β3(

t2
t1
)3 − β(1 +

t2
t1
)] (H.6)

Fv,Rk,d = 1.05
fh,1,kt1d

2 + β
[

√
2β(1 + β) +

4β(2 + β)My,k

fh,1,kdt
2
1

− β] (H.7)

Fv,Rk,e = 1.05
fh,1,k ∗ t2d
1 + 2β

[

√
2β(1 + β) +

4β(1 + 2β)My,k

fh,1,kdt
2
2

− β] (H.8)

Fv,Rk,f = 1.15

√
2β

1 + β

√
2My,kfh,1,kd (H.9)

where

β is the ratio of embedment strengths, fh,2,k
fh,1,k

.

d is the diameter of the fastener, in mm.

t1 is the thickness of member 1, in mm.

t2 is the thickness of member 2, in mm.
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For screws with a diameter 3.5mm ≤ d ≤ 20mm the characteristic yield moment My,k can be

calculated according to equation H.10.

My,k = 0.3(fu,k)d
2.6 (H.10)

where

fu,k is the characteristic ultimate strength of the screw, in N/mm2.

The characteristic embedment strength fh,i,k of screws with wood screw thread for CLT can be

calculated according to equation H.11.

fh,i,k =
0.019ρ1.24k d−0.3

2.5cos(ϵ)2 + sin(ϵ)2
(H.11)

where

ϵ is the angle between the fastener and the orientation of the fibres,

as can be seen in figure H.2.

ρk is the characteristic density of the timber, in kg/m3.

Figure H.2. Angle between fastener and fibre direction

The characteristic rope-effect frp,k per shear plane per fastener can be calculated according to

equation H.12.

Frp,k = min(krp,1Fax,t,k, krp,2FD,k) (H.12)

where

krp,1 is the factor for the rope effect, generally 0.25.

krp,2 is the limitation factor for the rope effect, equal to 1 for screws
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The axial design capacity Fax,t,k of a connection can be calculated according to H.13.

Fax,t,k = min(FP,k, FW,k, FT,k) (H.13)

where FT,k is the characteristic tensile resistance according to equation H.14.

FT,k =
0.9πd2

4
fu,k (H.14)

FP,k is the characteristic head pull-through resistance according to equation H.15.

FP,k = fheadAhead (H.15)

with

Ahead =
d2headπ

4
(H.16)

where

dhead is the diameter of the fastener head.

FW,k is the characteristic withdrawal resistance according to equation H.17.

FW,k = πdlwfw,k (H.17)

where

lw is the anchorage depth, in mm.

fw,k is the characteristic withdrawal parameter, according to equation H.18.

fw,k = 8.2kwkmatd
−0.33(

ρk
350

)kp (H.18)

where

kw is equal to 1 for ϵ = 90◦.

kmat is a material parameter dependent on the number of layers, 1.15 for 7 or more layers.
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Horizontal connection

In this section the calculation for the dowels in the horizontal joints between CLT panels and CLT

panel to foundation is shown.

Lateral resistance of fasteners per shear plane

The characteristic and design lateral resistance per shear plane Fv,k and Fv,d of a single fastener

should be calculated according to equation H.19 and H.20 respectively.

Fv,k = kWDFD,k + Frp,k (H.19)

Fv,d = kmod
Fv,k

γM
(H.20)

where

Fv,k is the characteristic dowel-effect contribution per shear plane.

Fv,d is the design dowel-effect contribution per shear plane.

Frp,d is the characteristic rope-effect contribution, 0 for dowels.

kWD is the reduction factore for wooden dowels, 1 for all fasteners except wooden dowels.

To allow the tensile forces to be transferred at the horizontal connection a dowelled joint with two

steel plates is designed. The following assumptions are used in the calculation and design of the

joint. For the failure mode of a dowel in a connection of four shear planes the individual failure

modes according to figure H.1 can be used, however compatibility between the modes needs to

be ensured. Furthermore if a steel plates are used with a thickness equal or larger than the dowel

diameter and a hole clearance of maximum 0.1d is used it can be assumed that the plates provide

sufficient clamping of the fastener, according to prEN1995-1-1.

To allow for compatibility of the outer timber section and inner steel plates, which provides

clamping, failure modes (a), (d) and (f) are used in the shear resistance of outer shear planes as can

be seen in equation H.21.

FV,Rk,outer = min


FV,Rk,a = fh,1,kt1d

Fv,Rk,d = 1.05
fh,1,kt1d

2+β [

√
2β(1 + β) +

4β(2+β)My,k

fh,1,kdt
2
1

− β]

FV,Rk,f = 1.15
√

2β
1+β

√
2My,kfh,1,kd

(H.21)

For the outer shearplane the assumption has been made that the embedment of the horizontal

orientated layer is the same as that of the verticallyt orientated layer since the embedment length in
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this layer is only 10 mm on either side. Based on this assumption the equations as mentioned above

can be used and do not need to be modified.

For the steel plate to inner timber member the shear resistance of the shear planes are calculated

using failure modes (a) and (f) according to equation H.22. The combination of the outer shear

plane failure modes and inner shear plane failure modes provide compatibility.

FV,Rk,inner = min

FV,Rk,a = fh,1,kt1d+ fh,2,kt2d

FV,Rk,f = 1.15
√

2β
1+β

√
2My,kfh,1,kd

(H.22)

For the inner shearplane a similar assumption has been made that the first 10 mm has a embedment

strength equal to that of the vertically orientated layers, however this assumption is not used for

the center layer which is orientated horizontally. By having different embedment strengths along

the length of the dowel the equation are slightly changed to include the effect of the horizontal

orientated layer. For the failure mode f an additional calculation is made to check at which location

the plastic hinge is formed since this has effect on the overal strength. The final resulting govering

failure mode is shown in figure H.3, in which a combination is shown for failure mode d for the

outer shear plane and failure mode f for the inner shear plane.

Figure H.3. Failure mode of a dowel in 4 shear planes embeded in CLT

The characteristic embedment strength fh,k for dowels and bolts can be calculated according to
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equation H.23.

fh,α,k =
0.082(1− 0.01d)ρk

kmat
(H.23)

with

kmat = k90sin
2α+ cos2α (H.24)

k90 = 1.35 + 0.015d (H.25)

The angle alpha denotes the angle between loading and orientation of the fibres, 90◦ and 0◦ for

transverse and longitudinal layers respectively.

For the steel member the embedment strength fh,steel,k can be taken as 600 Mpa if d/t ≥ 1.

The factor β can then be calculated using equation H.26.

β =
fh,steel,k
fh,α,k

(H.26)

The angle α denotes the angle between the loading and the orientation of the longitudinal fibres as

can be seen in figure H.4, in which 1 is the wide face, 2 is the edge face and 3 is the end grain.

(a) In the edge face (b) In the wide face

Figure H.4. Definition of angle α

The characteristic yield moment My,k should be calculated according to equation H.27.

My,k = 0.3fu,kd
2.6 (H.27)

where
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fu,k is the characteristic tensile strength of the wire, in N/mm2.

The effective number of dowels nef can be calculated using equation H.28. By making use of the

effective number of fasteners splitting along the grain of a row of fasteners is accounted for.

nef = min

nn0.9 4
√

a1
13d

(H.28)

where

n is the number of fasteners in a row parallel to the grain.

a1 is the spacing parallel to the grain, in mm.

d is the diameter of the fastener, in mm.

Slip modulus
The slip modulus of a individual dowel per shear plane can be calculated according to equation H.29.

it should be noted that for steel to timber connections in which the fastener is rigidly embedded

in the steel the value of the mean slip modulus may be doubled. Additionally for the core wall to

core wall the value of the total stiffness is halved since the calculations determine the stiffness of a

single side of the connection.

KSLS,mean = ρ1.5meand/23 (H.29)

Spacing and edge distances

For dowels the spacing and end distances are indicated in figure H.5.

Figure H.5. Spacing and edge distances for fasteners in timber

For predrilled holes the minimum edge distances and spacing for dowels can be found in table H.1.
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Table H.1. Recommended minimum spacing and edge distance for lateral loaded dowel connection

a1 5d
a2 3d
a3,t max(7d; 80mm)
a3, c 4d
a4,t 4d
a4,c 3d

Column to foundation

In this section the calculation methods for the column to foundation connection are shown.

Bonded-in rods

This section will discuss the strength that bonded-in rods can provide. The bonded-in rod connection

is a possible connection technique for CLT core to outrigger or of the outriggers them self.

The anchorage length of the bonded-in rods should satisfy equation H.30.

lb ≥ max

0.5d2

10d
(H.30)

The required minimum characteristic bond line strength fvr,k

Table H.2. Characteristic bond line strength for different effective anchorage lengths

lb,ef ≤ 250mm 250 mm≤ lb,ef ≤ 500mm 500 mm ≤ lb,ef ≤ 1000mm

fvr,kinN/mm2 4.0 5.25 - 0.005lb,ef 3.5 -0.0015lb,ef

Tension failure of the glued-in rod
The calculation method for the tension failure of the glued-in rods will be shown in the following

section. Here the axial resistance of the rods ( threaded or ribbed) and the axial resistance of the

parent material (CLT, GLT or LVL) are calculated. From these two axial resistance the governing

failure mode can be derived and the maximum tensile load on the connection can be determined.

The design resistance of the bonded rod Fax,Rd is calculated according to equation H.31.

Fax,Rd = max

Ft,d

Fb,d

(H.31)
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with

Ft,d = min


1

γM,0
Asfy,k

1
γM,2

0.9Asfu,k
for threaded rods (H.32)

and

Ft,d =
1

γM,0
Asfy,kfor ribbed rods (H.33)

and

Fb,d =
kmod

γM
Fb,k (H.34)

with

Fb,k = min

πdlb,effvr,kEsAsεu,timber

(H.35)

and

lb,ef = min


lb

40d

1000mm

(H.36)

with

Fb,Rd is the design value of the bondline resistance, in N .

Fb,k is the characteristic value of the bondline resistance, in N .

As is the nominal stress area for threaded and ribbed rods, in mm2.

fy,k is the characteristic yield strength of the bonded-in rod, in N/mm2.

fu,k is the characteristic ultimate strength of the bonded-in rod, in N/mm2

d is the diameter of the bonded-in rod, in mm.

lb is the anchorage length, in mm

lb,ef is the effective anchorage length, in mm

fvr,k is the characteristic bond-line strength, in N/mm2

γM,0, γM,2 andγM are the partial factors for material properties.

εu,timber is the failure strain of the timber parallel to the grain, 2.4hfor softwood.

The axial design resistance of the timber member Ft,0,Rd, in this case column, can be calculated

according to equation H.37.
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Ft,0,Rd = ft,0,dAef (H.37)

where

ft,0,d is the design tensile strength of the timber, in N/mm2.

Aef is the effective timber area, see figure H.6.

d is the diameter of the bonded in rod, in mm.

In figure H.6 it can be seen that the maximum effective area is limited to 6d x 6d however if placed

to close to another or to edges and or corners this area is reduced.

Figure H.6. Effective area for glued in rods

Lateral resistance
Since the glued-in rod connection must provide some transfer of shear forces from the column to

foundation it is of importance to quantify the shear load that this connection can carry. Therefore

equation H.39 shows the calculation method which can be used to determine the characteristic

shear resistance of a single bonded-in rod. The total design resistance of the joint follows from

equation H.38.

FRd =
kmod

γM
FV,Rkn (H.38)

FV,Rk = min

dfh,k(
√
(l2b + 2e)2 + l2b − lb − 2e)

dfh,k(
√
e2 +

2My,k

dfh,k
− e)

(H.39)

where

d is the nominal diameter of the bonded-in rod.

fh,k is the characteristic embedment strength.

e is the distance between load and bondline.
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lb is the anchorage length.

My,k is the characteristic yield moment of the rod.

n is the number of bonded in rods.

Spacing
The ensure the previously shown axial and shear resistance of the connection can be obtained

adequate spacing between rods needs to be maintained. Otherwise the strength of the connection

will be compromised. Spacing should be based on table H.3 with the use of figure H.7.

Figure H.7. Spacing notation bonded-in rods

Table H.3. Spacing for glued-in rods

Rods bonded-in axially loaded rods Laterally loaded rods
Parallel to the grain a2 = 5d, a4,c = 2.5d a2 = 5d, a4,c = 2.5d, a4,t = 4d
Perpendicular to the grain a1 = 4d, a2 = 4d, a3,c =

2.5d, a4,c = 2.5d
see eurocode

Beam to column

In this section the calculation methods for the beam to column connection is provided.

Lateral resistance of fasteners per shear plane

The characteristic lateral resistance per shear plane Fv,k of a single fastener should be calculated

according to equation H.1. The possible failure modes for fasteners under single shear can be seen

in figure H.1. It is prefered that a ductile failure occurs instead of brittle, therefore the joint should

develop at least one plastic hinge during failure as can be seen in the modes (d), (e) and (f)

Therefore failure mode f is chosen to ensure ductile failure of the beam to column joint. As a
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simplification and to ensure ductile failure mode (f) the characteristic value for a steel-to-timber

connection of the dowel-effect contribution per shear plane FD,k can be calculated using equation

H.40.

FD,k = 1.15 ∗ 2
√
My,kfh,kdmin

th/th,req1
(H.40)

To ensure that failure mode (f) occurs for a steel-to-timber connection in double shear the minimum

required embedment depth th,req should be taken from equation H.41.

th,req = 1.15 ∗ 4

√
My,k

fh,α,kd
(H.41)

The characteristic embedment strength fh,k for screws can be calculated according to equation

H.42.

fh,α,k =
0.019ρ1.24k d−0.3

2.5cos(ϵ)2 + sin(ϵ)2
(H.42)

For screws with a diameter 3.5mm ≤ d ≤ 20mm the characteristic yield moment My,k can be

calculated according to equation H.16.

The characteristic rope-effect Frp,k per shear plane per fastener can be calculated according to

equation H.43.

Frp,k = min(krp,1Fax,t,k, krp,2FD,k) (H.43)

where

krp,1 is the factor for the rope effect, generally 0.25.

krp,2 is the limitation factor for the rope effect, equal to 1 for screws

The axial design capacity Fax,t,k of a connection can be calculated according to H.44.

Fax,t,k = min(FP,k, FW,k, FT,k) (H.44)

where FT,k is the characteristic tensile resistance according to equation H.45.
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FT,k =
0.9πd2

4
fu,k (H.45)

FP,k is the characteristic head pull-through resistance according to equation H.46.

FP,k = fheadAhead (H.46)

with

Ahead =
d2headπ

4
(H.47)

where

dhead is the diameter of the fastener head.

FW,k is the characteristic withdrawal resistance according to equation H.48.

FW,k = πdlwfw,k (H.48)

where

lw is the anchorage depth, in mm.

fw,k is the characteristic withdrawal parameter, according to equation H.49.

fw,k = 8.2kwkmatd
−0.33(

ρk
350

)kp (H.49)

where

kw is equal to 1 for ϵ = 90◦.

kmat is a material parameter dependent on the number of layers, 1.15 for 7 or more layers.

Strength of the steel to column connection

The axial design capacity Fax,t,k of the connection can be calculated according to H.50.

Fax,t,k = min(FP,k, FW,k, FT,k) (H.50)
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where FT,k is the characteristic tensile resistance according to equation H.45, FP,k is the char-

acteristic head pull-through resistance according to equation H.46 and FW,k is the characteristic

withdrawal resistance according to equation H.48.
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Appendix I

Connection of the floors

Floor to beam connection

For the floor to beam connection the connection will consist of shear compression and shear tension

screws spaced at a distance of 40d. Calculation of the strength and stiffness is performed using

equations 3.13 untill 3.20 and 3.23 untill 3.27 respectively. Table I.1 contains the floor to beam

forces extracted from SCIA. The reason that an increased spacing is possible is due to the fact

longer screws can be used which have a higher strength, resulting in a lower total number of screws.

Table I.1. Forces acting on the floor to beam connection

load [kN/m]
In-plane shear force 45

Normal force (tension) 53

Table I.2. Input data floor to beam connection

inclined screws
d diameter of the screw 13 mm
dc diameter of the core of the screw 8 mm
l length of the fastener 700 mm
lt screw thread length 675 mm
ρk characteristic density CLT 385 kg/m3

ρm mean density CLT 420 kg/m3

fuk characteristic tensile strength 1000 N/mm2

fl withdrawal strength parameter 11.7 Mpa
frs rolling shear strength 0.9 Mpa
ϕ 45◦

θ 45◦

b width 400 mm
n number of fasteners per row 1*

* SC and ST screws are placed at an alternating patern spaced 10d apart

The output for the shear and axial strength stiffness of the connection is shown in table I.3. It should

be noted that for the connection between two floor panels and a beam insufficient space is available

to place double inclined screws in both direction, resulting in the fact that the axial resistance and

stiffness will be different dependent on the direction of loading, with tension resulting in a slighlty

higher strength and stiffness compared to compression.
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Table I.3. Output floor to beam connection

Fv,D [kN/m] K [kN/mm/m]
In-plane shear 46 53

axial single floor 46 53
axial double sided tension 56 61

Figure I.1 contains drawings of a single floor panel to beam connection while figure I.2 contains

the connection of two floor plates to a single beam.

(a) Front view (b) Side view

(c) Top view

Figure I.1. Floor to beam connection of a single floor panel
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(a) Front view (b) Side view

(c) Top view

Figure I.2. Floor to beam connection of two floor panels

Table I.4 contains the modelling assumptions i.e. stiffnesses of the the joint in the different degrees

of freedom.

Table I.4. Stiffness modelling assumptions floor to beam connection

ux uy uz ϕx
double floor 53 kN/mm/m 56 kN/mm/m in tension rigid free
single floor 53 kN/mm/m 53 kN/mm/m rigid free

Floor to floor connection

Similar to the floor to beam connection the floor to floor connection consist of both shear compres-

sion and shear tension screws placed under a double 45◦ angle. This will provide a high stiffness

and strength to the connection independent of the direction of loading. Calculations are performed

using similar equations as the floor to beam connection as discussed in the previous section 7.2.

Table I.5 contains the floor to floor forces extracted from SCIA.
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Table I.5. Forces acting on the floor to floor connection

load [kN/m]
In-plane shear force 33

tensile force -

Table I.6 conatins the input data used for the analytical calculation of the strength and stiffness of

teh floor to floor connection.

Table I.6. Input data floor to floor connection

inclined screws
d diameter of the screw 13 mm
dc diameter of the core of the screw 8 mm
l length of the fastener 350 mm
lt screw thread length 325 mm
ρk characteristic density CLT 385 kg/m3

ρm mean density CLT 420 kg/m3

fuk characteristic tensile strength 1000 N/mm2

fl withdrawal strength parameter 11.7 Mpa
frs rolling shear strength 0.9 Mpa
ϕ 45◦

θ 45◦

b width 200 mm
n number of fasteners per row 1X

*for inclined screws an X-configuration consist of a shear-tension and shear compression-screw

The output data for the strength and stiffness in in-plane shear direction for double inclined screws

spaced 30d can be found in table I.7.

Table I.7. Output floor to floor connection

Fv,D [kN/m] K [kN/mm/m]
In-plane shear 43 52

In figure I.3 detailed drawings are shown for the floor to floor connection showing the double

inclined screws spaced 30d.
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(a) Front view

(b) Side view

(c) Top view

Figure I.3. Floor to floor connection

Table I.8 contains the modelling assumptions i.e. stiffnesses of the the joint in the different degrees

of freedom. For modelling of the floor to floor the in-plane axial stiffness uy is modelled as rigid

based on the fact only compressive forces are present within the floors and uz the out-of-plane shear

stiffness is also modelled as rigid, based on the assumption adjacent panels have similar deflections

i.e. symmetry.

Table I.8. Stiffness modelling assumptions floor to floor connection

ux uy uz ϕx
52 kN/mm/m rigid rigid free

Floor to core connection

The floor to core connection will consist of a STS connection under double 45◦ angle again provide

high strength and stiffness independent on the direction of loading. Calculation is similar to that
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used for the floor to beam and floor to floor connections shown in sections 7.2 and 7.2 respectively.

Table I.9 contains the floor to core forces extracted from SCIA.

Table I.9. Forces acting on the floor to core connection

load [kN/m]
In-plane shear force 78.8

Out-of-plane shear force 38.4
Normal force (tension) 86.9

Normal force (compression) 66.6

The input for the calculation of the strength and stiffness of the connection in different directions

are shown in table I.10.

Table I.10. Input data floor to core connection

inclined screws
d diameter of the screw 13 mm
dc diameter of the core of the screw 8 mm
l length of the fastener 350 mm
lt screw thread length 325 mm
ρk characteristic density CLT 385 kg/m3

ρm mean density CLT 420 kg/m3

fuk characteristic tensile strength 1000 N/mm2

fl withdrawal strength parameter 11.7 Mpa
frs rolling shear strength 0.9 Mpa
ϕ 45◦

θ 45◦

b width 200 mm
n number of fasteners per row 1X

*for inclined screws an X-configuration consist of a shear-tension and shear compression-screw

The analytically calculated strengths and stiffnesses for the different directions are shown in table

I.11. It should be noted that the axial resistance and stiffness is higher than that of the in-plane and

out-of-plane shear directions. This is the result of having two shear tension screws per row which

provide a higher stiffness and strength than a combination of shear tension and shear compression.

Table I.11. Output floor to core connection

F [kN/m] K [kN/mm/m]
In-plane shear 108 129

out-of-plane shear 108 129
axial tension 181 194

In figure I.4 detailed drawings are shown for the floor to floor connection showing the double
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inclined screws spaced 12d.

(a) Front view

(b) Side view (c) Top view

Figure I.4. Floor to core connection
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Table I.10 contains the modelling assumptions i.e. stiffnesses of the the joint in the different degrees

of freedom. The directions ux and uy are modelled according to the results of the calculation as

they influence the behaviour of the diaphragm floor, while uz is modelled as rigid, which is the out-

of-plane shear directions, as the influence on the global behaviour will be negligible. Additionally

the rotational stiffness is modelled as pinned.

Table I.12. Stiffness modelling assumptions floor to core connection

ux uy uz ϕx
129 kN/mm/m 194 kN/mm/m (tension only) rigid free
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Appendix J

Column to beam

Connection of the beams

At the intersection of the connection with columns as shown in section 3.9.7 the connection between

columns and beams needs to be realised. The beams are loaded in bending due to floor loads which

needs to be transferred through the joint as shear force, additionally lateral wind-loads need to be

transferred from the facade to the beam as a normal force. The connection between the column

and beam is performed by making use of a metal hanger with internal wings manufactured by

Rothoblaas, as can be seen in figure J.1. The calculation method used is similar to that provided in

section 3.9.4 with regards to straight screws except for the material used namely GL28h instead of

CLT, therefore some changes are applied according to prEN1995-1-1.

(a) 3D view (b) Metal hanger with internal wings

Figure J.1. Beam to column joint

At both the column and beam side of the connection screws will be used to connect the members

with the metal hanger. Some benefits of using the metal hanger with internal wings are the following.

Since the wings are internal most of the connection is concealed and beams with similar widths

as columns can be connected together. The method allows for quick assembly and is relatively

inexpensive for the connection of large size beams.

Table J.1. Forces on the beam to column connection

force [kN]
Normal force (compression) 218

Normal force (tension) -
shear force 101
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The calculation method for the beam to column connection is shown in section Beam to column of

Appendix H. The input for the calculation is shown in table J.2.

Table J.2. Input data beam to column

beam side column side
b width 300 mm 400 mm
h height 400 mm 400 mm
d diameter of the fastener 12 mm 12 mm

dhead diameter of the head of the fastener 20.75 mm 20.75mm
lw anchorage length 138mm 178mm
fhead head pull through parameter 10.5 Mpa 10.5 Mpa
fu,k ultimate characteristic strength fastener 800 Mpa 800 Mpa
ρk characteristic density 350 kg/m3 350 kg3

ϵ angle between fibres and direction of fastener 90◦ 90◦

th embedment depth 138 mm 178 mm
kwd 1 1
krp,1 factor for the rope effect 0.25 0.25
krp,2 limitation factor for the rope effect 1 1
kp 1 1
kmat material parameter for the number of laminations 1.15 1
kw 1 1

The obtained strengths for the beam and column side of the connection can be seen in table J.3.

Both sides of the connection are able to transfer the shear force with a total of 24 screws on each

side, by reducing the length of the screws at the column side from 200 mm to 150mm material use

can be reduced while still providing sufficient strength.

Table J.3. Shear resistance beam to column joint

number of screws Fv,D

beam side 24 103 kN
column side 24 137 kN

In figure J.2 a detailed drawing is shown of the beam to column joint which is easily repeatable and

can be partially attached off site to the columns after which the beams can be placed and fastened to

the connector. Additionally the connections can be used at the intersection of the column to column

connection as shown in section 3.9.7.
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(a) Front view (b) Side view

(c) Top view

Figure J.2. Beam to column joint

The connection will be assumed as pinned in the numerical model. The corners of the steel

connectors do not provide a stiff connection to resist translations and rotations. The modelling

assumptions can be found in table J.4.

Table J.4. Numerical boundary conditions column to beam connection

ux uy uz ϕx ϕy ϕz
Boundary conditions rigid rigid rigid rigid free free
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Beam to core connection

The core to beam connection will be connected by a similar metal hanger with internal steel wings

as in the column to beam design shown in the previous section 7.2. According to Rothoblaas the

connection can be realised in both Glulam as well as CLT. It should be noted that the calculation

method used in the previous section is not changed due to the change from glulam column to CLT

core, methods are similar for both material types. However the parameter kmat is changed from

1.15 to 1, which accounts for the number of layers.

The forces in the beam to core connection are shown in table J.5 below.

Table J.5. Forces on the beam to core connection

force [kN]
Normal force (compression) 106

Normal force (tension) 34.5
shear force 61.8

The input data used for the calculation is shown in table J.6

Table J.6. Input data beam to core

beam side core side
d diameter of the fastener 12 mm 12 mm

dhead diameter of the head of the fastener 20.75 mm 20.75mm
lw anchorage length 140mm 140mm
fhead head pull through parameter 10.5 Mpa 10.5 Mpa
fu,k 800 Mpa 800 Mpa
ρk characteristic density 350 kg/m3 350 kg3

ϵ angle between fibres and direction of fastener 90◦ 90◦

th embedment depth 140 mm 140 mm
kwd reduction factor wooden dowels 1 1
krp,1 factor for the rope effect 0.25 0.25
krp,2 limitation factor for the rope effect 1 1
kp 1 1
kmat material parameter for the number of laminations 1.15 1
kw 1 1

In figure J.3 a detailed drawing is shown of the beam to core connection. To enable both the beam

to core and horizontal connection of the CLT panels as shown in section 3.9.5 an increased edge

distance of the dowels need to be taken to ensure no overlapping occurs between the screws of

the beam to core connection and the dowels of the horizontal CLT panel connection. The reduced

strength requirments of the joint resulted in a reduction of the amount of screws used in comparison

with the beam to column connection. The resistance of the connection can be found in table J.7.
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Table J.7. Shear resistance beam to column joint

number of screws Fv,D Ft,D

beam side 16 71.1 kN 71.1 kN
core side 18 91.4 kN 46 kN

(a) Front view (b) Side view

(c) Top view

Figure J.3. Beam to core connection
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Similar to the beam to column connection discussed in the previous section the beam to core

connection will be modelled as pinned, with the modelling assumptions as shown in table J.8.

Table J.8. Numerical boundary conditions beam to core connection

ux uy uz ϕx ϕy ϕz
Boundary conditions rigid rigid rigid rigid free free
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Appendix K

Alternative connection core to foundation

Glued-in rods

For the sake of comparison a simple alternative design is made for the connection between the CLT

core and foundation. The connection is made with glued-in rods instead of dowels and internal

steel plates.

The resistance of the glued-in rods is based on the design for the column to column and column

to foundation connection with the shear and tensile resistance for a single 30 mm rod as shown

in table J.1. The reason that the bonded-in rods are placed in the vertically orientated layers is to

ensure sufficient tensile strength. If rods are placed in horizontally orientated layers the design

tensile capacity of the rods is limited to the effective area times the tensile strength (ft,0,k = 14 vs

ft,90,k = 0.12) which drastically reduces tensile performance compared rods placed in vertically

orientated layers.

Table J.1. Required amount of glued in rods, placed in vertically orientated layers

Design resistance
single rod [kN]

Design force con-
nection [kN/m]

number of rods re-
quired per m

Tension 91.5 1400 16
Shear 5.8 390 77

From the table above it can be seen that shear strength is governing in the determination of the

required amount of rods. Which is due to the low embedment strength of the vertically orientated

layers. However a possible solution to reduce the amount of rods is to place rods in horizontally

orientated layers as well to increase shear resistance. In table J.2 the design shear and tensile

resistance of the rods placed in horizontally orientated layers can be seen.

Table J.2. Required amount of glued in rods, placed in horizontally orientated layers

Design resistance
single rod [kN]

Design force con-
nection [kN/m]

number of rods re-
quired per m

Tension 0.6 1400 -
Shear 32.8 390 12

It can be stated that with the 16 rods in vertically orientated layers only 10 rods are needed in

horizontally orientated layers to transfer the remaining shear force.

With a total of 26 rods in a single meter the stiffness is calculated and shown in table J.3
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Table J.3. Stiffness of the glued in rod connection

[kN/mm] number of rods per m [kN/mm/m]
Kax 242 26 6292
Kv,0 11.8 16 188.8
Kv,90 2.4 10 24

To the total shear stiffness of the horizontal connection to the foundation is equal to Kv,tot = 212.8

kN/mm/m and the axial stiffness is equal to Kax = 6292 kN/mm/m. While the stiffnesses for

the dowelled connection are equal to Kv,tot = 1231 kN/mm/m and Kax = 1231 kN/mm/m

It can be said that a design based on ULS of bonded-in rods provides an axial stiffness that is much

higher than that of the dowelled connection, approximately 5 times higher. However the shear

stiffness of the connection is approximately 5 times smaller than that of the dowelled connection.

However as shown in section 5.1.1 the rigid body translation are governing in the lateral deflections

due to the horizontal connection.

The rigid body translations are multiplied by a factor 5 while the rigid body translations are divided

by a factor of 5. Resulting in a total deflection due to the horizontal connection of 1.9 mm if

glued-in rods are used, compared to 4.4 mm for dowelled connections.

Special attention needs to be paid as to how the rods are placed in the CLT taking into account

orientation of the layers, edge distances, internal spacing and end distances. Difficulties could occur

due to the limited width of the member resulting in a lack of space to place the rods and provide

sufficient spacing between rods.

For instance for a 30 mm rod a minimum internal spacing of 120 mm needs to be maintained which

would in this case result in approximately 8 rows per meter CLT wall. For this case each row would

have at least 3 glued-in rods to provide sufficient strength to the connection.

It can be concluded that if enough rods can be placed in a CLT panel which meet the requirements

on spacing and edge distance, providing sufficient strength, a glued-in rod connection to the

foundation is able to increase stiffness and reduce deflections originating from the foundation to

core connection compared to a dowelled connection.
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Appendix L

Calculation effective stiffness outrigger

In this appendix the calculation method used to determine the stiffness of an outrigger is shown.

The calculation of the effective stiffness of the outrigger of case B is shown after which the effective

stiffness of all other outrigger presented in this research will be shown. In should be noted that

throughout the calculation only the effects of wind loading have been taken into account, in this way

deflections of the outrigger can be obtained without the influence of axial differential shortening

between core and columns.

By using superposition the deflection u at the outer column can be calculated according to equation

J.1, in which the first term is the deflection due to bending at the outer column, the second term

is the deflection due to bending at the inner column row and the third term is the rotation due to

bending at the inner column row multiplied by the lever arm to the outer column row.

u =
F1l

3
1

3EIeff,outrigger
+

F2l
3
2

3EIeff,outrigger
+ l2

F2l
2
1

2EIeff,outrigger
(J.1)

where

F1 is the outer column force due to wind loading only

F2 is the inner column force due to wind loading only

L1 is the length from core to outer column row, 12 meters

L2 is the length from core to inner column row, 6 meters

Rewriting the equation with the effective bending stiffness of the outrigger EIeff,outrigger as the

unknown yields equation J.2

EIeff,outrigger =
F1l

3
1

3u
+
F2l

3
2

3u
+ l2

F2l
2
1

2u
(J.2)

The next step consists of calculating the deflections due to bending. The procedure can be seen

in figure J.1 for the outrigger on the left side of the core, the first step consists of determining the

position of the outrigger if zero bending would occur, which is for the left hand side an upward

shift of the core and a rotation of the core. Secondly the vertical displacement of the outrigger at

the column locations is determined and is substracted from the displacement if zero bending would

occur.

With the displacement due to bending at the outer column and forces in both columns known the
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Figure J.1. Procedure for calculating the deflections due to bending of the outrigger

effective bending stiffness of the outrigger can be calculated using equation J.2. Finally an average

is taken of the bending stiffness of the left and right side of the core. Differences are present due to

the non-linear connections which are only activated in tension. The deflections and rotations of the

core and columns can be seen in table J.1, with forces shown in table J.2. The effective bending

stiffness of the left, right and average of the outriggers can be seen in table J.3

Table J.1. Vertical deflections and rotations of the column and core

left outer
column
row

left inner
column
row

left side
core

left
side
core

right
side
core

right
side
core

right
inner
column
row

right
outer
column
row

deflection
[mm]

deflection
[mm]

deflection
[mm]

rotation
[mrad]

rotation
[mrad]

deflection
[mm]

deflection
[mm]

deflection
[mm]

single storey outrigger
Case B 1.4↑ 1.5↑ 4.1↑ 1.5⟳ 1.7⟳ 3.1↓ 1.8↓ 1.4↓

Configuration 1 1.4↑ 1.3↑ 4.3↑ 1.6⟳ 1.8⟳ 3.2↓ 2.1↓ 1↓
Configuration 2 1.3↑ 0.2↑ 4.8↑ 1.6⟳ 1.7⟳ 3.6↓ 0.4↓ 1.3↓
Configuration 3 1.7↑ 1.8↑ 3.8↑ 1.5⟳ 1.7⟳ 3.1↓ 1.3↓ 1.4↓
Configuration 4 1.2↑ 2.3↑ 3.9↑ 1.6⟳ 1.7⟳ 3.1↓ 1.2↓ 1.3↓

Shear wall 2.2↑ 2.5↑ 3.2↑ 1.1⟳ 1.4⟳ 2.4↓ 2.3↓ 2.2↓
Two storey outrigger

Configuration 1 2.1↑ 1.1↑ 3.7↑ 1.2⟳ 1.4⟳ 2.8↓ 1.4↓ 2.5↓
Configuration 2 3↑ 2.9↑ 2.1↑ 1⟳ 1.2⟳ 1.8↓ 2.8↓ 2.9↓
Configuration 3 2.5↑ 1.8↑ 3.2↑ 1.1⟳ 1.3 ⟳ 2.5↓ 2.1↓ 2↓
Configuration 4 3.1↑ 2↑ 2.8↑ 1 ⟳ 1.2 ⟳ 2.3↓ 1.5↓ 2.4↓
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Table J.2. Vertical forces in the column

left outer
column row
[kN]

left inner
column row
[kN]

right inner
column row
[kN]

right outer
column
row[kN]

single storey outrigger
Case B 93 105 -123 -94

Configuration 1 95 86 -144 -68
Configuration 2 88 13 -20 91
Configuration 3 115 122 -83 -94
Configuration 4 75 159 -82 -89

Shear wall 149 175 -154 -149
Two storey outrigger

Configuration 1 171 88 -116 -202
Configuration 2 243 238 -228 -235
Configuration 3 203 150 -173 -226
Configuration 4 252 164 -120 -200

Table J.3. Effective bending stiffness outrigger

EIeff,outriggerleft EIeff,outriggerright EIeff,outriggerav
∗1012 [Nmm2] ∗1012 [Nmm2] ∗1012 [Nmm2]

single storey outrigger
Case B 3.5 3.5 3.5

Configuration 1 3.2 2.7 3.0
Configuration 2 2.3 2.5 2.4
Configuration 3 4.4 3.1 3.8
Configuration 4 3.3 3.0 3.1

Shear wall 8.3 6.7 7.5
Two storey outrigger

Configuration 1 7.1 8.0 7.6
Configuration 2 16.5 13.3 14.9
Configuration 3 10.4 10.0 10.2
Configuration 4 14.9 9.6 12.2

Finally the ratio of the effective bending stiffness of the outrigger vs the effective bending stiffness

of the core is determined as shown in table J.4, taking into account two outriggers are placed on

each side of the core. The effective bending stiffness of the core is taken from table B.2 in Appendix

B and is equal to EIeff,core = 2.57 ∗ 1017.
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Table J.4. Ratio effective bending stiffness outrigger vs effective bending stiffness core

maximum lateral
deflection [mm]

Peak lateral acceler-
ation [m/s2]

2∗EIeff,outriggerav
EIeff,core

∗10−5[-]

single storey outrigger
Case B 52.9 0.069 2.71

Configuration 1 54 0.071 2.3
Configuration 2 56.8 0.073 1.87
Configuration 3 52.5 0.070 2.93
Configuration 4 53.2 0.071 2.44

Shear wall 47.4 0.067 5.83
Two storey outrigger

Configuration 1 49 0.066 5.91
Configuration 2 41.9 0.061 11.6
Configuration 3 46.8 0.064 7.94
Configuration 4 44.4 0.063 9.55

The obtained data can now be plotted in a graph as shown in figure J.2 with the stiffness ratio on

the x-axis and the maximum lateral deflection for each case on the y-axis. Besides the data shown

in table J.4 an additional point is added for which the outrigger stiffness is equal to zero and the

maximum lateral deflection is equal to 61.8 mm, equal to the results of case A, a CLT core without

outrigger.

Figure J.2. Deflection vs stiffness ratio

An exponential fit is made of the data as shown in figure J.3a which is then extrapolated as shown

in figure J.3b.
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(a)

(b) Extrapolated

Figure J.3. Fitted curve deflection vs stiffness ratio

The fitted curves as shown in figure J.3 follow equation J.3.

Y = 20.57789 ∗ e−0.188645∗x + 41.1 (J.3)

where

x is the ratio of the effective bending stiffness of the outrigger divided by the effective

h bending stiffness of the core, multiplied by 105;

Y is the maximum lateral deflection, in mm;

Finally a normalized plot is made in which the maximum lateral deflection is normalized with

values starting at 0 and ending at 1 as shown in figure J.4.
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(a)

(b) Extrapolated

Figure J.4. Normalized fitted curve deflection vs stiffness ratio

The fitted curves as shown in figure J.4 follow equation J.4.

Y = 0.332975 ∗ e−0.188645∗x + 0.66551 (J.4)

Similarly as the deflections the influence of the stiffness ratio on lateral accelerations can be

assessed. The resulting figures for the lateral accelerations and normalized lateral accelerations can

be seen in figure J.5a following equation J.5 and J.5b following equation J.6 respectively.
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(a) Peak lateral acceleration

(b) Normalized peak lateral acceleration

Figure J.5. Fitted curves influence of stiffness ratio on peak lateral accelerations

Y = 0.01707 ∗ e−0.14775∗x + 0.05896 (J.5)

Y = 0.22466 ∗ e−0.14775∗x + 0.77576 (J.6)

The fitted curves are able estimate the influence on lateral of an outrigger based on the ratio of the

effective stiffness of the outrigger vs the effective stiffness of the core.
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