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Summary

Sustainability is an important aspect in the construction industry nowadays and therefore timber is inter-
esting to use as it is considered a sustainable building material. With the development of mass timber en-
gineered products such as glued and cross laminated timber, there are more and more possibilities to use
timber as a structural element, but this material is not yet widely used in high-rise buildings. Recent research
has shown different aspects to take into account when using timber. Due to the lightweight, high flexibility
and strength, attention must be paid to the dynamic behaviour and the high horizontal deflections of the top
levels of the building due to wind [2, 51, 59].

This thesis aims to give an insight on the possibilities of timber high-rise structures by making use of a para-
metric model. Therefore, the following research questions will be examined:

• How can a parametric model be used to examine the possibilities of timber high-rise?

• What are the possibilities of timber high-rise regarding maximum building height in The Netherlands?

A parametric model is used to generate the structural model, which enables you to easily change certain pa-
rameters to gain a quick insight into the consequences of these changes on the behaviour of the structure.
The model is developed in the program Autodesk Dynamo, where a plug-in developed by the company Ar-
cadis is used to connect Dynamo to a FEA application called RFEM to be able to check the generated structure
on relevant criteria.

The parametric model is able to design a building which has certain dimensions and lateral stability systems
which can be changed. It is chosen to implement lateral stability systems consisting of shear core(s), a diagrid
and a tube, which can be used either independently or combined. The connections between the elements
can not be modelled with a finite stiffness using the Arcadis plug-in. Therefore, several assumptions had to be
made to encounter for the characteristics of the connections. The Young’s modulus of the structural elements
are modified to take into account the stiffness of the connections and openings in surfaces if present.

To check if the parametric model gives satisfying results, a case study is performed on the BrockCommons
Tallwood House. This showed that the parametric model gives satisfactory results.

A parametric study is performed to check the possibilities of timber high-rise regarding maximum building
height in The Netherlands. An office building with a width of 32.4 metres, a depth of 28.8 metres with a spe-
cific floor plan and connection characteristics is used. Optimal configurations regarding compressive and
tensile resistance of connections between structural elements are resolved using MATLAB and the reduction
of Young’s modulus of the elements is determined using the specific connection characteristics.

The connections used in the parametric study are compared to commonly used connections regarding strength
and stiffness. Furthermore, an insight is given on the influence of the stiffness of the connections on the struc-
ture.

The maximum building heights are investigated for stability systems consisting of either a shear core, diagrid,
tube or a combination of 2 stability systems. Results show that a 4-storey diagrid system with infinite stiff
connections can reach the greatest height of 187.2 metres. No additional measures had to be taken to ensure
that each structure complied with the maximum acceleration limit for office buildings. Finally, a comparison
is made between the stability systems with regard to total timber volume and steel mass usage.

v





Contents

Summary v
List of Figures ix
List of Tables xiii
1 Introduction 1

1.1 Introduction to timber high-rise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Introduction to parametric design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Problem description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Background information 7
2.1 Lateral stability and gravitational systems for high-rise . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Timber as a structural material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Timber connections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Introduction to parametric design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Design and verification of the structure 19
3.1 Loads on structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Buckling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4 Deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.5 Global initial sway imperfections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.6 Vibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7 Fire safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.8 Connections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4 Development of parametric model 41
4.1 Global design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Setup of parametric model in Dynamo and RFEM . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3 Method of using the parametric model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Case study: Brock Commons Tallwood House 53
5.1 General information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Load-bearing structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.3 Detailing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.4 Parametric model of the building . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.5 Structural analysis results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6 Parametric study on timber high-rise in The Netherlands 61
6.1 Basic principles of the design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2 Characteristics of columns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.3 Characteristics of diagonals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.4 Properties of floors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.5 Characteristics of stability core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.6 Characteristics of facade elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.7 Characteristics of foundation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.8 Fire safety design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7 Background on connections 91
7.1 Connections between members . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

vii



viii Contents

7.2 Shear connection between corners of walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.3 Tension and shear connections between stacked walls . . . . . . . . . . . . . . . . . . . . . . 99

8 Results of parametric study 105
8.1 Structure with concrete stability core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.2 Structure with CLT stability core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
8.3 Structure with diagrid using glued-in threaded rods connections . . . . . . . . . . . . . . . . . 111
8.4 Structure with diagrid using steel plates and dowel connections . . . . . . . . . . . . . . . . . 115
8.5 Structure with tube system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8.6 Structure with combined stability systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

9 Comparison between the stability systems 123
9.1 Maximum building height and slenderness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
9.2 Timber material usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.3 Steel material usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.4 Comparison with other stability systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

10 Conclusions and Recommendations 133
10.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
10.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Bibliography 137
A Connections 141

A.1 MATLAB script for determining strength of slotted-in steel plates and dowels connection . . . . 141
A.2 MATLAB script for determining strength of glued-in rod connection . . . . . . . . . . . . . . . 143
A.3 MATLAB script for determining maximum strength of slotted-in steel plates and dowels con-

nection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
A.4 Maximum strength of slotted-in steel plates and dowels connection . . . . . . . . . . . . . . . 147
A.5 MATLAB script for determining maximum strength of glued-in rods connection . . . . . . . . . 149
A.6 Maximum strength of glued-in rods connection . . . . . . . . . . . . . . . . . . . . . . . . . 151
A.7 MATLAB script for determining shear resistance of screwed connection . . . . . . . . . . . . . 153

B Structural elements calculations 155
B.1 Structural analysis of floor beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
B.2 Strength of glued-in rod connection of Brockcommons Tallwood Building . . . . . . . . . . . . 156
B.3 Shear strength of screwed corner connection . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
B.4 Tensile strength of glued-in rods connection . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
B.5 Separating function of wall assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
B.6 Connection study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

C Dynamo model overview 169
C.1 Dynamo model overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
C.2 Dynamo model custom node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
C.3 Dynamo model facade element research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

D Parametric study results 175
D.1 RFEM results for structure with concrete stability core . . . . . . . . . . . . . . . . . . . . . . 176
D.2 RFEM results for structure with CLT stability core. . . . . . . . . . . . . . . . . . . . . . . . . 177
D.3 RFEM results for diagrid structure with glued-in rods connections . . . . . . . . . . . . . . . . 178
D.4 RFEM results for diagrid structure with steel plates and dowels connections . . . . . . . . . . . 181
D.5 RFEM results for structure with tube system . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
D.6 RFEM results for structures with multiple stability systems . . . . . . . . . . . . . . . . . . . . 185
D.7 Timber volume for different type of stability systems . . . . . . . . . . . . . . . . . . . . . . . 186
D.8 Steel mass for different type of stability systems. . . . . . . . . . . . . . . . . . . . . . . . . . 187



List of Figures

1.1 Stadthaus, London [40] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 LifeCycle Tower One [17] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Treet, Bergen [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Mjøstårnet, Brumunddal [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.5 Nationaal Militair Museum [6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Lateral stability and gravitational systems for high-rise . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Glued laminated timber [22, 43] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Cross-laminated timber [4, 37] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Joints with glued-in rods [52] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Methods to fabricate connections with glued rods [14] . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Joint with steel nails [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7 Joint with steel plates and dowels [4, 39] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.8 Joint with adhesive (XEPOX) [53] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.9 GenerativeComponents [11], Grasshopper [11] and Autodesk Dynamo . . . . . . . . . . . . . . . 14
2.10 Dynamo file with different elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.11 Background 3D preview of Dynamo file . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.12 Member node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.13 Support node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.14 Load and load case nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.15 ModelToRFEM node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.16 Dynamo model exported to RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.17 Nodes for result data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1 The use of partial safety factors and kmod to ensure limit states [4] . . . . . . . . . . . . . . . . . . 20
3.2 Different wind zones in The Netherlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Velocity pressure distributed over the building . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Different zones for a building . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Stress-strain diagram for clear wood [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Deflection components [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.7 Global initial sway imperfection [30] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.8 Acceptable accelerations for specific frequencies [16] . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.9 Definition of the reduced cross-section method [31] . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.10 Values for k0 for protected member . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.11 Charring depth for unprotected and protected timber member . . . . . . . . . . . . . . . . . . . . 32
3.12 Basic insulation value [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.13 Basic protection value [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.14 Failure modes for dowel connections with 2 steel plates [47] . . . . . . . . . . . . . . . . . . . . . . 35
3.15 The values of lv,i and lt ,i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.16 Spacing and edge/end distances for dowel connections in tension . . . . . . . . . . . . . . . . . . 36
3.17 Spacing and edge/end distances for dowel connections in compression . . . . . . . . . . . . . . . 37
3.18 Defined distances for connection with glued-in rods [19] . . . . . . . . . . . . . . . . . . . . . . . 38
3.19 Failure mechanism for glued-in threaded rod in shear . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1 Global design of the different stability systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Overview of the Dynamo custom node . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.3 Column and connections in series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Modelling the columns in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.5 Modelling the columns in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

ix



x List of Figures

4.6 Modelling the core in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.7 Divisions of the bottom core walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.8 Modelling the diagrid in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.9 Modelling the facade elements in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.10 Modelling permanent loads in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.11 Modelling the wind loads in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.12 Loads applied to the floors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.13 Modelling combination of systems in RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.14 Method of using the parametric model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.1 Side-views of the Brock Commons Tallwood House [45] . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Floorplan of the Brock Commons Tallwood House [45] . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.3 Connections column to concrete podium and column to column [48] . . . . . . . . . . . . . . . . 54
5.4 Floor to core connection [48] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.5 Type X gypsum layers around a column [45] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.6 RFEM model of Brockcommons Tallwood Building . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.8 Maximum compression and tension forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.9 Maximum acceleration of the top level of the Brock Commons building . . . . . . . . . . . . . . . 59

6.1 Floor plan of the building without any lateral stability system . . . . . . . . . . . . . . . . . . . . . 62
6.2 Maximum tension force in 700x700mm member with glued-in rod connection . . . . . . . . . . 63
6.3 Detail of connection between 400x400mm columns using glued-in threaded rods . . . . . . . . . 64
6.4 Maximum compression and tension force in dowel connection for 700x700mm member . . . . 65
6.5 Maximum compression and tension force in dowel connection for different column dimensions 66
6.6 Stiffness of different connection configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.7 Detail of connection between diagonals using slotted-in steel plates and dowels . . . . . . . . . 69
6.8 Detail of connection between diagonals using glued-in threaded rods . . . . . . . . . . . . . . . . 70
6.9 Decrease of compression resistance due to buckling . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.10 Floor plan for each storey of the building . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.11 Reinforcement of concrete core elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.12 Connections of core walls in CLT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.13 Dimensions and symbols of mechanically jointed beams theory . . . . . . . . . . . . . . . . . . . 76
6.14 Core dimensions for determining effective bending stiffness . . . . . . . . . . . . . . . . . . . . . 77
6.15 Effective bending stiffness for core with corner connections in x- and y-directions . . . . . . . . 77
6.16 Effective bending stiffness for core with corner connections . . . . . . . . . . . . . . . . . . . . . . 78
6.17 Resistance to compression and shear for toothed connection . . . . . . . . . . . . . . . . . . . . . 79
6.18 Detail of connection between sides of facade elements . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.19 Parametric model for investigating influence of opening in facade . . . . . . . . . . . . . . . . . . 82
6.20 Stiffness reduction due to openings in facade elements . . . . . . . . . . . . . . . . . . . . . . . . 82
6.21 Reduced stiffness of a CLT wall panel with an opening . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.22 Method of Dujic compared to RFEM results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.23 RFEM model overview for determining bending stiffness reduction . . . . . . . . . . . . . . . . . 84
6.24 Bending stiffness reduction due to connections at the sides of the facade elements . . . . . . . . 85
6.25 Facade dimensions for determining effective bending stiffness . . . . . . . . . . . . . . . . . . . . 85
6.26 Effective facade flange width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.27 Reduction of bending stiffness due to corner connections . . . . . . . . . . . . . . . . . . . . . . . 86
6.28 Total bending stiffness reduction of facade surface . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.29 Concentration of compressive and tensile stresses between the openings . . . . . . . . . . . . . . 88
6.30 Deflections due to stiffness of the structure and foundation . . . . . . . . . . . . . . . . . . . . . . 88
6.31 Reduction of compressive resistance for different fire safety levels . . . . . . . . . . . . . . . . . . 89
6.32 Char layer depth for different fire protective layer thicknesses . . . . . . . . . . . . . . . . . . . . . 89
6.33 Separating function for different wall thicknesses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.1 Side views of different commonly used connections between timber members . . . . . . . . . . 92
7.2 Modelling the member combined with a connection with finite stiffness . . . . . . . . . . . . . . 93
7.3 Contribution of a connection to the total vertical deformation . . . . . . . . . . . . . . . . . . . . 94
7.4 Side views of commonly used connection between wall segments to transfer shear forces . . . . 95



List of Figures xi

7.5 Connection strength and stiffness for different connections . . . . . . . . . . . . . . . . . . . . . . 96
7.6 Top view of the investigated structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.7 Contribution of connections to total horizontal displacements in y-direction . . . . . . . . . . . 98
7.8 Contribution of connections to total horizontal displacements in x-direction . . . . . . . . . . . 98
7.9 Overview of tension connections between wall elements . . . . . . . . . . . . . . . . . . . . . . . . 99
7.10 Models as used to determine influence of vertical connection stiffness on the structures . . . . . 101
7.11 Contribution of connection to total horizontal displacements of 10-metres width wall . . . . . . 102
7.12 Contribution of connection to total horizontal displacements of 20-metres width wall . . . . . . 102
7.13 Models as used to determine influence of vertical connection stiffness on the structures . . . . . 103
7.14 Contribution of connection to total horizontal displacements of 10-metres width wall . . . . . . 104

8.1 Core properties for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
8.2 Unity check of core stresses for different building heights . . . . . . . . . . . . . . . . . . . . . . . 106
8.3 Column dimensions for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
8.4 Increase in core size for 18-storey and 20-storey building . . . . . . . . . . . . . . . . . . . . . . . 107
8.5 Maximum accelerations of top level for different building heights . . . . . . . . . . . . . . . . . . 108
8.6 Core properties for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
8.7 Unity check of core stresses for different building heights . . . . . . . . . . . . . . . . . . . . . . . 109
8.8 Stresses in the core walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8.9 Column dimensions for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8.10 Maximum accelerations of top level for different building heights . . . . . . . . . . . . . . . . . . 111
8.11 Definition of the angle of a diagonal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.12 Diagonal size for each diagrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.13 Forces in diagonals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.14 Column dimensions for all diagrid types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
8.15 Maximum acceleration of the top level for each diagrid type . . . . . . . . . . . . . . . . . . . . . 115
8.16 Diagonal size for each diagrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
8.17 Column dimensions for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
8.18 Maximum acceleration of the top level for each diagrid type . . . . . . . . . . . . . . . . . . . . . 117
8.19 Column size for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8.20 Unity checks of stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.21 Stresses in facade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.22 Max acceleration of the top level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.23 Unity checks for different stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
8.24 Maximum acceleration of the top level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

9.1 Maximum building height for each type of stability system . . . . . . . . . . . . . . . . . . . . . . 123
9.2 Maximum building height for combinations of stability systems . . . . . . . . . . . . . . . . . . . 124
9.3 Volume of timber per type of stability system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
9.4 Distribution of volume for different type of stability systems . . . . . . . . . . . . . . . . . . . . . 127
9.5 Steel volume for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.6 Distribution of steel mass per stability system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
9.7 Comparison between completed buildings and results from parametric study . . . . . . . . . . . 130

A.1 Compression and tension strength for 300x300mm and 400x400mm member . . . . . . . . . . . 147
A.2 Compression and tension strength for 500x500mm and 600x600mm member . . . . . . . . . . . 147
A.3 Compression and tension strength for 700x700mm and 800x800mm member . . . . . . . . . . . 147
A.4 Compression and tension strength for 900x900mm and 1000x1000mm member . . . . . . . . . . 148
A.5 Compression and tension strength for 1100x1100mm and 1200x1200mm member . . . . . . . . 148
A.6 Tensile strength for 300x300mm and 400x400mm member . . . . . . . . . . . . . . . . . . . . . . 151
A.7 Tensile strength for 500x500mm and 600x600mm member . . . . . . . . . . . . . . . . . . . . . . 151
A.8 Tensile strength for 700x700mm and 800x800mm member . . . . . . . . . . . . . . . . . . . . . . 151
A.9 Tensile strength for 900x900mm and 1000x1000mm member . . . . . . . . . . . . . . . . . . . . . 152
A.10 Tensile strength for 1100x1100mm and 1200x1200mm member . . . . . . . . . . . . . . . . . . . . 152

B.1 Simply supported floor beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
B.2 Column connection of Brockcommons Tallwood Building . . . . . . . . . . . . . . . . . . . . . . . 156



xii List of Figures

B.3 Position coefficients of exposed wall assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
B.4 Position coefficients of unexposed wall assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
B.5 Join coefficients for wall assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

C.1 Dynamo model overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
C.2 Dynamo custom node overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
C.3 Dynamo window research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173



List of Tables

2.1 Material properties of different materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Strength classes for GLT [18] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Characteristic values for different properties of C24 . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Characteristic values for Parallam PSL 2.0E Column [62] . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Plug-ins for Grasshopper and Dynamo to perform a structural analysis [8] . . . . . . . . . . . . . 14

3.1 Combination factors ψ for an office building . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Values of kmod for different load-duration and service classes for solid timber, glulam and CLT [4] 20
3.3 vb,0 for different wind zones in The Netherlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Roughness length for different terrain categories in The Netherlands [27] . . . . . . . . . . . . . . 22
3.5 External pressure coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.6 Human perception levels [42] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.7 Basic insulation and protection values for different materials . . . . . . . . . . . . . . . . . . . . . 34
3.8 Minimum spacing and edge/end distances for a dowel connection [31] . . . . . . . . . . . . . . . 37

4.1 Load combinations for ULS and SLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1 Material properties for RFEM model of Brock Commons Tallwood House . . . . . . . . . . . . . . 56
5.2 Dynamo input values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.1 Dynamo input values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2 Characteristics of the connections for different columns sizes . . . . . . . . . . . . . . . . . . . . . 63
6.3 Maximum compression and tension forces of a connection with glued-in rods for different col-

umn dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.4 Characteristics of the connections for the different column dimensions . . . . . . . . . . . . . . . 66
6.5 Maximum compression and tension forces of a dowel connection for different column dimen-

sions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.6 Ratios between columns and columns with connections . . . . . . . . . . . . . . . . . . . . . . . . 68
6.7 Equivalent in-plane stiffness of a CLT plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.8 Maximum spans for different plate thicknesses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.9 Strength properties of concrete core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.10 Normalised stiffness for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.11 Strength properties of CLT core elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.12 Normalised stiffness for different building heights . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.1 Properties of different columnn connections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.2 ctc for all shear connections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.3 Strength and stiffness properties of connections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.1 Inputs for different diagrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
8.2 Maximum height of combined stability systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

9.1 Maximum building height and slenderness of single stability systems . . . . . . . . . . . . . . . . 125
9.1 Maximum building height and slenderness of combined stability systems . . . . . . . . . . . . . 125
9.2 Completed buildings and other case studies [10, 36, 50] . . . . . . . . . . . . . . . . . . . . . . . . 130
9.3 Results from parametric study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

B.1 Structural calculations of the floor beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
B.2 Calculation of resistance of glued-in rod connection . . . . . . . . . . . . . . . . . . . . . . . . . . 156
B.3 Shear strength of screwed corner connection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

xiii



xiv List of Tables

B.4 Tensile resistance of glued-in rods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
B.5 Separating function for 135 millimetres thick wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
B.6 Separating function for 225 millimetres thick wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
B.7 Separating function for 315 millimetres thick wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
B.8 Separating function for 405 millimetres thick wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
B.9 Separating function for 495 millimetres thick wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
B.10 Calculation of resistance of glued-in rod connection . . . . . . . . . . . . . . . . . . . . . . . . . . 162
B.11 Compression and tension of the net timber area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B.12 Compression and tension of the net timber area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B.13 Resistance of dowels (both dowel failure and embedment failure) . . . . . . . . . . . . . . . . . . 163
B.14 Block shear and plug shear failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B.15 Tension in the net area of the steel plates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
B.16 Strength and stiffness of TTV240 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
B.17 Strength and stiffness of TTN240 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
B.18 Strength and stiffness of TTS240 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
B.19 Strength of connection E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
B.20 Strength and stiffness of connection F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
B.21 Strength and stiffness of connection G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
B.22 Strength of connection B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
B.23 Calculation of resistance of glued-in rod connection . . . . . . . . . . . . . . . . . . . . . . . . . . 167
B.24 Strength of connection B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
B.25 Strength of connection D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
B.26 Strength of connection E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168



1
Introduction

As the title of this thesis states, 2 topics are involved in this research, namely timber high-rise structures and
parametric design. A short introduction is given to both subjects.

1.1. Introduction to timber high-rise
Sustainability is an important aspect in the construction industry nowaydays. Therefore, more buildings are
being build using timber as a construction material as it is considered sustainable due to its low embodied
energy and its ability to store carbon dioxide. Timber is also getting more interesting to use because of the de-
velopment of mass timber engineered products, such as glued and cross laminated timber, which have better
strength and stiffness properties compared to ordinary wood. Although wood is a combustible material, it
will keep its structural integrity due to a charred layer which will protect the inner layers of the material. Tim-
ber could therefore be a suitable construction material to be used in high-rise buildings.

Nearly 30 mass timber buildings over 8 stories tall are completed, under construction or in late-phase design
in 2014 and in the last 5 years, another 19 8 stories tall buildings have been completed [15]. Some timber
buildings which are already built will be briefly discussed.

1.1.1. Stadthaus, London, England
Stadthaus is a residential building located in London consisting of 9 stories. It is the first building made out
of only cross-laminated timber panels. Not only is CLT used for walls and floors, but also for staircases and
lift cores. The building houses a total of 29 apartments and also an office is located on the ground floor.

Each timber element was prefabricated and cut-outs for windows and doors were already applied before
transported to the construction site. Therefore, they could be put in place immediately, which resulted in a
very short construction time of only 49 weeks, 20 weeks less than a construction of a similar building made
out of concrete would take [58].

Figure 1.1: Stadthaus, London [40]
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1.1.2. LifeCycle Tower One, Dornbirn, Austria
The LifeCycle tower One is an office building which consists of a wood-concrete composite structural sys-
tem located in Dornbirn (Austria). The building has 8 stories, is 24 metres in length and 13 metres in width.
The staircase core, situated on one side of the building, is made of reinforced concrete. Due to fire prevention
regulations in the Austrian building regulations, a staircase made of timber was not allowed by the authorities.

The facade elements are prefabricated using recycled material. Due to the fact that this building has prefabri-
cated building modules, the erection time was 8 days after the foundation and stair case were finished, which
is half the time of a traditional building made of concrete.

Figure 1.2: LifeCycle Tower One [17]

1.1.3. "Treet", Bergen, Norway
"Treet" is 14-storey high residential building located at Bergen, Norway and houses 62 apartments. The struc-
ture contains load-carrying Glulam trusses and 2 intermediate strengthened levels, the so called "power sto-
ries". These levels have a prefabricated concrete slab. The main function of these slabs is to increase the
total mass of the building. The apartments are prefabricated residential modules which are placed on each
strengthened level. A maximum of 4 modules are put on top of each other. The load-carrying trusses are
placed along the facade and gives the buildings its lateral stiffness. The elevator shafts, staircases and inter-
nal walls are made of CLT. They do not incorporate with the stability system of the building.

The cross-sections of the load-bearing structure are increased to obtain a fire resistance of 90 minutes. All
elements are connected using slotted-in steel plates and dowels.

Figure 1.3: Treet, Bergen [2]

1.1.4. Mjøstårnet, Brumunddal, Norway
Mjøstårnet in Brumunddal is a residential building finished in 2019. It has a height of 85.4 metres and is
therefore the world’s tallest timber building. The building has 18 storeys which houses apartments, a hotel
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and offices.

The main load bearing structure consists of glulam trusses which are located in the facade, combined with in-
ternal columns and beams. The trusses transfer vertical and horizontal forces to the foundation. All members
are connected using a steel plate with dowels. CLT walls are used to carry the elevator shafts and staircases.

The floors are made of prefabricated wooden slabs, which are called Trä8 elements made by Moelven. The 7
upper floors have an additional concrete finishing layer is added to satisfy the comfort criteria and acoustics
requirements.

Figure 1.4: Mjøstårnet, Brumunddal [1]

1.2. Introduction to parametric design
Parametric software has been used mostly for architectural purposes, but structural engineers recently started
to use this technology as well. It allows you to generate a structural design by using algorithms which are de-
fined using certain parameters. This can be done without the use of programming code by making use of
visual functions, where the results can directly be seen as a graphical representation. Therefore, also non-
experienced programmers will be able to use such parametric software packages. Parametric design is being
used more and more in practice due to the following advantages [8]:

• Complex geometries, boundary conditions and load cases are easy to generate.

• It enables you to make an infinite number of variants by making use of different parameters in a short
amount of time.

• Parametric models can be reused in different projects, which saves time and thus money.

These software packages allow you to generate a design, but is unable to check the design on structural re-
quirements. Therefore, it is necessary to connect the parametric software package to structural analysis soft-
ware, which can examine stresses and deformations.

For example, a parametric model is used during the design phase of the load bearing structure of the ’Nation-
aal Militair Museum’ in Soest, The Netherlands. It was used to optimise the dead weight of the roof structure
and to minimise the amount of columns needed [6].
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Figure 1.5: Nationaal Militair Museum [6]

1.3. Problem description
Recent research has shown different aspects to take into account when using timber as a construction mate-
rial for high-rise. Due to the lightweight, high flexibility and strength, attention must be paid to the dynamic
behaviour and the high horizontal deflections of the top levels of the building due to wind. This has been
demonstrated in research done on existing residential buildings with a timber lateral stability system like
Treet [2, 59] and on buildings with a concrete stability core and timber load-bearing columns [51, 62].

Although these studies have shown that these problems exist, it is still not clear which building heights are
within the possibilities of timber structures without these problems occurring. It will be very useful to use
a parametric model to be able to easily change certain parameters of a structure and thereby gain a quick
insight into the consequences of these changes.

1.4. Objectives
1.4.1. Main research question
Following section 1.3, this will lead to the main research questions:

• How can a parametric model be used to examine the possibilities of timber high-rise?

• What are the possibilities regarding maximum building height of timber high-rise in The Netherlands?

1.4.2. Sub questions
The following sub questions will be examined to get an inside on the problems of the main questions:

• What are important aspects for high-rise timber structures?

• What are the criteria for ultimate and serviceability limit state for high-rise timber structures?

• How can a parametric model be created to be used in combination with a finite element software pack-
age?

• What are the limitations of using a parametric model to analyse a timber high-rise structure?

• What aspects determine the building height limits of a high-rise timber structure?

1.5. Methodology
In order to answer the research questions, first the characteristics of timber high-rise are examined in chap-
ter 2. Therefore, different stability systems often used for high-rise in general are elaborated. Next, properties
of timber construction materials, such as glued and cross laminated timber, and connection which are often
used in timber structures are studied. Furthermore, the possibilities regarding parametric design are looked
at in aspect to structural design. Therefore, a connection between parametric and finite element analysis
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(FEA) software is examined.

A timber building must be designed according to the criteria for ultimate and serviceability limit state de-
scribed by the Eurocode and other relevant codes which are used in The Netherlands. In chapter 3, the rules
and requirements provided by these codes are looked further into.

A parametric model will be made which can generate structures with different stability systems. This is done
by using the program Dynamo, which can collaborate with the FEA software RFEM using a plug-in made by
the company Arcadis. This is elaborated in chapter 4. With the structural calculations done by RFEM, the
relevant criteria described in chapter 3 can be checked.

In chapter 5, the results the parametric model generates are checked whether or not it produces satisfactory
results by performing a case study. An already existing timber high-rise building named BrockCommons Tall-
wood House, located in Vancouver, will be examined using the parametric model.

To analyse the possibilities of a timber high-rise building regarding maximum building height, first the basic
principles of the design are explained in chapter 6. Then the characteristics of all connection used in the
structure are determined. An optimization is performed using MATLAB in order to obtain the properties of
connection which give the highest resistance to compression, tension and shear forces. The stiffness of the
different specific connections are cooperated into the design by adapting the Young’s modulus of the struc-
tural elements.

In chapter 7, connections which are commonly used are explained and compared with the specific connec-
tions assumed in chapter 6. The influence of the stiffness of the connections on the structure is explained for
connections between members and between walls.

Finally, in chapter 8 and chapter 9 the possibilities regarding maximum building height for different stability
systems is investigated. The results are discussed with regard to element dimensions, stresses and dynamic
behaviour. The configurations of the different stability systems, together with combinations of different sys-
tems, are then compared on material usage.





2
Background information

In chis chapter, background information is given on timber high-rise and parametric design. First, different
stability systems used in high-rise are identified, after which the characteristics of timber and timber engi-
neered products are investigated. Some types of connections commonly used in timber structures are being
discussed and the possibilities of parametric design are presented.

2.1. Lateral stability and gravitational systems for high-rise
The term high-rise can have many definitions. For example, the Cambridge Dictionary describes it as ’a tall
modern building with many floors’ [49] and the Encyclopaedia Britannica calls a building high-rise when its
a ’multi-storey building tall enough to require the use of a system of mechanical vertical transportation’ [13].
Emporis provides a clearer definition, they state that ’a high-rise building is a structure whose architectural
height is between 35 and 100 metres’ and that buildings can furthermore be defined as high-rise when it has
a minimum of 12 floors and the height is not known or when it has fewer than 40 floors and the height is
unknown [21].

Different structural systems can be used which provide sufficient stiffness to withstand lateral and gravity
loads. These systems can be considered as vertical cantilever beams fixed in the ground. The cantilever beam
has to carry vertical gravity loads, due to dead and live loads, and lateral wind with possible earthquake loads.
A couple of widely used stability systems are described. Often some of these stability systems are combined
to obtain even greater stiffness.

(a) Rigid frame (b) Shear core (c) Outrigger (d) Tube (e) Diagrid

Figure 2.1: Lateral stability and gravitational systems for high-rise

7
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2.1.1. Rigid frame system
A rigid frame system is a system which consist of load resisting columns connected with horizontal mem-
bers by using a rigid connection The vertical and lateral loads are resisted by bending of the beams and the
columns, therefore no bracings are required. The stiffness of this system is mainly determined by the bending
rigidity of the beams and columns and the rigidity of the connections between those beams and columns.

2.1.2. Shear wall system
A shear wall system is a system which consist of continuous vertical walls which carry the lateral and gravita-
tional loads. These walls are often placed in the core of the building and will act as vertical cantilevers. They
are mostly made of reinforced concrete, but can also be made out of timber panels. The shear wall system
can be combined with the rigid frame system, thus when the floors and columns have a rigid connection with
the core, these can provide additional stiffness to the structure.

2.1.3. Outrigger system
The outrigger system is a system which consist of (an) outrigger(s) connected to a core. This outrigger makes
it possible to induce additional tension and compression forces in the outer columns and thus reduces the
overturning moment in the core. This results in a more stiff structure. The outriggers are generally made of
steel trusses or reinforced concrete walls.

2.1.4. Tube system
The tube system is a system for which the building is designed to act as a hollow cantilever perpendicular
to the ground. The exterior of the building, known as the load-bearing facade, consists of elements which
are joined. This results in shear deformation of these elements, which are unequally distributed due to shear
lag, and compression/tension due to bending deformation. They can be made of concrete, steel, timber or a
composite.

2.1.5. Diagrid system
The diagrid system is a system which has a framework composed of elements that intersect in a diagonal
pattern. The diagonals act as a lattice girder. Due to these diagonals, there is no need for additional rigid
columns or cores for stability. Frequently, the diagrid framework is applied in the facade.

2.2. Timber as a structural material
Timber has a lower strength, but a better weight to strength ratio compared to reinforced concrete or steel.
Because of this, it is possible to create very light structures compared to structures made out of traditional
materials. On the other hand, timber has a lower Young’s modulus compared to the other materials.
In Table 2.1 a comparison of different construction materials is shown.

Table 2.1: Material properties of different materials

Material Bending strength fm (N /mm2) Density ρ (kg /m3) Ratio ρ/ fm

Timber 20 400 20
Steel 300 7850 26
Reinforced concrete 40 2400 60

Timber is an orthotropic material, which means that this material has different properties in different direc-
tions, for example parallel or perpendicular to the grain. These properties are often described in longitudinal,
radial and tangential directions. For example, timber is significantly stronger in the longitudinal direction
than in the tangential and radial directions. Also, the shrinkage and swelling behaviour of the timber differs
in all directions. For example, the tangential shrinkage is about twice as high as that of the radial direction.

To improve the behaviour of the timber on anisotropy, mass timber engineered products are being developed.
The most used products are glued laminated timber and cross laminated timber. These products have higher
stiffness and strength compared to traditional wood and have better shrinkage behaviour.
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2.2.1. Glued Laminated Timber
Glued laminated timber (GLT or Glulam) is a timber engineered product made out of boards stacked on top
of each other parallel to the grain. They are glued together using an adhesive. This allows for larger cross-
sections than possible with regular sawn wood. Weak points like knots have less influence on the overall
cross-section and thus GLT products have a better homogeneity than regular timber. GLT can be made of
various wood species like pine, fir and larch, but mostly spruce is used.

Sawn timber with a large cross-section can have large pith and shrinkage cracks and therefore moisture can
penetrate the wood easily. With glued laminated timber you can simply remove any deformations formed
during the drying process and thus these problems can be reduced.

Figure 2.2: Glued laminated timber [22, 43]

GLT is specified in different strength classes depending on the mean compressive strength. These classes are
shown in Table 2.2. The suffix h means that the Glulam is homogeneous, where a suffix c implies that the
Glulam consists of different timber classes.

Table 2.2: Strength classes for GLT [18]

N /mm2 GL24h GL24c GL28h GL28c GL32h GL32c GL36h GL36c

fm,g ,k 24 24 28 28 32 32 36 36
ft ,0,g ,k 16.5 14 19.5 16.5 22.5 19.5 26 22.5
ft ,90,k 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
fc,0,g ,k 24 21 26.5 24 29 26.5 31 29
fc,90,k 2.7 2.4 3.0 2.7 3.3 3.0 3.6 3.3
fv,k 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
E0,mean 11600 11600 12600 12600 13700 13700 14700 14700
E90,mean 390 320 420 390 460 420 490 460
Gmean 720 590 780 720 850 780 910 850

kg /m3

ρg ,k 380 350 410 380 430 410 450 430

2.2.2. Cross-Laminated Timber
Cross-laminated timber (CLT) is a timber engineered product made out of lumber boards stacked at 90 de-
gree angle to each other, which are then glued together using an adhesive. Often an uneven number of layers
is used to obtain a symmetrical cross-section. The layers are connected with finger-joints in longitudinal
direction. Most of the time, CLT is made of spruce, but panels can also be made of fir, pine or larch. The
maximum sizes of a single CLT plate are 3 metres in width, 18 metres in length and can have a maximum total
thickness of 500mm [7]. CLT plates are often fabricated by using C24 boards. The characteristic values for the
different properties of C24 plates are shown in Table 2.3.
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Table 2.3: Characteristic values for different properties of C24

Strength and stiffness properties in N /mm2 C24

Bending edgewise fm,k 24
Tension parallel to the grain ft ,0,k 14.5
Tension perpendicular to the grain ft ,90,k 0.4
Compression parallel to the grain fc,0,k 21
Compression perpendicular to the grain fc,90,k 2.5
Shear fv,k 4.0
Mean modulus of elasticity E0,mean 11000
0.05% percentile modulus of elasticity E0.05 9600
5% modulus of elasticity E0.05 740

Density in kg /m3

Characteristic density ρk 350

Due to the fact that this product has layers in different directions, it can transfer loads on all sides and this
results in a great use for large wall and floor panels. Another advantage is that CLT is not very sensitive to
moisture change and creep.

Figure 2.3: Cross-laminated timber [4, 37]

2.2.3. Parallel Strand Lumber
Parallel Strand Lumber (PSL) is a timber engineered product made of wooden strands. They are made of waste
veneers from the production of plywood. Cuts around 23 mm wide and 2.5 metres long are made from the
veneer sheets and positioned in the longitudinal direction of the beam or column. The cuts are then pressed
together and glued. Because of this process, it is possible to produce beams and columns with almost infinite
length.

PSL has high strength and stiffness properties, which is also depicted in Table 2.4, where the characteristic
values for Parallam PSL 2.0E are shown.
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Table 2.4: Characteristic values for Parallam PSL 2.0E Column [62]

Strength and stiffness properties in N /mm2 Parallam PSL 2.0E Column

Bending edgewise fm,k 59
Tension parallel to the grain ft ,0,k 10
Compression parallel to the grain fc,0,k 32
Compression perpendicular to the grain fc,90,k 2.8
Shear fv,k 2.5
Mean modulus of elasticity E0,mean 14300
Shear modulus of elasticity G0,mean 530

Density in kg /m3

Characteristic density ρk 500

2.3. Timber connections
Timber connections often determines the overall strength of the structure and their stiffness will also have a
great influence on the overall behaviour of the structure. Therefore, generally the connections are the critical
factors in the design of a structure [38]. There are many possibilities on how to make timber-to-timber con-
nections and timber-to-steel connections, which all have different advantages and disadvantages regarding
strength and stiffness.

In the following section, the most used structural elements to connect timber elements are described and
also typical connection layouts are described.

2.3.1. Joint with glued-in rods
Timber members can be connected by using rods. The rods, often made of either steel or fibre-reinforced
plastic (FRP), can be applied both parallel and perpendicular to the grain of the timber. They are often
threaded and glued to the timber member by making use of an adhesive. Epoxy has the best performance
on pull-out strength and is most commonly used in Europe [56]. The rods can connect the members directly,
but can also be welded to a steel plate, which is shown in Figure 2.4.

Figure 2.4: Joints with glued-in rods [52]

To build such a connection, first a hole must be drilled in the timber member which is approximately 1 to
4 millimetres larger than the diameter of the rod. Subsequently, there are 2 ways to finish the connection.
In the first method, the adhesive is poured inside the hole, after which the rod can be inserted. The second
method uses a additional hole at the side of the member, where the adhesive can be inserted. Both methods
are shown in Figure 2.5.



12 2. Background information

Figure 2.5: Methods to fabricate connections with glued rods [14]

2.3.2. Joints with nails
Nails are often used in timber connections, because they are easy to manufacture and can easily be put into
place. They perform well when used in nail groups and when exposed to earthquakes. Nails have bad per-
formance on withstanding forces in the shank direction. Especially when nails are used in combination with
high density timber, sometimes pre-drilling is required to prevent splitting of the wood or buckling of the nail.

Nails can be used to connect timber to timber, but often additional steel components such as perforated steel
plates are used. In Figure 2.6, a joint with nails is shown which uses a steel plate to connect 2 timber elements
and in Figure 2.6, a steel plate is used to transfer tension forces to a concrete slab.

Figure 2.6: Joint with steel nails [55]

2.3.3. Joints with bolts and dowels
A joint with bolts or dowels consist of pre-drilled holes where bolts or dowels are inserted. If bolts are used,
an additional head, nut and washer are added. The holes can be drilled 1 mm larger than the dowel diameter.
These joints are able to transfer large forces and can be used to obtain a high rigidity.

To obtain a high strength connection between 2 different timber elements, often additional steel plates are
used. These steel plates are placed in the centre of the element by making a cut and then dowels are put in
holes created in both the timber and steel plate. Self-drilling dowels can be used for up to 3 steel plates, each
up to 5 mm thick or 1 steel plate with a maximum thickness of 10 mm.
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Figure 2.7: Joint with steel plates and dowels [4, 39]

2.3.4. Joint with self-tapping screws
Connections with self-tapping screws are ideal to use for connecting steel and timber elements to other tim-
ber elements, but it could also be used for timber-to-timber connections. Self-tapping screws can resist high
loads in the direction parallel to the screw axis. This is because the thread of the screw provides an effective
bond between the screw and the timber. The screws can also be used to transfer forces perpendicular to the
screw axis, the threaded of the screw then contributes to the load-carrying capacity because of the rope effect.

Just as joints with nails, self-tapping screws can also be used in combination with steel components. For
example, screws can be used together with brackets to transfer shear forces or with steel plates to provide
tensile resistance.

2.3.5. Joint with adhesive
Timber elements can be glued together using an adhesive on the contact surface between those elements.
The adhesive fills the joint between the different timber parts and ensures that the adhesion is as strong as
the timber material itself. It is also possible to add an adhesive between timber and a steel components as
with an XEPOX connection [53].

Figure 2.8: Joint with adhesive (XEPOX) [53]

2.4. Introduction to parametric design
Various software packages for parametric design are on the market at this moment. The most used programs
are:

• GenerativeComponents: This program is developed by the company Bentley Systems and was intro-
duced in 2003. It is free stand-alone software which can be used in combination with CAD software,
such as Bentley Systems MicroSystem or AutoDesk AutoCAD.

• Grasshopper: It is developed by Robert McNeel and appeared in 2007. It runs within the Rhinoceros 3D
application, which is a CAD program also developed by Robert McNeel & Associates. To speed up the
process of developing models in Grasshopper, a large amount of plug-ins are available on the web.

• Autodesk Dynamo: This is a stand-alone application, but can also be used simultaneously with Au-
todesk Revit. The program is free to use. Because it’s open-source, several plug-ins are available on the
web.
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Figure 2.9: GenerativeComponents [11], Grasshopper [11] and Autodesk Dynamo

As already mentioned in section 1.2, these applications are not able to check the design on structural require-
ments. Therefore, several plug-ins are developed to connect the parametric software packages with structural
analysis programs. An overview of available plug-ins for Grasshopper and Dynamo is given in Table 2.5.

Table 2.5: Plug-ins for Grasshopper and Dynamo to perform a structural analysis [8]

Program Plug-in name

Grasshopper Kangaroo Built-in Grasshopper
Karamba 3D Built-in Grasshopper
GeometryGym Connects to either Oasys GSA, Robot, ETABS, SCIA

Engineer or SAP2000
Grasshopper-Tekla Live Link Connects with Tekla Structures

Autodesk Dynamo Structural analysis Uses Robot Structural Software
Arcadis plug-in Connects with Dlubal RFEM

2.4.1. Parametric design software package
The parametric design software package used in this thesis is called Dynamo. This software enables users to
create their own custom-built tools. In Dynamo you can use different elements to obtain a parametric design.
A typical Dynamo file is shown in Figure 2.10, where different elements are displayed and subsequently the
functions of these elements are described.

Figure 2.10: Dynamo file with different elements

Work space
The work space is the area where you can place nodes and connect them using wires.

Node
A node is an object which can either be an element like lines or points, or operations. The node has inputs
and outputs which can be connected using wires.

Wire
Wires enable you to create a connection between the in- and output of nodes and thus transfer different kind
of information between the nodes.
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Port
Ports represent the input and output of a node. The input ports are on the left side and the output ports are
on the right side of the node. Therefore, normally a file is built up from left to right.

Code
Instead of using nodes which represent different functions, Dynamo allows you to use programming code.
This code can be written in a Code block. When using variables, these will show up as input ports and every
line of code can be used as output.

Slider
Sliders allow you to visually change a parameter by moving the slider left and right. You can give the slider a
start value, an interval and an end value.

Custom nodes
Dynamo allows you to build custom nodes. This custom node is nothing more than a container which con-
tains other nodes and custom nodes. When executing a custom node, all the nodes inside this custom node
will be executed.

Background 3D preview
Behind the work space, the result of the connected nodes is shown. The result of the nodes shown in Fig-
ure 2.10 is displayed in Figure 2.11.

Figure 2.11: Background 3D preview of Dynamo file

2.4.2. Structural analysis software
The structural analysis software which will be further used is called RFEM from the company Dlubal. In order
to generate and analyse a structure in RFEM using Dynamo, a plug-in had to be made because Dynamo does
not provide this functionality.

Michael van Telgen from the company Arcadis [61] and Igor Pečanac [8] are working on this plug-in, which
allows you to assign different structural properties to the geometry made in Dynamo and apply loads to this
geometry. This can then be imported into RFEM, where a structural analysis can be performed [61].

To do so, the plugin has different nodes which are explained below.
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Member element
The plugin allows you to convert lines made in Dy-
namo to members in RFEM. You can assign different
properties to this member, namely material, cross
section, rotation angle and the boundary conditions
(hinged or rigid). A special node is made for the spe-
cific materials concrete, steel and timber, for which
you can choose different classes. Cross sections can
be picked from the cross sections nodes, such as
steel sections (for example HEA and IPE profiles) and
rectangular shaped timber cross sections. This node is
shown in Figure 2.12.

Surface element
The plugin also enables you to convert surfaces cre-
ated in Dynamo to surface elements in RFEM. You
can assign the surface thickness, the material and the
eccentricity to this element.

Figure 2.12: Member node

Node element
Points which are made in Dynamo can be converted
to nodes in RFEM. You can then apply nodal forces
and support conditions to these nodes.

Support
Supports can be added by applying the support
boundary conditions to a RFEM node. It is possible
to restrain translations of all axes and the rotations
around each axes can either be chosen hinged or rigid.
This node is shown in Figure 2.13.

Figure 2.13: Support node

Loads and load case
The plug-in allows you to add different loads to the structure. At this moment, it is possible to apply nodal
loads, surface loads and self weight in all directions. These loads can then be sorted in several load cases,
which can be used in different combination loads as determined in section 3.1 by using the Load Combina-
tion node.

Load combinations
The Load Combination load allows you to assign different load combinations for ULS and SLS to the model
by using the defined load cases. The different load cases are inputted and load factors can be applied. The
node gives an option to calculate the load combination using a linear or a non-linear analysis.

Figure 2.14: Load and load case nodes
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Export model to RFEM
All generated members, supports and loads are com-
bined in a list with model data. This model data can
then be put in the node ModelToRFEM to export it
to RFEM. This node allows you to start the structural
calculations immediately.

Figure 2.15: ModelToRFEM node

In Figure 2.16 a member which is generated in RFEM is shown. The Dynamo file displayed in Figure 2.11 is
used, after which other Dynamo nodes are used to assign a cross section to the line, add a support to one side
and attach a point load to the other side.

Figure 2.16: Dynamo model exported to RFEM

Results
When a structural calculation is started, RFEM will return the results to the Dynamo model. Different nodes
are provided which can read the result data. At this moment, it is possible to get member deformation, mem-
ber internal forces, surface deformation, surface design forces, surface internal forces and nodal deformation.
The members or surfaces for which you want the data to be shown can be selected in the InputMembers or
InputSurfaces input. A couple of these nodes are shown in Figure 2.17.

Figure 2.17: Nodes for result data





3
Design and verification of the structure

To design and verify the structure generated by a parametric model, different codes, national annexes from
the Eurocode and reports which are used in The Netherlands are adopted.

3.1. Loads on structure
NEN-EN 1990-1-1 [23] describes 2 types of limit states, the so called Ultimate Limit State (ULS) and the Ser-
viceability Limit State (SLS). The ULS is a state which the structure must fulfil to ensure personal and struc-
tural safety. The SLS is a state which the structure must fulfil to ensure requirements for use of the building.

The design value Xd of a material property of timber with characteristic value Xk can be described as:

Xd = kmod · Xk

γM
(3.1)

where γM is a partial safety factor. For timber the partial safety factor in ULS is equal to 1.25, while for SLS it
is equal to 1.0. For connections, the partial safety factor is equal to 1.3. kmod takes into account load duration
and moisture content of the material.

To design and verify a high-rise building according to the Eurocode, loads such as permanent load, variable
load and horizontal wind loads need to be considered. For each of the limit states, a decisive combination of
loads is defined. For the ULS this combination is equal to the more adverse of:∑

γG , j Gk, j +γQ,1ψ0,1Qk,1 +
∑

γQ,iψ0,i Qk,i (3.2)∑
ξγG , j Gk, j +γQ,1Qk,1 +

∑
γQ,iψ0,i Qk,i (3.3)

The first term represents the design value for the permanent load. The second term expresses the design
value of the leading variable load and the third term is the design combination value of all other variable
loads. The partial safety factors γ take into account possible unfavourable uncertainties. High-rise buildings
need to be designed for consequence class 3 (CC3), which takes into account the possible consequences of
failure in terms of loss of human life or potential economical losses. Using CC3, this leads to the following
load combinations in ULS:

∑
1.5Gk, j +1.65ψ0,1Qk,1 +

∑
1.65ψ0,i Qk,i (3.4)∑

1.3Gk, j +1.65Qk,1 +
∑

1.65ψ0,i Qk,i (3.5)

For the SLS this combination is equal to: ∑
Gk, j +Qk,1 +

∑
ψ0,i Qk,i (3.6)

The combination factors ψ take into account the fact that maximum variable loads are unlikely to occur at
the same time and thus these loads, expect for one variable load, can be reduced by a certain factor. These

19
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factors for different types of variable loads according to the Dutch annex of NEN-EN1990 [24] are shown in
Table 3.1, in this case specifically for an office building.

Table 3.1: Combination factors ψ for an office building

Action ψ0 ψ1 ψ2

Imposed loads 0.5 0.5 0.3
Snow loads 0 0.2 0.0
Wind loads 0 0.2 0.0

At all time, the limit states must not be exceeded. Therefore, in the ultimate limit state, the design values for
the loads must not exceed the design values of the resistances and in the serviceability limit states, the design
values for the loads do not exceed limit values. This is shown in a graphical way in Figure 3.1.

Figure 3.1: The use of partial safety factors and kmod to ensure limit states [4]

The factor kmod depends on the service class of the structure and the load-duration class. The service class
takes into account the temperature and moisture content for which the timber is exposed to. For example,
service class 1 states that the moisture content in most softwoods does not exceed 12%. For service class 3, no
limit for moisture content is given. In Table 3.2 the different values for kmod are shown for different service-
and load-duration classes.

Table 3.2: Values of kmod for different load-duration and service classes for solid timber, glulam and CLT [4]

Load-duration class Duration Examples for loads kmod for service class:
1 and 2 3

Permanent More than 10 years Self-weight 0.6 0.5
Long-term From 6 month to 10 years Storage 0.7 0.55
Medium-term From 1 week to 6 months Imposed floor load 0.8 0.65
Short-term Less than one week Snow,wind 0.9 0.7
Instantaneous Accidental load 1.1 0.9

3.1.1. Wind load
The wind load can be calculated according to NEN-EN 1991-1-4 [26]. In order to calculate the load, first the
basic wind velocity needs to be calculated using the formula:

vb = cdi r · cseason · vb,0 (3.7)

where cdi r is the directional factor and cseason is the season factor. Both factors can be assumed to be equal
to 1.0. The basic wind velocity vb,0 is defined as the average 10-minute wind velocity at a height of 10 meter
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and is determined for 3 different zones in The Netherlands. These areas are shown on the map in Figure 3.2.

Figure 3.2: Different wind zones in The Netherlands

For each of these zones the basic wind velocity is defined and is shown in Table 3.3.

Table 3.3: vb,0 for different wind zones in The Netherlands

Windgebied I II III

vb,0 (m/s) 29.5 27.0 24.5

Next, the mean wind velocity at height z can be determined using:

vm(z) = c f (z) · c0(z) · vb (3.8)

where c f (z) is the roughness factor and c0(z) is the orography factor. The orography factor can be assumed
1.0 and for buildings higher than 10 metres and lower than 200 metres the roughness factor is:

c f (z) = kr · ln(
z

z0
) (3.9)

where z0 is the roughness length and kr is the terrain factor which is equal to:

kr = 0.19 · (
z0

z0,||
)0.07 (3.10)

where z0,|| is equal to 0.05. To determine the value of z0, NEN-EN 1991-1-4 [26] gives a table with different
terrain categories, which is shown in Table 3.4.
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Table 3.4: Roughness length for different terrain categories in The Netherlands [27]

Terrain category z0 zmi n

0 Sea or coastal environment 0.005 1
II Unbuilt environment 0.2 4
III Urban environment 0.5 7

To calculate the peak velocity pressure, first the turbulence intensity Iv (z) needs to be determined.

Iv (z) = kI

c0(z)(ln(z/z0)
(3.11)

where kI is the turbulence factor, which is equal to 1.0.

qp (z) = [1+7 · Iv (z)] · 1

2
·ρ · v2

m(z) (3.12)

whereρ is the air density (1.25kg /m3). For buildings higher than 2 times the width, according to the Eurocode
[26] the velocity pressure is distributed over the building as shown in Figure 3.3.

Figure 3.3: Velocity pressure distributed over the building

The peak velocity pressure needs to be multiplied with an additional factor called the external pressure co-
efficient, which is defined for different zones of the building and the structural factor cs cd . These zones and
the corresponding factors are shown in figure 3.4.
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Figure 3.4: Different zones for a building

The recommended values for the external pressure coefficients are shown in Table 3.5.

Table 3.5: External pressure coefficients

Zone A B C D E

h/d = 5 -1.2 -0.8 -0.5 +0.8 -0.7
h/d = 1 -1.2 -0.8 -0.5 +0.8 -0.5
h/d ≤ 0.25 -1.2 -1.4 -0.5 +0.7 -0.3

The structural factor cs cd is defined as:

cs cd = 1+2 ·kp · Iv (zs ) ·
p

B 2 +R2

1+7 · Iv (zs )
(3.13)

B 2 is the background factor and takes into account the lack of full correlation of the pressure on the structure:

B 2 = 1

1+ 3
2 ·

√
( b

L(zs ) )2 + ( h
L(zs ) )2 + ( b

L(zs ) · h
L(zs ) )2

(3.14)

The turbulent length scale L(z) considers the average gust size for natural winds. For buildings below 200
metres and higher than 10 metres, the scale can be calculated with the following formula:

L(z) = Lt · (
z

zt
)α (3.15)

with a reference height of zt = 200m, a reference length scale of Lt = 300m and α= 0.67+0.05ln(z0).
R2 is the resonance response factor which takes into account the turbulence in resonance:

R2 = π2

2 ·δ ·SL(zs ,n1,x ) ·Ks (n1,x ) (3.16)

The non-dimensional power spectral density function SL(z,n) represents the wind distribution over frequen-
cies and can be expressed as:
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SL(z,n) = n ·Sv (z,n)

σ2
v

= 6.8 · fL(z,n)

(1+10.2 · fL(z,n))5/3
(3.17)

where Sv (z,n) is the one-sided variance spectrum and fL(z,n) = n∗L(z)
vm (z) is the non-dimensional frequency,

where n = n1,x is the natural frequency of the structure.

The peak factor kp is equal to:

kp = max(
√

2∗ ln(ν ·T )+ 0.6p
2 · ln(ν ·T )

,3) (3.18)

where T is the averaging time for the mean wind velocity (T = 600second s) and ν is the up-crossing fre-
quency:

ν= n1,x
R2

B 2 +R2 ≥ 0.08H z (3.19)

where δ is the total logarithmic decrement of damping and Ks is the size reduction function, which is formu-
lated as:

Ks (n) = 1

1+
√

(Gy ·φy )2 + (Gz ·φz )2 + ( 2
π ·Gy ·φy ·Gz ·φz )2

(3.20)

φy =
cy ·b ·n

vm(zs )
(3.21)

φz = cz ·h ·n

vm(zs )
(3.22)

The decay constant cy and cz are equal to 11.5. The constant Gy and Gz are related to the mode shape vari-
ation along the horizontal y-axis and vertical z-axis. For a uniform horizontal mode shape variation and a
linear vertical mode shape variation of a building, Gy = 1/2 and Gz = 3/2.

The damping of the system is δ= δs +δa +δd . which is the sum of the the structural damping, aerodynamic
damping and damping due to special equipment, such as tuned mass dampers.
When the modal displacement is the same for every height z, the following equation can be used for the
aerodynamic damping:

δa = c f ·ρ ·b · vm(zs )

2 ·n1 ·me
(3.23)

me is the mass of the building per unit of height.

The structural damping of different structural types is given in NEN-EN 1991-1-4 [26]. For timber buildings,
no specific value is shown, however a factor is given for timber bridges which is equal to 0.06 to 0.12.

3.2. Stresses
When clear wood is exposed to a load, a clear stress-strain diagram can be determined, shown in Figure 3.5.
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Figure 3.5: Stress-strain diagram for clear wood [4]

As can be seen, clear wood has a better resistance to tension ( ft ,0) than to compression ( fc,0). The stress-strain
curve stops abruptly when exposed to tension, which means that the wood fails brittle. When a compressive
force is applied, plastic behaviour can be observed.

The dashed line shows the behaviour of the material when exposed to load perpendicular to the grain, which
is worse than the behaviour when compressive or tensile stresses are applied parallel to the grain. The tensile
strength perpendicular to the grain is depending on the volume of the specimen, since pre-existing cracks
and growth irregularities strongly influence the strength.

Timber members need to resist normal forces, bending moments and shear forces, which need to fulfil the
following expressions according to NEN-EN 1995-1-1 [31].

3.2.1. Normal force
When a normal force is applied parallel to the grain, a simple expression is used to check the resistance.

σc,0,d < fc,0,d (3.24)

where σc,0,d = NE d /A.
When a normal force is applied perpendicular to the grain, an additional factor kc,90 is used.

σc,90,d ≤ kc,90 · fc,90,d (3.25)

3.2.2. Bending moment
For bending, a distinction is made for members subjected to bending and axial tension and members sub-
jected to bending and axial compression.
For a combination of bending and axial tension, the following expressions should be met:

σt ,0,d

ft ,0,d
+ σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
≤ 1.0 (3.26)

σt ,0,d

ft ,0,d
+km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.0 (3.27)

For a combination of bending and axial compression, the following expressions should be met:

(
σc,0,d

fc,0,d
)2 + σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
≤ 1.0 (3.28)

(
σc,0,d

fc,0,d
)2 +km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.0 (3.29)
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In these expressions, km is used to take into consideration the re-distribution of stresses and the effect of
inhomogeneities in the cross-section. The factor is equal to 0.7 for solid timber, glulam and LVL. For other
timber products or when h/b > 4, this factor is equal to 1.0.

The bending moment stress capacity of a beam may be multiplied by a factor kh , which is for normal wood
equal to:

kh = (
150

h
)0.2 ≤ 1.3 (3.30)

For laminated wood products, this equation is equal to:

kh = (
600

h
)0.1 ≤ 1.1 (3.31)

3.2.3. Shear force
For a rectangular cross-section, the maximum value of the shear stress can be calculated as:

τ= 1.5∗Vd /A (3.32)

Cracks have a negative influence on the shear strength of the cross-section and therefore the width of the
member has to be reduced with a factor kcr . This factor kcr is equal to 1.0 for a prismatic cross-section [34].

3.3. Buckling
According to NEN-EN 1995-1-1 [31], the load-bearing capacity of a slender structural member exposed to a
compressive force can be determined by using a buckling curve. Buckling curves give a relation between the
slenderness of the column and its characteristic load-bearing capacity.

The relative slenderness can be determined as follows:

λr el ,y =
λy

π
·
√

fc,0,k

E0,05
(3.33)

λr el ,z =
λz

π
·
√

fc,0,k

E0,05
(3.34)

As can be seen in the equation, for determining the buckling capacity the lower quantile values for stiffness
are used. For buckling about the y-axis, λy and λr el ,y are used, while for buckling about the z-axis λz and
λr el ,z are used.

The slenderness of the column is equal to:

λ= le f

i
(3.35)

where i is the radius of gyration, which is defined as the square root of the moment of inertia divided by the
cross section area. For a column pinned at both sides, le f is equal to its actual length l .
The following conditions should be met for λr el ,y ≤ 0.3 and λr el ,z ≤ 0.3:

(
σc,0,d

fc,0,d
)2 + σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
≤ 1.0 (3.36)

(
σc,0,d

fc,0,d
)2 +km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.0 (3.37)

If λr el ,y > 0.3 and λr el ,z > 0.3, the following conditions should be met:

σc,0,d

kc,y · fc,0,d
+ σm,y,d

fm,y,d
+km · σm,z,d

fm,z,d
(3.38)

σc,0,d

kc,z · fc,0,d
+km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
(3.39)

where:
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• kc = 1

k+
√

k2−λ2
r el

• k = 0.5 · (1+βc · (λr el −0.3)+λ2
r el )

• βc is a coefficient for members, which for Glulam and LVL is equal to 0.1.

3.4. Deformation
The deformation of a timber structure can be divided into different portions as seen in Figure 3.6.

Figure 3.6: Deflection components [4]

where:

• δ0 is the pre-camber in the unloaded state.

• δ1 is the deflection due to permanent load immediately after the load is applied.

• δ2 is the deflection due to variable load and an additional deflection due to time-depended behaviour
of the timber due to load.

For deflections of floors, the following limiting values are established in The Netherlands according to the
Dutch annex of NEN-EN 1990-1-1:

• δnet < 3/1000 · lr ep

• lr ep is equal to the span for a simple supported beam

• lr ep is equal to 2 times the length of the cantilever for a cantilever beam.

Creep behaviour of timber elements is a complex process and is influenced by several factors. For example,
the higher the moisture content in the material, the larger the creep.

Because it is not feasible to use complex models to predict the creep behaviour for design of a timber struc-
ture, a simplification can be used which is described in the Eurocode. For structures which consist of ele-
ments and connections which have the same creep behaviour, the following equation can be used [5]:

u f i n = u f i n,G +u f i n,Q1 +
∑

u f i n,Qi (3.40)

where:

• u f i n,G = ui nst ,G (1+kde f ) for the permanent load

• u f i n,Q,1 = ui nst ,Q,1(1+ψ2,1kde f ) for the leading variable load

• u f i n,Q,1 = ui nst ,Q,1(ψ0,i +ψ2,1kde f ) for other variable loads
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NEN-EN 1990-1-1 [28] describes for the SLS a maximum allowed horizontal displacement of the whole build-
ing of 1

500 ·h, where h is the total height of the building. A limit is also set for the inter-storey drift. The drift is
defined as:

δ= (∆2 −∆1)/h (3.41)

where ∆1 is the horizontal displacement of a specific floor and ∆2 is the horizontal displacement of the floor
above the floor which corresponds with ∆1. h is the storey height. The Eurocode sets a limit of the drift to
1/400.

3.5. Global initial sway imperfections
An initial sway imperfection has to be taken into account for frames which are sensitive to buckling in a sway
mode. This global initial sway imperfection is determined in NEN-EN 1993-1-1 [30].

Figure 3.7: Global initial sway imperfection [30]

In this figure, the angle φ is equal to:
φ=φ0αhαm (3.42)

where:

• φ0 = 1/200 is the basic value

• αh = 2p
h

, but 2/3 ≤αh ≤ 1.0.

• h is the height of the structure

• αm =
√

0.5 · (1+ 1
m ) is a reduction factor for the number of columns in a row.

This sway can be taken into account by adding an additional horizontal force on each level to the structure,
which is equal to the vertical force applied to this level multiplied by φ.

3.6. Vibration
Vibrations due to wind can be annoying for people. These vibrations can cause people to feel uncomfortable
and they can even get sick. The effect of these accelerations on humans are shown in Table 3.6.
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Table 3.6: Human perception levels [42]

Range Acceleration (m/s2) Effect

1 < 0.05 Humans cannot perceive motion
2 0.05-0.10 Sensitive people can perceive motion; hanging objects may move

slightly
3 0.10-0.25 Majority of people will perceive motion, level of motion may effect

desk work, long-term exposure may produce motion sickness
4 0.25-0.40 Desk work becomes difficult or almost impossible, ambulation still

possible
5 0.40-0.50 People strongly perceive motion, difficult to walk naturally, standing

people may lose balance
6 0.50-0.60 Most people cannot tolerate motion and are unable to walk naturally
7 0.60-0.70 People cannot walk or tolerate motion
8 > 0.85 Objects begin to fall and people may be injured

The Dutch annex of NEN-EN 1990-1-1 [28] describes limitations of the acceleration for certain frequencies
of the building. For buildings higher than 20 metres and a width less than the height of the building, the
acceleration of the structure has to be checked. These limitations are shown in Figure 3.8.

Figure 3.8: Acceptable accelerations for specific frequencies [16]

Line 1 represents the limitation of the acceleration of the top level for office buildings, line 2 represents the
limitation for residential buildings. f0 is equal to the fundamental frequency of the building in Hz.
The first natural frequency of a building with multiple stories can be estimated in the following way:

n1,x = 46

h
(3.43)

in Hz, where h is the height of the structure.

To determine the acceleration of the top level of a building the Dutch annex of NEN-EN 1990-1-1 [28] is used.
The formula is based on a report made by TNO, which takes into account a foundation with a low rotational
stiffness [60]. This gives the following formula:
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awi nd = 1.6 · φ2 ·ρv w,1 · cpe ·bm

ρ|
(3.44)

φ2 is the dynamic factor for vibrations caused by the wind, which is equal to:

φ2 =
√

0.0344(n1,x )−2/3

D(1+0.12n1,x h)(1+0.2n1,x bm)
(3.45)

ρv w,1 is the value of the varying part of the wind pressure.

ρv w,1 = 100 · ln(
h

0.2
) (3.46)

cpe is the sum of the external wind pressure coefficients (see Figure 3.4 and Table 3.5) and bm is the width
of the building perpendicular to the direction of the wind. ρ| is the total mass of the building including
household contents per unit of height. D is the damping coefficient of the building. For buildings with a
natural frequency lower than 1 Hz this coefficient is equal to 0.01.

3.7. Fire safety
Buildings need to be designed in such a way that they provide an acceptable level of fire safety and minimise
risks from heat and smoke. Therefore, NEN-EN 1995-1-1 describes different objectives, namely:

"The construction works must be designed and built in such a way, that in the event of an outbreak of fire

• the load-bearing resistance of the construction can be assumed for a specified period of time;

• the generation and spread of fire and smoke within the works is limited;

• the spread of fire to neighbouring construction works is limited;

• the occupants can leave the works or can be rescued by other means;

• the safety of rescue teams is taken into consideration". [31]

In this thesis, 2 aspects are taken into account, namely the resistance of the load-bearing structure during a
fire event and limiting the spread of fire and smoke within the building. This can be obtained by making use
of passive and active measurements, where only the passive measurements are discussed in this thesis.

The first aspect uses the reduced cross-section method to calculate the resistance of the load-bearing struc-
ture during a fire event. The second aspect can be investigated by examining the separating function of wall
and floor assemblies.

3.7.1. Reduced cross-section method
When timber burns, part of the wood will char and thus will lose its load bearing function. The cross-sections
of the different parts of the structure will decrease. The charring layer will then isolate and protect the remain-
ing inner material. Therefore, the fire safety behaviour of a timber structure is good. Also extra fire protective
cladding can be added to the members, so it takes longer for the timber to start charring.

To calculate the load bearing capacity of the remaining structure, the reduced cross-section method as de-
scribed in NEN-EN 1995-1-2 [32] can be used. This method takes into account the thickness of the charring
layer and an additional layer thickness which lost its strength and stiffness due to the heat of the fire.

The definition of this method is shown in Figure 3.9.
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Figure 3.9: Definition of the reduced cross-section method [31]

The effective cross-section can be calculated by reducing the initial cross-section by:

de f = dchar,n +k0 ·d0 (3.47)

with d0 = 7mm. dchar,n is the notional design charring depth which includes the effects of corner rounding
and is equal to:

dchar,n =βn · t (3.48)

where βn is the notional charring rate and t is the time in minutes for which the timber is burning.

For glued laminated timber with a characteristic density ≥ 290kg /m3, βn = 0.7mm/min. For unprotected
surfaces , k0 is equal to 1.0. When gypsum as a fire protective cladding is used, the time after which the
protected timber starts charring should be taken as:

tch = 2.8 ·hp −14 (3.49)

where hp is the thickness of the cladding. For protected members with tch > 20 min, k0 will vary linearly
during the interval t = 0 to t = tch , as can be seen in figure 3.10.

Figure 3.10: Values for k0 for protected member

When charring of the protected timber has started, the charring rate is multiplied by a factor k3, which is
equal to 2. After time ta the charring rate will be the notional charring rate βn . ta can be determined in the
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following way:

ta = min

{
2 · t f

25
k3·βn

+ t f
(3.50)

The charring depth of an unprotected and a protected timber member over time are shown in figure 3.11.

Figure 3.11: Charring depth for unprotected and protected timber member

To verify if the reduced cross section still satisfies the conditions during fire, the design value for the load
bearing capacity should be taken as:

Rd ,t , f i = η · R20

γM , f i
(3.51)

where η is a conversion factor used when verifying connections, R20 is the 20% fractile value of the resistance
and γM , f i is the partial safety factor during fire.
The 20% fractile of the resistance is equal to:

R20 = k f i · fk (3.52)

k f i is a factor which is 1.25 for solid timber and 1.1 for glued-laminated timber, fk is the characteristic resis-
tance.

To determine the total effect of the loads acting on the member, during fire a reduction factor can be used:

Ed , f i = η f i ·Ed (3.53)

where Ed is the design value of the loads under normal conditions. According to the Dutch National Annex
[33], the value of the factor η f i is equal to 0.45.

3.7.2. Separating function of wall and floor assemblies
Walls should meet the requirements for resistance, integrity and insulation when these walls fulfil a load-
bearing function combined with a separating function. The separating function gives a period for which an
element can keep its separating function between fire compartment during a fire event.

Therefore, the elements should meet the condition:

ti ns ≥ tr eq (3.54)

where:

• ti ns is the time taken for the temperature to reach a rise of 140 degree Celsius over the whole exposed
surface and the maximum temperature rise at any point of that surface to not exceed 180 degree Celsius.
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• tr eq is the required time of fire resistance of the surface.

The Eurocode describes a method to analyse the insulation of a wall assembly. The method calculates the
contribution of each individual layer of a wall segment to the separating function. Therefore, it uses a basic
insulation value of the layer, a position coefficient and a joint coefficient. The values which the Eurocode
gives for the basic insulation values of different materials are only valid for verification of a fire resistance up
to 60 minutes [32].

A guideline is made by the European research project FireInTimber, which also describes values for verifica-
tion of a fire resistance of a wall assembly. Because the main function of the different layers is to protect the
adjacent layer, [20] introduces, in addition to the basic insulation value, a basic protection value of the layers.

This basic protection value describes the time for a layer to have an average temperature rise of 250 degree
Celsius and a maximum temperature rise at any point on the surface of 270 degree Celsius. The basic in-
sulation value describes the time for a layer to have an average temperature rise of 140 degree Celsius and
a maximum temperature rise at any point on the surface of 180 Celsius. The definition of these values are
visualized in Figure 3.12 and Figure 3.13.

Figure 3.12: Basic insulation value [20]

Figure 3.13: Basic protection value [20]

To calculate the total insulation time of a wall assembly, the sum of the basic protection values for all layers
except for the layer with the greatest distance to the fire must be used along with the basic insulation value of
the layer furthest from the fire. Thus:

tpr ot ,i = (tpr ot ,0,i ·kpos,exp,i ·kpos,unexp,i +∆ti ) ·k j ,i (3.55)

ti ns,n = (ti ns,0,n ·kpos,exp,n +∆tn) ·k j ,n (3.56)

[20] gives the basic insulation value and basic protection value for different materials. These values are shown
in Table 3.7.
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Table 3.7: Basic insulation and protection values for different materials

Material Basic insulation value ti ns,0,n

[min]
Basic protection value tpr ot ,0,i

[min]

Gypsum plasterboard, gypsum
fibre board

24 · ( hi
15 )1.4 30 · ( hi

15 )1.2

Solid timber, cross-laminated
timber, LVL

19 · ( hi
20 )1.4 30 · ( hi

20 )1.1 ≤ hi
β0

Particleboard, fibreboard 22 · ( hi
20 )1.4 24 · ( hi

15 )1.4 ≤ hi
β0

OSB, plywood 16 · ( hi
20 )1.4 23 · ( hi

20 )1.1 ≤ hi
β0

Stone wool insulation with ρ ≥
26kg /m3

0 0.3 ·h(0.75·logρi−ρi /400)
i

Glass wool insulation with ρ ≥
15kg /m3

0 for hi < 40mm : 0
for hi ≥ 40mm :
(0.0007 ·ρi +0.046) ·hi +13 ≤ 30

[20] also describes the values for the position coefficients and joint coefficients. For example, when wall
assemblies are connected using a single finger joint, the joint coefficient is equal to 0.4. The values for the
position and joint coefficient are shown in Appendix B.5.1 and Appendix B.5.2 respectively.

3.8. Connections
In this report three typical connections are examined, namely a connection with slotted-in steel plates and
dowels, a connection with glued-in rods and a connection with screws. For these specific connection types,
the strength and stiffness properties are discussed.

3.8.1. Slotted-in steel plates and dowels connection
First the strength properties of the connection are examined and then the stiffness of such a connection is
discussed.

Strength
It is considered that both the steel and timber can reach plasticity. The maximum compressive or tensile re-
sistance is reached when either the timber fails, the steel dowels reach plastic failure or the steel plates fail.

A connection is examined which consists of 2 slotted-in steel plates combined with multiple dowels. For
such a connection with more than 1 steel plate, the maximum resistance is not explicitly mentioned in the
Eurocode. Pedersen [47] has determined a total of 7 failure modes for connections with 2 plates, which are
shown in figure 3.14. These failure modes describe both failure of the timber, dowels and steel plates.
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Figure 3.14: Failure modes for dowel connections with 2 steel plates [47]

The maximum compressive or tensile resistance for each of these failure modes can be calculated as follows:

F f ai lur e = min



1
4 (2t1 + t2) ·d · fh Mode I

(− 1
2 t1 + t2

4 +
√

1
2 t 2

1 +
My

d fh
) ·d · fh Mode IIa√

4 ·My ·d · fh Mode IIb

( 1
2 t1 + 1

2

√
t 2

1 +
2·My

d · fh
) ·d · fh Mode IIIa

(

√
My

d · fh
+ 1

2 t1) ·d · fh Mode IIIb

(

√
My

d · fh
+ 1

4 t2) ·d · fh Mode IIIc

(− 1
2 t1 +

√
1
2 t 2

1 +
My

d · fh
+

√
My

d · fh
) ·d · fh Mode IIId

(3.57)

where My is equal to the plastic moment resistance of a single dowel, d is the diameter of a dowel and fh is
the embedment strength of the timber with a characteristic density of ρk , which is equal to:

fh,k = 0.082(1−0.01 ·d)ρk (3.58)

The maximum force described above applies to each shear plane. This connection has 4 shear planes in total,
thus the decisive failure mode found in Equation 3.57 is multiplied by 4.

Not all dowel columns will be fully effective, therefore an effective number of dowel columns has to be used,
which is equal to:

ne f = min(ncolumns ;ncolumns
0.9 · (

α1

13d
)1/4 (3.59)

where ncolumns are the number of dowel columns parallel to the grain.

Finally, the maximum force in the dowels can be calculated as:

Fmax,dowel s = ne f ·4 ·F f ai lur e ·nr ow s (3.60)

Furthermore, failure of the net timber area, failure of the steel plate due to compression or tension and block
and plug shear failure of the dowel group have to be checked. The net timber area is the area of the timber
member reduced by the area the holes made for the dowels and the steel plates. Thus:

Fmax,c = fc,0,k · Anet ,t i mber (3.61)

Fmax,t = · ft ,0,k · Anet ,t i mber (3.62)
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Failure of the steel plate will occur when the material reaches its yield strength fy . Therefore, the following
equation has to be fulfilled:

Fmax,pl ates,1 = fy ∗ tsteel pl ates ∗bsteel pl ates (3.63)

where tsteel pl ates is the total thickness of the steel plates and bsteel pl ates is the width of the steel plates.

The net area of the steel plate can also fail when loaded in tension.

Fmax,pl ates,2 =
0.9 · fu · Anet

γM ,2
(3.64)

Block shear and plug shear failure has to be taken into account. The main part of the member will tear away
from the connection and a fracture along the perimeter of the fastener area will occur. The Eurocode [31]
states that the maximum value of the block shear and plug shear failure has to be taken, which is:

Fmax,blockpl ug = max

{
1.5Anet ,t · ft ,0,k

0.7Anet ,v · fv,k
(3.65)

The values for the net shear and tensile areas are marked in Figure 3.15.

Figure 3.15: The values of lv,i and lt ,i

where:

• Lnet ,v =∑
i lv,i

• Lnet ,t =∑
i lt ,i

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

When designing a connection with steel plates and dowels, the minimum spacing and end distances of the
dowels should be considered. These spacing and end distances take into account the diameter of the dowels
and the direction of the load. The distances α1, α2, α3 and α4 are shown in Figure 3.16 and Figure 3.17.

Figure 3.16: Spacing and edge/end distances for dowel connections in tension
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Figure 3.17: Spacing and edge/end distances for dowel connections in compression

The values of the different distances are shown in table 3.8 for either compression or tension in the connec-
tion.

Table 3.8: Minimum spacing and edge/end distances for a dowel connection [31]

Spacing and edge/end distances Angle Minimum spacing or edge/end distance

α1 (parallel to grain) 0° ≤α≤ 360° (3+2|cosα|)d
α2 (perpendicular to grain) 0° ≤α≤ 360° 3d
α3,t (loaded end) −90° ≤α≤ 90° max(7d ;80mm)
α3,c (unloaded end) 90° ≤α≤ 150° max(α3,t |sinα|);3d)

150° ≤α≤ 210° 3d
210° ≤α≤ 270° max(α3,t |sinα|)d ;3d)

α4,t (loaded edge) 0° ≤α≤ 180° max(2+2sinα)d ;3d)
α4,c (unloaded edge) 180° ≤α≤ 360° 3d

Stiffness
The connection is not infinite stiff and will therefore have a certain stiffness. This stiffness is determined by
the properties of the timber and the diameter of the dowel. The stiffness of a single dowel is calculated using
the slip modulus Kser which is equal to:

Kser = ρ1.5
m ·d/23 (3.66)

per shear plane per fastener. Two steel plates give the dowel a total of 4 shear plates, thus the equation above
may be multiplied by 4. Furthermore, when a connection between timber and steel is examined, the value
ρm may be doubled. The total stiffness of the connection is equal to Kser multiplied by the number of dowels.

3.8.2. Connection with glued-in rods
The Eurocode does not discuss connections with glued-in rods, but the German national annex for Eurocode
5 does describe a method to determine the maximum axial force in a glued-in threaded rod.

Strength
The minimum distances between each rod and the minimum distance from a rod to the edge are defined as
a2 is 5 ·d and a2,c is 2.5 ·d for rods which are axially loaded.
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Figure 3.18: Defined distances for connection with glued-in rods [19]

The maximum force per rod can be determined as:

Fax,Rd = min( fy,d · Ae f ;π ·d · lad · fk1,d ) (3.67)

where:

• fy,d is the yield strength of the rods

• Ae f is the effective area of a rod

• d is the diameter of a single rod

• lad is the adhesive length of the rod

• fk1,d is the value for the bond joint strength

The adhesive length of the rod should be at least:

lad ,mi n = max(0.5 ·d 2;10 ·d) (3.68)

Furthermore the rod should meet the requirement that its slenderness is between 7 and 15. The slenderness
is defined as the length of the rod divided by its diameter.

The bond joint strength is determined for different lengths of the rod.

fk1,d =


4.0 lad ≤ 250

5.25−0.005 · lad 250 < lad ≤ 500

3.5−0.0015 · lad 500 < lad ≤ 1000

(3.69)

where lad is in mm and fk1,d is in N /mm2.

To determine the maximum force perpendicular to the rod, the Johansen equations can be used, which takes
into account the yield and withdrawal strength of the fastener and the embedment strength of the timber.

The failure mechanisms shown in Figure 3.19 are considered.
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Figure 3.19: Failure mechanism for glued-in threaded rod in shear

The maximum shear force in a single rod is determined using the following formulas:

Fv,Rk = min


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)2]−β(1+ t2
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1.05
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2+β [
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1.05
fh,1,k t2d

2+β [

√
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fh,1,k d t 2
2

−β]+ Fax,Rk
4 (e)

1.15 2β
1+β

√
2My,Rk fh,1,k d + Fax,Rk

4 ( f )

(3.70)

with:

• β= fh,2,k
fh,1,k

• The embedment strength of the timber fh,1,k should be replaced by
fh,1,k

kh ·sin(α)2+cos(α)2 if the angle α be-

tween the screw and the direction of the grain is greater than 0.

• kh = 1.35+0.015d for soft wood.

For failure mechanisms c,d,e and f, a contribution Fax,Rk /4 can be seen, which is the contribution from the
rope effect, while the first term of the equation represents the Johansen part. For dowels this contribution
must be limited to 0% of the Johansen part.

Stiffness
For connections with glued-in rods which are axially loaded, the stiffness can be assumed infinite. This is not
the case when the rods are loaded perpendicular to its axis. For glued-in rods, the same formula is used as
the stiffness of a dowel, defined in Equation 3.66. In this case, the rod will have a single shear plane and thus
the value Kser is not multiplied by an additional factor.

3.8.3. Connection with screws
Screwed connections can be loaded either in tension or shear. The maximum tensile resistance is described
by the maximum axial resistance of the screws. For the single screw, the maximum axial force is equal to:

Fax,Rd = ne f · (π ·d · le f )0.8 · fax,α,k (3.71)

where:

• fax,α,k = fax,k

si n2(α)+1.5cos2(α)

• fax,k = 3.6 ·10−3ρk
1.5

• α is the angle between the screw and the direction of the grain.
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To calculate the maximum shear capacity, the Johansen formulas still hold. To use these formulas, the maxi-
mum axial force of a single screw is used. The contribution of the rope effect should be limited to 100% of the
Johansen part for screws.

Instead of using this formula, manufacturers often give characteristic values for screws brought on the mar-
ket. For example, Rothoblaas has a catalogue with different screws and connectors and their corresponding
characteristics [54].



4
Development of parametric model

In this chapter, the setup of the parametric model is elaborated. The parametric model is able to design a
building which has certain dimensions and lateral stability systems which can be changed. It is chosen to
implement lateral stability systems consisting of shear core(s), a diagrid and a tube in the model, which can
be used either separately or combined. The different stability systems and the setup of the model is further
discussed.

4.1. Global design
Every system consists of a structure where columns are placed in a certain grid. Floors are added on each
level, which are simply supported by the columns. The different stability systems can then be added to this
structure.

Shear core system
The shear core system has one or more cores added to the structure, which can be made of different materials,
for example reinforced concrete or CLT plates. The columns which would be placed inside the core area are
removed and also the columns which would intersect with the core walls are deleted.

Diagrid system
The diagrid system has a diagrid added to the structure and is placed in the facade. The diagonals replace the
columns situated on the perimeter of the structure and consists of diagonally intersecting members. They
are connected in each intersection.

Tube system
When using a tube system, the columns on the perimeter of the structure are replaced by load-bearing ele-
ments which consist of CLT plates with optional openings in the centre. Consequently, this system cannot be
used combined with the diagrid system. The load-bearing elements are connected such that they are able to
transfer horizontal and vertical loads to the foundation.

(a) Column plan with floors (b) Stability core system
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(c) Diagrid system (d) Tube system

Figure 4.1: Global design of the different stability systems

4.1.1. Loads
The loads acting on the structure can be divided in different groups, namely:

• Permanent actions:

– Dead load

– Additional dead load

• Variable actions:

– Live loads

– Snow load

– Wind loads

Permanent actions
Two permanent actions are considered in the parametric model, namely dead load and additional dead load.
The dead load which has to be taken into account is the self weight of the load-bearing structure. It is mod-
elled as a distributed load in the direction of the gravitational field, assuming g = 9.81m/s2. An additional
dead load is used to take into account the self weight of the facade, which is present on all edges of each
floor. Therefore a line load is applied to the edges of all floor surfaces which corresponds to the weight of the
facade. Furthermore, a surface load which corresponds with the self weight of additional structural compo-
nents, such as finishing of floors and ceilings, can be applied to the floor surfaces.

Variable actions
Three different variable actions are considered in the parametric model, namely live loads, wind loads and
roof loading. These loads will be applied as a surface load in both vertical and horizontal direction on the
floor surfaces.

• A live load is added to the floors because the building has a residential or office function. For residential
usage this load is equal to 1.75kN /m2 and for office usage this load is equal to 2.5kN /m2 [25]. To take
into account partition walls, an additional load can be added to the live loads. For example, when using
a light partition wall system, this load is equal to 0.5kN /m2. The whole live load is added to the upper
2 floors, while for all other floors the live load is multiplied by factor ψ0.

• The wind loads are calculated according to NEN-EN 1991-1-4 [26], which is explained in subsection 3.1.1.
The horizontal wind loads will act on the edges of the different floors, while the vertical wind loads are
distributed over the upper floor.

• A load of 1kN /m2 is applied to the roof.

• A snow load is added to the roof of the building. This snow load is a linear distributed load over the
surface with a value of 0.56kN /m2. This value is used in the Netherlands [29].

In addition to the permanent and variable actions, horizontal forces are applied to all floors, which encounter
for the global initial sway imperfection described in section 3.5. These forces are equal to φ ·F where F is the
total force on the floors, consisting of permanent and variable actions.
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Load combinations
For these actions, different load combinations can be determined for the ULS and SLS as discussed in sec-
tion 3.1. These combinations are then used to calculate stresses and deflections. Table 4.1 shows all the load
combinations for ULS and SLS. For ULS, also combinations with favourable dead weight load actions are
considered.

Table 4.1: Load combinations for ULS and SLS

Load combination ULS SLS

1 1.5 * LC1 LC1
2 1.5 * LC1 + 1.65 * 0.5 * LC4 LC1 + LC2
3 1.3 * LC1 + 1.65 * LC2 LC1 + LC3
4 1.3 * LC1 + 1.65 * LC3 LC1 + LC2 + 0.5 * LC4
5 1.3 * LC1 + 1.65 * LC2 + 1.65 * 0.5 * LC4 LC1 + LC3 + 0.5 * LC4
6 1.3 * LC1 + 1.65 * LC3 + 1.65 * 0.5 * LC4 LC1 + LC4
7 1.3 * LC1 + 1.65 * LC4 LC1 + 0.5 * LC4 + LC5
8 1.3 * LC1 + 1.65 * LC5 LC1 + LC5
9 1.3 * LC1 + 1.65 * 0.5 * LC4 + 1.65 * LC5
10 0.9 * LC1
11 0.9 * LC1 + 1.65 * 0.5 * LC4
12 0.9 * LC1 + 1.65 * LC2
13 0.9 * LC1 + 1.65 * LC3
14 0.9 * LC1 + 1.65 * LC2 + 1.65 * 0.5 * LC4
15 0.9 * LC1 + 1.65 * LC3 + 1.65 * 0.5 * LC5
16 0.9 * LC1 + 1.65 * LC4
17 0.9 * LC1 + 1.65 * LC5
18 0.9 * LC1 + 1.65 * 0.5 * LC4 + 1.65 * LC5

where:

• LC1 is the load case for permanent actions

• LC2 is the load case for wind loads in global y-direction

• LC3 is the load case for wind loads in global x-direction

• LC4 is the load case for live loads on floors

• LC5 is the load case for loads on roof

4.2. Setup of parametric model in Dynamo and RFEM
The parametric model consists of a custom node which generates the structure as a whole and outputs mem-
ber forces and displacements. The custom node has different inputs which can be used to obtain the desired
structure. The Dynamo workspace is shown in Appendix C.1.

To design the different lateral stability systems, the structure is divided into different components which are
generated in groups in Dynamo. The custom node workspace is shown in Figure 4.2, but can also be found as
a larger image in Appendix C.2. The different groups to generate the components are columns, floors, core,
diagrid, facade and forces which are presented in the next sections. The groups are labelled in Figure 4.2 and
these labels can be found behind each group name in the remainder of this section.
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Figure 4.2: Overview of the Dynamo custom node

4.2.1. Columns (B)
The columns are placed in a grid. The distance between the columns is determined by the width and depth of
the structure and the amount of columns in width and depth of the building, which is determined by the in-
put of the model. The columns are placed on each level and connected using a hinge on both sides. Supports
are placed at the bottom of the columns on the base floor, which restrain translation in x,y and z-direction
and rotation around the z-axis. The same material and cross-section properties are assigned to each column,
which can be provided as input.

At this moment of writing, springs can not be modelled using the Arcadis add-on. Therefore, only timber
columns are generated in RFEM with the connections modelled as hinges on both ends. However, this would
imply that these connections are infinitely stiff in the direction of the column, while there are connections
where this is not the case. For example, when a connection with steel plates and dowels is used, the connec-
tions have a certain stiffness. To take into account this effect, the E-modulus of the column material should
be modified in RFEM. The modified E-modulus can be calculated by considering a column with connections
on both sides as 3 springs which are placed in series, as shown in Figure 4.3.
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Figure 4.3: Column and connections in series

To determine the modified stiffness of the column, the equivalent spring stiffness is calculated as follows:

1

keq
= 1

k1
+ 1

k2
+ 1

k3
(4.1)

where k1 and k3 represent the connection stiffness Kser and k2 represents the stiffness of the column, which
is equal to E A/l .

In Figure 4.4 different column configurations as generated in RFEM are shown.

(a) (b) (c)

Figure 4.4: Modelling the columns in RFEM

4.2.2. Floors (D)
At every level, a surface is added that has a width and depth equal to those of the building. The height between
each storey can be chosen and also the number of storeys is variable. The surface is connected to all present
columns, cores and diagonals. Each floor is made of the same material and has a certain thickness, which are
provided as input. On the perimeter of the surfaces, a line hinge is applied. This line hinge ensures that when
facade elements are added, the connection between these elements and the floor surfaces is hinged.
Figure 4.5 shows 3 models which consist of different storey heights and number of storeys.
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(a) (b) (c)

Figure 4.5: Modelling the columns in RFEM

4.2.3. Core (E)
One or more cores can be added by using the core switch in the input group. The position(s) of the core(s) can
be determined by using the x and y-coordinates input. Also the width and depth of the core can be changed
and the thickness of the core walls is variable. Parts of the core walls can be removed, so that U-shaped cores
can be created. The columns, which would be placed if no core was present, are removed. Furthermore,
columns which are placed within 850 millimetres from the core will be removed to assure that the cross-
sections of the columns do not intersect with the core walls. The material of the core walls can be changed
to either concrete or timber. It is only possible to apply an isotropic material to the surfaces, therefore the
in-plane stiffness of the CLT plates must be used.

Different variations of cores are presented in Figure 4.6.

(a) Structure with concrete core (b) Structure with CLT core

(c) Structure with U-shaped concrete core (d) Structure with 2 concrete cores

Figure 4.6: Modelling the core in RFEM

The core walls can in reality consist of multiple elements, which have to be connected. These connections can
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be located in the corners of the cores and between core walls on each floor. Depending on the connections
considered, these connections may not be infinite stiff in all directions, while the walls in the RFEM model
are connected using a hinged connection. Due to the fact that also in this case these connections cannot be
modelled as a spring using the Arcadis add-on, the Young’s modulus of the walls must be adapted to include
these connection stiffness.

The reduction of the Young’s modulus of the walls due to the connection stiffness is depended on the prop-
erties of the walls and connections and the building height. The influence of the connection stiffness can be
determined by hand using the theory of mechanically jointed beams provided by the Eurocode or in FEM
software by creating a model with and without implemented connection stiffness and then compare these
models.

To determine the correct stresses in the surface and thus neglect the influence of singularities near the edges,
at the bottom the surface is divided into small rectangles. The maximum stresses in the surface can be cal-
culated by averaging the stresses in each rectangle and taking the maximum of these average values. At the
bottom of the walls, supports are added which restrain translation in x, y and z-direction. The divided core
wall surfaces and supports can be seen in Figure 4.7.

Figure 4.7: Divisions of the bottom core walls

4.2.4. Diagrid (C)
A diagrid can be applied to the structure by using the diagrid switch in the input group. The number of diag-
onals which are placed is determined by the amount of diagonals in width and depth provided as input. The
height of a diagonal is controlled by the amount of floors per diagonal. All diagonals are made of the same
material and have the same cross-section properties.

The RFEM output is shown in Figure 4.8.

(a) (b) (c)

Figure 4.8: Modelling the diagrid in RFEM

As also seen for the columns, the diagonals will consists of members with hinges on both ends. To encounter
for a finite connection stiffness in the direction of the diagonal, the E-modulus of the diagonal material should
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be modified in RFEM. This can be done in the same way as described in subsection 4.2.1.

4.2.5. Tube system (A)
The load-bearing facade elements are modelled as surfaces which are placed on all sides of each storey. Be-
cause it is desirable to have a hinged connection between the facade surfaces and floor surfaces, line hinges
are applied to the perimeters of the facade surfaces. Also for these surfaces it is only possible to apply an
isotropic material, therefore the in-plane stiffness of the CLT plates must be used.

The facade will consist of multiple elements, which have to be connected. These connections can be located
in the corners of the building, between the different elements in vertical direction and between the elements
in horizontal direction on each floor. Furthermore, windows could be present in the facade. Depending on
the connections considered, these connections may not be infinite stiff in all directions, while the facade is
modelled as a single surface without windows and therefore uses infinite stiff connections. Also in this case
the connections cannot be modelled as a spring using the Arcadis add-on, therefore the Young’s modulus
of the walls must be adapted to include these connection stiffness and possible windows in the facade. The
same methods as described for the core elements can be used to determine the reduction of the Young’s mod-
ulus due to the connections stiffness.

To calculate the maximum stresses in the facade surface, the same method is applied as used for the core
elements, discussed in subsection 4.2.3. Therefore, also the bottom of the facade surfaces is divided into
smaller rectangles and supports are added, which restrain translation in x, y and z-direction. This is displayed
in Figure 4.9.

Figure 4.9: Modelling the facade elements in RFEM

4.2.6. Forces (F,H,I,J,L)
Several forces have to be applied to the structure to take into account dead weight, wind loads and variable
loading. To apply the dead weight of the facade to the structure, a vertical line load is applied to the edges of
the floor surfaces. Also an additional permanent load is applied to all floors.
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(a) Permanent load due to the facade (b) Additional permanent load

Figure 4.10: Modelling permanent loads in RFEM

Two load cases are created to apply wind loads on the structure for 2 directions, namely x- and y-direction.
The horizontal loads are applied to the edge of the floors by using a line load. The loads on the roofs due to
the wind are modelled by using nodal forces. Each wind area (F, G, H, I) is divided into 25 points and vertical
nodal forces are put on these points, where each nodal force represents a small part of the total wind load.

(a) Applied loads for wind in x-direction (b) Applied loads for wind in y-direction

Figure 4.11: Modelling the wind loads in RFEM

Live loads are applied to each floor, which is shown in Figure 4.12a. These loads will have a horizontal com-
ponent due to the global initial sway imperfections. Therefore these loads are applied to these floors as well,
as can be seen in Figure 4.12b. For both loads, surface loads are used.
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(a) Live loads applied to the floors (b) Horizontal loads due to the global initial sway imperfections

Figure 4.12: Loads applied to the floors

4.2.7. Combination of systems
The different stability systems can be combined. For example, a diagrid system can be combined with either
a concrete or CLT core. Also, a facade can be combined with both cores. Combining a diagrid with a facade
will not give desirable results.

The different combinations are depicted in Figure 4.13.

(a) Concrete core combined with diagrid system (b) CLT core combined with diagrid system

(c) Concrete core combined with tube system (d) CLT core combined with tube system

Figure 4.13: Modelling combination of systems in RFEM
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4.2.8. Export to RFEM and analysis of stresses and deformations (J,L)
After the Dynamo model is generated, it will be exported to RFEM. A structural calculation can be started by
setting the switch Start Calculation to true. This calculation can either be linear or non-linear, depending on
the load combinations defined. The results of the structural calculation can now be examined in RFEM or
Dynamo and checked if they meet the requirements in SLS and ULS. When using Dynamo to examine the
results, only a limited amount of available results provided in RFEM can be viewed in Dynamo.

It should be noted that exporting the model to RFEM, running the structural calculation and transferring back
the results to Dynamo can take a very long time (>1 hour) if a very large model or a model consisting of many
surfaces is used. Hence, as a result the model will contain many elements that which cause a great amount
of data to be exchanged between the programs, which ensures a long time required for the information to be
transferred.

4.3. Method of using the parametric model
To use the parametric model in order to get sufficient results, some steps have to be taken. First, the dimen-
sions of the building and floors have to be set as input. The dimensions of the building include width, depth
and storey height of the structure, but also the number of columns in width and depth and the dimensions
of the columns. Furthermore, the floor properties can be adjusted, such as thickness and material. Next, the
type of stability system has to be chosen and the dimensions of the elements of the stability system must be
inputted. For a system with a core, the width, depth and thickness of the core must be set.

Subsequently, the connections have to be determined for the columns, diagonals and/or walls. The connec-
tion strength and stiffness have to be calculated by hand. Because stiffness of connections cannot be applied
in the model due to restrictions of the Arcadis add-on, the material stiffness of the stability elements have to
be adjusted in such a way that the connection of the stiffness is taken into account.

By hitting the Run button, the structure is generated by Dynamo and exported to RFEM. A structural analysis
will be executed, which can take some time depending on the size of the structure. Next, you can choose to
either use RFEM or Dynamo to check the design according to ULS and SLS requirements. The connections
can be checked by using the member forces in the columns and diagonals and stresses in the wall elements.
The deformations can be checked in SLS and the eigenfrequency and maximum acceleration of the top floor
is calculated.

The whole method of using the parametric model is shown as a flow chart in Figure 4.14.
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Figure 4.14: Method of using the parametric model



5
Case study: Brock Commons Tallwood

House

To check if the parametric model gives satisfying results, a case study is performed on the Brock Commons
Tallwood House. First the building will be discussed together with its load-bearing structure and detailing.
Next, the structure of this building will be generated using the parametric model. The results which the model
produces will be compared with results available of this building.

5.1. General information
The Brock Commons Tallwood House is a student residence building at the University of Colombia in Van-
couver. It consists of 18 stories, which gives it a height of 54 metres. It houses 404 students in studio and
four-bed units with public places on the ground floor and a lounge on the top floor.

Figure 5.1: Side-views of the Brock Commons Tallwood House [45]

5.2. Load-bearing structure
The floor plan of the building is shown in Figure 5.2, where the load-bearing structure is visible. The building
has a width of 56 metres and a depth of 15 metres.

53
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Figure 5.2: Floorplan of the Brock Commons Tallwood House [45]

A concrete podium is placed on the ground floor. This is done to create large spans between the concrete
columns in order to get a large open area. On top of these concrete columns a 600 mm thick concrete slab is
placed, which supports the timber structure. The building has 2 concrete cores, which provide lateral stability
and resist seismic forces. These cores house stairs, elevator shafts and mechanical services. It is cast in-situ
and has a thickness of 450 millimetres.

GLT and PSL columns carry the vertical loads together with the concrete cores to the foundation. These
columns are placed in a grid measuring 4 by 2.85 metres. On the lower levels, from levels 2 to 9, the dimen-
sions 265 by 265 millimetres are used, while on the upper levels, levels 9 to 18, the dimensions are 265 by 215
millimetres. Between stories 2 and 5, the columns are made of PSL, others are made of GL24h.

The floors are built using CLT slabs, which have a thickness of 169 millimetres. They have a width of 2.85
metres and have varied lengths. The panels function as diaphragms. To increase the weight of the building
and stiffness of the CLT floors, a 40 millimetres thick concrete topping is added. This topping also improves
acoustic performance. The CLT is directly supported by the columns.

5.3. Detailing
Columns are connected using a steel section. Threaded rods are glued into the column and a thick steel
plate is welded to these rods. A round hollow steel piece is used to connect the steel plates at the ends of the
columns. The floor slabs lay on top of the steel plate and are bolted by four rods. Therefore, the vertical loads
can be transferred directly from column to column, while the vertical and shear forces of the floor slab can
be supported by the column as well. Such a connection is also used to connect the columns to the concrete
podium, but the rods at the lower steel plate are fixed in the concrete.

Figure 5.3: Connections column to concrete podium and column to column [48]

The CLT panels are connected to the concrete core using a steel angle that is welded to a steel plate. This
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plate is fixed in the concrete. The steel angle can resist both vertical and shear forces. To transfer the lateral
loads, which are present due to the diaphragm function of the floor, drag straps are attached. Bolts are used
to connect the drag straps to faceplates, which are bolted to the core.

Figure 5.4: Floor to core connection [48]

Fire protection is a very important aspect in the design
of the Brock Commons Tallwood House. Active and
passive fire protection is used to achieve a sufficient
fire safety. By taking passive fire safety measures,
the probability that structural elements fail before
occupants can exit the building is prevented, as well
as the spread of the fire between different stories.
These measures consist of a full encapsulation of the
timber structure in multiple layers of gypsum. These
layers, made of Type X gypsum, give the load bearing
structure a fire-resistance rating of 2 hour, which is
required according to the building codes. A total of 3
gypsum layers with a total thickness of 48 millimetres
is used at the column, as can be seen in Figure 5.5.
Also the concrete topping on top of the CLT floor slabs
give additional fire-resistance rating.

Figure 5.5: Type X gypsum layers around a column [45]

The building has an automatic sprinkler system, which has a 20000 litre water-tank located in the bottom of
the building. The tank allows the sprinklers to work for 30 minutes.

5.4. Parametric model of the building
5.4.1. Model input
The parametric model is used to generate the structure in RFEM. Some assumptions had to be made in order
to do so:

• The parametric model allows you to only generate storeys with the same storey height. For this reason,
the concrete podium cannot be used and is therefore replaced by a storey with timber columns of 3
metres in height. Because all stories have a height of 3 metres and a total of 18 storeys is used, the
building will still reach a total height of 54 metres.

• Because the model only allows you to assign the same cross-section and material to each column, it
is considered that all columns have the dimensions and material of the columns which are situated
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between floors 2 and 5. Hence, the columns will have a width and depth of 265 millimetres and are
made of Parallam PSL 2.0E.

• The cores of the Brock Commons Tallwood House do not have a clear rectangular shape. It consists of 2
walls per core in the depth, 2 walls per core in the width with an opening in it and some additional small
walls. Therefore, each concrete core is represented by 2 U-shaped concrete elements with a thickness
of 450 millimetres. Between those elements a gap of 1.0 meter in the width of the building is applied.
The cores are made of C40/50 and it is assumed that this concrete is cracked. Because the concrete is
poured in-situ, no reduction is applied to the E-modulus of the core material to encounter for stiffness
of connections.

• The floor slabs are made of CLT consisting of 5 layers. An additional dead load of 1.0 kN /m2 is applied
to the floor to encounter for the concrete topping. The stiffness of the floor is determined in Table 6.7,
where a floor with a height of 130 millimetres is considered, thus a stiffness of 2947 N /mm2 is used.

All material properties are displayed in Table 5.1.

Table 5.1: Material properties for RFEM model of Brock Commons Tallwood House

Parallam PSL 2.0E Concrete C40/50 (cracked) CLT

Design Modulus of Elasticity Ed 11400 11667 2358 N /mm2

Design Shear modulus Gd 424 5833 982 N /mm2

Poisson’s ratio ν 12.49 0.0 0.2 (-)
Specific weight γ 5 25 5 kN /m3

With all the assumptions taken into consideration, the following inputs were used to generate the model.

Table 5.2: Dynamo input values

Description Value

Width building 56 m
Depth building 15 m
Levels 18
Storey height 3 m
Columns in width 15
Column in depth 6
Width column 265 mm
Depth column 265 mm
Column material Parallam PSL 2.0 E
Floor thickness 130 mm

Core width 6.5 m
Core depth 6.5 m
Core x-position [-14, 14] m
Core y-position -4 m
Core gap in x 1 m
Core material Cracked C40/50
Core thickness 450 mm
Additional floor load 1.0 kN /m2

The result in RFEM is presented in Figure 5.6.
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(a) RFEM model isometric view (b) RFEM model in x-direction (c) RFEM model in y-direction

Figure 5.6: RFEM model of Brockcommons Tallwood Building

5.4.2. Connections
The columns are connected using glued-in rods. A total of 4 threaded rods is used, which have a length of
140 millimetres and a diameter of 16 millimetres. The fire protective layer, which is added to all sides of the
columns, give a char layer depth of 12 millimetres after 120 minutes of fire. The properties of the material of
the column are shown in Table 2.4. All steel parts in the connection are made of S355.

In Appendix B.2 the maximum compression and tension forces which can be taken up by the connection
are calculated. It is determined that the maximum compression force is equal to 1383kN and the maximum
tension force is equal to 69kN .

5.5. Structural analysis results
The results of the structural analysis are checked using RFEM. All load combinations are calculated using a
second-order analysis. All the results will be further discussed.

5.5.1. Deflection of the structure
The deflection of the structure in SLS is determined for each level in both horizontal directions. The stiffness
of the foundation is not taken into account, therefore instead of using a maximum horizontal deflection of
h/500, a maximum of h/1000 is used.

These deflections and the maximum allowed deflection are shown in Figure 5.7a.
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So the unity checks for horizontal deflections are:

UCde f lect i on,x = 56.4

54
= 1.04
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UCde f lect i on,y =
50.7

54
= 0.94

As can be seen, the building slightly exceeds the conditions for maximum deflection and inter-storey drift in
x-direction. This can be caused by the fact that it is assumed that the foundation contributes to half of the
total deflection, which is a conservative assumption. Therefore, the results regarding deflection are satisfying,
because the unity checks are close to 1.0.

5.5.2. Forces in the structure
The maximum forces in ULS are determined for each column. The maximum compression forces occur at
the first level, while the maximum tension forces occur at the top level. The results for the lowest and top
level are displayed in Figure 5.8a and Figure 5.8b respectively.

(a) Maximum forces at the top level

(b) Maximum forces at the first level

Figure 5.8: Maximum compression and tension forces

The corresponding maximum values are 1302kN in compression and 10kN in tension. Hence, the unity
check values are:

• UCcompr essi on = 1302/1383 = 0.94

• UCtensi on = 9/69 = 0.13

The stresses which occur in the core walls are:

• σcompr essi on =−6.69N /mm2

• σtensi on = 2.34N /mm2

• σshear = 1.40N /mm2

The stresses are lower than the strength properties and therefore, only minimum reinforcement is required.

5.5.3. Dynamics of the structure
To check the acceleration of the top level of the building, the method described in section 3.6 is used. The
natural frequency is calculated using the mass of the building, the additional weight on the floor slabs and
the quasi-permanent load, which is equal to 0.4 times the live loads on the floor. The natural frequency is
therefore approximately:

f0 = 46/h = 46/54 = 0.85Hz

These maximum acceleration of the top level is calculated and plotted in Figure 5.9, where also the limitations
for accelerations according to the Eurocode are shown.
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Figure 5.9: Maximum acceleration of the top level of the Brock Commons building

The building has a first mode frequency of 0.5 Hz and is designed to limit the top level accelerations due to
wind to 1.5 percent of the gravity acceleration, which is equal to 0.15 m/s2 [44]. From the parametric model
follows that the building has a natural frequency of 0.85 Hz and a maximum acceleration of 0.14 m/s2. The
maximum acceleration is almost equal to the values according to the designer, but the frequency is slightly
different. It can be seen that the maximum acceleration does not satisfy the Eurocode requirements for resi-
dential buildings.

5.6. Conclusion
Using the parametric model, it is possible to generate and validate the Brock Commons Tallwood House. To
do so, several assumptions had to be made.

It is only possible to generate identical storeys. Therefore, it was not possible to generate the concrete podium
and thus this is replaced by a storey with timber columns. Also the columns have the same dimensions at all
levels, while in reality these columns will become slightly smaller at a certain level. These differences will
have small influence on the mass and stiffness of the building.

The columns at the lowest level have the correct dimensions and material and at that location the high-
est compression forces occur. Therefore is it considered that this assumption is acceptable. The concrete
podium would add additional mass to the building, but this mass is only a small portion of the total mass of
the building and therefore it is assumed that this will not have a big influence on the behaviour of the building.

The core is not generated exactly like how the core looks in reality. By making use of a gap in the core wall, the
cores will be represented by 2 U-shaped elements. These elements are comparable to the core shape used
in reality and thus can be applied in such a way. The cores provide enough stiffness to satisfy the conditions
for horizontal deformation of the structure and inter-storey drift in SLS. The unity checks for horizontal de-
formation are close to 1.0 (1.04 and 0.94 respectively), which is desirable. It slightly exceeds the conditions
for maximum deflection in x-direction, which is caused by the fact that a conservative approach regarding
foundation stiffness is used.

Also the unity checks for compression and tension satisfy the conditions in ULS. The building does not sat-
isfy the conditions for the maximum acceleration of the top level according to the Eurocode, but the eigen-
frequency and maximum acceleration of the top level are comparable to those found by the designer of the
building.
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Hence, these results and therefore the parametric model are adequate.



6
Parametric study on timber high-rise in

The Netherlands

In this chapter, the basic principles of the design are set up to be used in the parametric study. Furthermore,
the connections between the columns, diagonals and wall elements are elaborated. To do so, a calculation
is performed using MATLAB to obtain the optimal characteristics of the connections regarding strength and
stiffness. The effect of the presence of connections and facade windows on the stiffness of the structural
elements is checked and assumptions are made regarding foundation stiffness and fire safety design.

6.1. Basic principles of the design
A building with a width of 32.4 metres and a depth of 28.8 metres is assumed and serves as an office building.
A commonly used grid spacing in The Netherlands of 1.8 metres is used. The structure has 7 columns in width
and 5 columns in depth. It is considered that beams are placed in the direction of the depth of the building,
hence the beams have a span of 7.2 metres. CLT floor slabs are placed perpendicular to the beams, which
give them a span of 5.4 metres. An additional dead floor load of 1.0kN /m2 is applied. Therefore, 5 layer floor
slabs with a height of 225 millimetres are used. It is assumed that the facade has a weight of 1.5kN /m2. The
building is designed for consequence class 3. All structural elements must therefore have a fire resistance of
at least 120 minutes and all wall elements must have a separating function of 120 minutes.

The inputs which are valid for all stability systems are summarised in Table 6.1.

Table 6.1: Dynamo input values

Description Value

Width building 32.4 m
Depth building 28.8 m
Storey height 3.6 m
Columns in width 7
Column in depth 5
Floor thickness 225 mm
Additional floor load 1.0 kN /m2

The floor plan for the building without any lateral stability system is shown in Figure 6.1.
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Figure 6.1: Floor plan of the building without any lateral stability system

To ensure sufficient office area compared to the total area of the building, a minimum net floor area of 75%
is set. Therefore, the total area of the core must not exceed 25% of the total area of the building. In the core,
a gap of 2 metres in width is considered which results in a core consisting of 2 U-forms. The minimum width
of core is 7 metres and the minimum depth 5 metres to provide space for elevators and staircases.

To transfer forces between the columns, diagonals, core walls and facade elements, in the following sections
specific connection are described, which are not all commonly used at the moment. Therefore, in in chapter 7
some more in-depth information on commonly used connections and the specific connections considered
in the parametric study is given .

6.2. Characteristics of columns
To join the columns, a connection is uses which transfers tension forces by glued-in rods and compression
forces by a steel plate. In subsection 3.8.2 it is described how the strength of such a connection can be cal-
culated. To calculate the strength MATLAB can be used as presented in Appendix A.2. This connection is
chosen because it provides high compressive resistance, good tension resistance and is easily and quickly to
assemble.

The minimum spacing and edge/end distances, which are displayed in Figure 3.18, are used. The rods are
placed at a minimum distance to the edge of the column that is equal to the char layer thickness which cor-
responds with the fire resistance of the member.

For this connection, a research has been performed to determine the configurations of the connection for
different column dimensions such that the tension and compression resistance are maximized. The MATLAB
script which is used is given in Appendix A.5. All results of this research are displayed in Appendix A.6.

First the material properties of the connecting members and glued-in threaded rods are inputted. Next, the
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minimum edge spacing is determined by taking the lesser value of the minimum edge spacing and the char
layer depth during fire. Next, the dowel diameter is varied between 6 and 30 millimetres and the maximum
rod length is set to the width of the member. The results for which the slenderness of the rod is not between
the given values are removed. All the results are finally plotted in a single graph.

For this result, a column made of GL24h without any fire protective layers is used, which has to withstand
a fire of 120 minutes without failure. The column dimensions range from 300 to 1200 millimetres. The ten-
sion resistance of the connection is determined by the glued-in rods, while the compression resistance is
determined by the compression resistance of the timber. In Figure 6.2, the result is shown for a 700x700mm
column.

Figure 6.2: Maximum tension force in 700x700mm member with glued-in rod connection

The maximum compression strength is used with the corresponding tension resistance. The characteristics
of the connections for different column dimensions which are used are shown in Table 6.2.

Table 6.2: Characteristics of the connections for different columns sizes

Dimensions (mm) Number of rods Rod diameter (mm) Rod length (mm)

300 x 300 4 23 300
400 x 400 9 21 314
500 x 500 16 21 314
600 x 600 16 27 404
700 x 700 49 17 254
800 x 800 49 20 299
900 x 900 144 13 194
1000 x 1000 100 18 269
1100 x 1100 196 14 209
1200 x 1200 144 18 269

The maximum compressive and tensile strengths of each connection setup are displayed in Table 6.3.
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Table 6.3: Maximum compression and tension forces of a connection with glued-in rods for different column dimensions

Dimensions (mm x mm) Max compression (kN) Max tension (kN)

300 x 300 817 200
400 x 400 2363 422
500 x 500 3692 751
600 x 600 5317 1090
700 x 700 7237 1628
800 x 800 9452 2127
900 x 900 11963 2808
1000 x 1000 14769 3655
1100 x 1100 17871 4435
1200 x 1200 21268 5264

A typical detail of 2 columns which are connected can be seen in Figure 6.3. The columns have dimensions
400x400 millimetres and a connection is used which gives the highest compressive and tensile resistance. The
threaded rods can be applied to the timber in advance. A steel plate is attached to these rods, to which a steel
connecting part can be attached using bolts.

Figure 6.3: Detail of connection between 400x400mm columns using glued-in threaded rods

6.3. Characteristics of diagonals
To connect the diagonals, a distinction is made between diagonals connected using slotted-in steel plates
and dowels and diagonals connected using glued-in threaded rods. The connection using slotted-in steel
plates and dowels is considered, because this connection gives high tensile resistance and good compressive
resistance. However, this connection will not be infinitely stiff and thus provide additional deformation in
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comparison with the connection using glued-in threaded rods, which is assumed to be rigid. Despite that,
the connection using glued-in threaded rods has a lower tensile strength compared to a connection with
slotted-in steel plates and dowels. Because these connections have advantages and disadvantages relative to
each other, they will both be investigated.

6.3.1. Diagonal with connection using slotted-in steel plates and dowels
A connection with slotted-in steel plates and dowels can be used to attach the diagonals. The strength of this
connection is determined as explained in subsection 3.8.1. These formulas are put in a MATLAB script to
calculate the connection strength in tension and compression. This script is presented in Appendix A.1.

According to the Eurocode, the dowel diameter has to be at least 6 millimetres and at most 30 millimetres. For
the 2 steel plates, no minimum and maximum dimensions are given regarding thickness, length and width.
The minimum spacing and edge/end distances, which are shown in Table 3.8, are used. The steel plate is
placed at a distance to the edge of the member equal to the char layer depth during fire.

A research has been performed to determine the configurations of the connection for different column di-
mensions such that the tension and compression resistance are maximized. MATLAB is used to calculate
these values. First the material properties of the connecting members, dowels and steel plates are inputted.
Next, the width of the steel plate is set to the width of the column reduced by the char layer depth during
fire. Then the steel plate thickness and the diameter of the dowels are varied. The maximum number of
dowel rows and columns is determined by using the minimum spacing between the dowels and the maxi-
mum length of the connection. All failure modes are considered and the maximum compressive and tensile
strength of the connection is calculated. All results are finally plotted in a single graph.

The result of this research is shown, which represents a column made of GL24h without any fire protective
layers, which has to withstand a fire of 120 minutes without failure. The column dimensions range from 300
to 1200 millimetres with an interval of 100 millimetres. This maximum value is chosen to take into account
the make-ability of the column. In Figure 6.4, the result is shown for a column with dimensions 700 by 700
millimetres.
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Figure 6.4: Maximum compression and tension force in dowel connection for 700x700mm member

Each dot represents a specific configuration of the connection, which gives a certain compression resistance
with a corresponding tension resistance. An orange line is drawn which displays the maximum tension re-
sistance for a certain minimum value of the compression resistance. The results for each individual column
size are shown in Appendix A.4.
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In Figure 6.5 the maximum resistances for all column sizes are shown.
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Figure 6.5: Maximum compression and tension force in dowel connection for different column dimensions

As can be seen, the tension resistance becomes slightly less when the compression resistance increases. It is
expected that the compression forces which occur in the connection will be higher than the tension forces,
due to the fact that the dead weight of the structure will lower the tension forces.

The maximum compression strength is used with the corresponding tension resistance. The characteristics
of the connections for the different column dimensions which are used are shown in Table 6.4.

Table 6.4: Characteristics of the connections for the different column dimensions

Dimensions
(mm)

Dowel rows Dowel
columns

Total dowels Dowel di-
ameter
(mm)

Connection
length (mm)

Steel plate
thickness
(mm)

300 x 300 5 5 25 6 280 3
400 x 400 11 9 99 6 400 10
500 x 500 16 12 192 6 490 18
600 x 600 22 15 330 6 580 23
700 x 700 23 16 368 7 685 23
800 x 800 21 14 294 9 745 26
900 x 900 18 13 234 12 888 28
1000 x 1000 19 12 228 13 897 30
1100 x 1100 20 12 240 14 966 32
1200 x 1200 18 12 216 17 1173 34

The corresponding maximum compressive and tensile strengths of each connection setup are presented in
Table 6.5.
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Table 6.5: Maximum compression and tension forces of a dowel connection for different column dimensions

Dimensions (mm x mm) Max compression (kN) Max tension (kN)

300 x 300 85 86
400 x 400 595 596
500 x 500 1545 1546
600 x 600 3336 2623
700 x 700 5204 3274
800 x 800 6749 4448
900 x 900 8525 5605
1000 x 1000 10452 6831
1100 x 1100 12545 8141
1200 x 1200 14945 9653

The stiffness of these connections have to be taken into account and therefore the stiffness of the column
and the stiffness of the column including the connections are compared. First the stiffness of the connection
has to be determined for all connection configurations presented in Figure 6.5. The results are displayed in
Figure 6.6.
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Figure 6.6: Stiffness of different connection configurations

As can be seen, the stiffness of the connections will increase when the size of the column increases. This is
expected, because for larger columns, more and bigger dowels are used, which gives the connection more
stiffness. Therefore, also the stiffness increases when the resistance of the connection is higher.

The equivalent stiffness is calculated for the different column dimensions with a length of 3600 millimetres.
After that, the ratios between the stiffness of the column with connections and without are determined. The
stiffness of the column has to be multiplied by the average value of these ratios in the parametric model.

The results are displayed in Table 6.6.
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Table 6.6: Ratios between columns and columns with connections

Column size (mm) Kser (kN/mm) EA/l (kN/mm) Keq (kN/mm) Ratio (-)

300 704 288 158 0.55
400 2789 511 386 0.73
500 5409 799 617 0.77
600 9297 1150 922 0.80
700 12096 1565 1243 0.79
800 12425 2044 1538 0.75
900 13185 2588 1858 0.72
1000 13918 3194 2189 0.69
1100 15777 3865 2594 0.67
1200 17242 4600 3000 0.65

Mean value 0.71

Hence, when columns made of GL24h with a length 3600 millimetres are used, it is sufficient to reduce the
stiffness of the column by a factor 0.70 to take into account the stiffness of the connections. The influence
of the connection stiffness will decrease if the length of the column increases. When the column length is
doubled, the reduction factor will be equal to 0.8 and will further increase to 0.9 for a column length of 14.4
metres. A conservative approach is used and therefore a reduction factor of 0.7 is used for all lengths.

A typical detail of a connection between different diagonals is shown in Figure 6.7. The diagonal used in the
detail has dimensions 400x400 millimetres and configuration of the dowels is such that the highest compres-
sive resistance is reached. The steel plates and dowels can be applied to the timber in advance. A steel plate is
attached to these rods, to which a steel connecting part can be attached using bolts to connect all the mem-
bers. The steel plate has several stiffeners to prevent local buckling. The steel plate and stiffeners are covered
by timber plates on both sides, these protect the steel during a fire event.
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Figure 6.7: Detail of connection between diagonals using slotted-in steel plates and dowels

6.3.2. Diagonal with connection using glued-in threaded rods
Diagonals can also be connected using glued-in threaded rods. The strength of this connection is already
determined in section 6.2.

A typical detail for this connection is displayed in Figure 6.8, where the diagonals have dimensions 400x400
millimetres. The threaded rods can be applied to the timber in advance. A steel plate is attached to these
rods, to which a steel connecting part can be attached using bolts to connect all the members. The steel plate
has several stiffeners to prevent local buckling. The steel plate and stiffeners are covered by timber plates on
both sides, these protect the steel during a fire event.
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Figure 6.8: Detail of connection between diagonals using glued-in threaded rods

6.3.3. Buckling
The load-bearing capacity of a structural member can decrease due to the fact that buckling occurs before
the maximum compressive stress is reached. This decrease it checked for a squared column with a buckling
length of 3600 millimetres and a width of 300 millimetres to 1200 millimetres. The result is displayed in
Figure 6.9.
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Figure 6.9: Decrease of compression resistance due to buckling

There will be a small decrease of compressive resistance due to buckling. However, this decrease is negligibly
small. Furthermore, the connections of these members will have a smaller resistance than the members
themselves due to the fact that the safety factors used for calculating the resistance of connections are greater
than the safety factors used for determining the resistance of members. Buckling of members is therefore
negligible and will not be further taken into account.

6.4. Properties of floors
Floors are placed on each storey between the columns and the facade. It is considered that these floors are
supported on 2 edges by making use of timber beams. These beams are placed between the columns and the
facade elements. The floor slabs are made of CLT plates. In longitudinal direction these plates are tied using
metal connectors.

The typical floor plan of each storey of the building is shown in Figure 6.10.
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Figure 6.10: Floor plan for each storey of the building

The maximum span of a timber slab is based on data provided by a CLT plate manufacturer [41]. For exam-
ple, when an office building is considered using a simply supported CLT floor slab consisting of 5 layers, a
total thickness of 225mm and a super imposed dead load 1 kN /m2, a maximum floor span of 5.7 metres is
achievable.

The maximum span of the beams is determined by assuming a maximum height of the beam of 700 millime-
tres. This height is chosen to guarantee enough operating height at each storey. It is considered that the beam
is simply supported on each column with a minimum support length of 150 mm. The width of the beam will
have a maximum value of 400 millimetres to provide sufficient support area for the floor slabs.

Calculations have been done to determine the maximum span of the beam, which can be seen in Appendix B.1.
The maximum span of the beam is set at 8 metres.

6.4.1. Floor stiffness
The in-plane stiffness of the slab is considered to be the stiffness of the surface. This stiffness is determined
by performing a calculation, where an equivalent stiffness is calculated. The Young’s modulus of each layer
in its orientation is multiplied by its thickness and then divided by the total thickness of the slab. The results
for the cross section in both directions of the plate are shown in Table 6.7.
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Table 6.7: Equivalent in-plane stiffness of a CLT plate

Layer (mm) E1,E3 E2 h Eeq,1 Eeq,2

1 2 3 (N /mm2) (N /mm2) (mm) (N /mm2) (N /mm2)

20 20 20 11000 370 60 7457 3913
20 35 20 11000 370 75 6039 5331
20 45 20 11000 370 85 5372 5998
35 35 35 11000 370 105 7457 3913
35 45 35 11000 370 115 6840 4530
45 35 45 11000 370 125 8024 3346
45 45 45 11000 370 135 7457 3913

Layer (mm) E1,E3,E5 E2,E4

1 2 3 4 5

20 20 20 20 20 11000 370 100 6748 4622
35 20 20 20 35 11000 370 130 7729 3641
35 20 35 20 35 11000 370 145 8068 3302
45 20 20 20 45 11000 370 150 8165 3205
45 20 35 20 45 11000 370 165 8423 2947
45 20 45 20 45 11000 370 175 8570 2800
45 35 35 35 45 11000 370 195 7184 4186
45 35 45 35 45 11000 370 205 7370 4000
45 45 45 45 45 11000 370 225 6748 4622

Layer (mm) E1,E3,E5,E7 E2,E4,E6

1 2 3 4 5 6 7

35 35 35 35 35 35 35 11000 370 245 6444 4926
45 35 35 35 35 35 45 11000 370 265 6788 4582
45 35 35 45 35 35 45 11000 370 275 6555 4815
45 35 45 45 45 35 45 11000 370 295 6856 4514
45 45 45 45 45 45 45 11000 370 315 6444 4926

Average 7178 4192

The highest equivalent Young’s modulus can be used when compression and tensile stresses occur in the
direction of the odd numbered layers, while the lowest equivalent Young’s modulus must be used when these
stresses occur in the direction of the even numbered layers.

6.4.2. Floor deflection
The maximum deflection of the CLT plate is governed by the data provided by a CLT manufacturer [41]. For
different thicknesses of a CLT plate, the maximum allowed span is given. Therefore, the following thicknesses
are used for different span lengths, as shown in Table 6.8. These thicknesses are based on a live load of
3kN /m2 and an additional dead load on the floor of 1kN /m2.

Table 6.8: Maximum spans for different plate thicknesses

Panel Layer (mm) h Eeq,1 Eeq,2 Span

1 2 3 4 5 6 7 (mm) (N /mm2) (N /mm2) min (m) max (m)

CL3/135 45 45 45 135 7457 3913 0 3.9
CL5/225 45 45 45 45 45 225 6748 4622 3.9 5.7
CL7/315 45 45 45 45 45 45 45 315 6444 4926 5.7 6.9

6.5. Characteristics of stability core
A distinction is made between a stability core made of concrete and a core made of CLT.
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6.5.1. Concrete core
A minimum thickness of the concrete core elements of 250 millimetres and a maximum thickness of 500 mil-
limetres is assumed. The maximum value is picked to limit the usage of concrete, so that the majority of the
construction material remains timber. The core is poured in-situ and made of C40/50.

It is assumed that the concrete is cracked. Therefore, a reduction in stiffness is applied. The Eurocode states
that for cracked concrete the Poisson’s ratio of the material changes from 0.2 to 0.0. No further detailed cal-
culation has been done to determine the stiffness of the cracked concrete core(s), however the Eurocode
describes a simplified formula to determine the stiffness:

E I ≈ 0.4Ecd Ic (6.1)

where Ecd is the design value for the Young’s modulus of the concrete and Ic is the moment of inertia of the
core. To include this decrease in stiffness, a reduction of 60% on the Young’s modulus of the core material is
applied in the model. The Young’s modulus of uncracked C40/50 is given by RFEM and equals 35000N /mm2.

Next, the resistance to compression, tension and shear forces of the core have to be determined. The resis-
tance to tension and shear is determined by the reinforcement. A maximum of 2% of the core area is used
for lateral reinforcement and FeB500 is chosen. The shear stress must be less than the maximum shear stress
which may occur when shear reinforcement is used, defined in [35]:

τ2 = 0.24 · (1− fck /250) · fcd = 5.4N /mm2 (6.2)

For concrete C40/50, fck will be equal to 40N /mm2 and fcd will be equal to 40/1.5 = 26.67N /mm2.

Figure 6.11: Reinforcement of concrete core elements

Hence, the maximum allowed stresses are summarised in Table 6.9:

Table 6.9: Strength properties of concrete core

Compression strength fc,max 26.67 N /mm2

Tensile strength ft ,max 8.7 N /mm2

Shear strength fv,max 5.4 N /mm2

6.5.2. CLT core
The CLT core walls are connected in the corners using counter sunk head self-tapping fully threaded wood
screws. These screws have a diameter of 10 millimetres and a length of 800 millimetres. These properties
are chosen, because these are available on the market [9]. Two screws will be placed next to each other to
improve the stiffness and strength of the connection compared to a connection with a single screw. The di-
ameter of the screw does not influence the stiffness of the connection if the minimum spacing of the screws
is used. Therefore, the connections are uniformly distributed over the whole height of the core walls and the
minimum spacing distance of 5d = 50mm is used.

A fixed thickness of 495 millimetres is used for the elements, which is equal to 11 timber layers with a thick-
ness of 45 millimetres each. It is assumed that each side of the core can be constructed using a single plate.
For example, a core consisting of 2 U-shapes will contain 6 CLT plates per level.
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The CLT core walls are stacked vertically and connected using a toothed connection combined with glued-in
threaded rods. The teeth will transfer shear forces, while the rods will provide tensile resistance. By using this
specific connection, it can be assumed that this connection is fully rigid and will therefore not cause addi-
tional stiffness reduction of the core walls.

In Figure 6.12 the position of the walls, screws and glued-in threaded rods are shown.

Figure 6.12: Connections of core walls in CLT

The in-plane stiffness of the elements is assumed, as described in subsection 6.4.1. For a 11-layers 495mm
thick CLT plate with 6 layers in the vertical direction and 5 layers in the horizontal direction, the equivalent
Young’s modulus is equal to:

Eeq,1 = (6 ·45 ·11000+5 ·45 ·370)/495 = 6168N /mm2 (6.3)

The corner connections are not fully rigid and as a result will cause a reduction in bending stiffness of the
core walls. Applying a hinge along the corners with stiffness properties equal to the properties of the applied
connections in the model would be ideal, however the Arcadis add-on does not have this functionality (yet).
Consequently, to account for this effect a reduction to the Young’s modulus is determined by applying the
theory of mechanically jointed beams provided by the Eurocode. The dimensions and symbols used by this
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theory are depicted in Figure 6.13. The effective bending stiffness is determined for bending around both x-
and y-axis. The horizontal toothed connection is assumed to be fully rigid.

Figure 6.13: Dimensions and symbols of mechanically jointed beams theory

The effective bending stiffness can be calculated using the following formula:

(E I )e f =
3∑

i=1
(Ei Ii +γi Ei Ai a2

i ) (6.4)

where:

• Ai = bi hi

• Ii = bi h3
i

12

• γ2 = 1

• γi = [1+π2Ei Ai si /(Ki l 2)]−1

The distance a2 should be taken as:

a2 = γ1E1 A1(h1 +h2)−γ3E3 A3(h2 +h3)

2
∑3

i=1γi Ei Ai
(6.5)

The stiffness of the connection can be determined using the information given in Figure 6.12. Two screws
are used next to each other, which both have a single shear plane and a spacing of 5 ·d = 50 millimetres.
Therefore, the connection stiffness is equal to:

Kser =
2 ·d ·ρ1.5

m /23

5 ·d
= 186N /mm2 (6.6)

where the mean density of CLT is equal to 485kg /m3 [57].

The effective bending stiffness depends on both the dimensions of the core and the length of the beam, which
is in this case the height of the building. Because the core of the building can be considered as a cantilever,
this length may be multiplied by 2. Therefore, the effective bending stiffness is calculated for different build-
ing heights and core dimensions.

Figure 6.14a and Figure 6.14b show 2 variants which are used for the core dimensions. These are such that
the moment of inertia around both axes are equal.
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(a) Smallest core dimensions (b) Greatest core dimensions

Figure 6.14: Core dimensions for determining effective bending stiffness

The results for the effective bending stiffness, which are expressed as the normalised stiffness, are plotted
in Figure 6.15. The normalised stiffness is the ratio between the effective bending stiffness and the bending
stiffness of a core with the same dimensions, but with rigid connections instead.
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Figure 6.15: Effective bending stiffness for core with corner connections in x- and y-directions

As can be seen, the effective bending stiffness around the x-axis is lower compared to the y-axis, but will in-
crease when the height of the building increases. It is more likely that a smaller core is used for low buildings
and a core with greater dimensions is used for higher buildings. It is therefore assumed that the average val-
ues of the results give sufficient results in all cases.

The average values are plotted in Figure 6.16.
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Figure 6.16: Effective bending stiffness for core with corner connections

Dynamo can only apply material properties which have been added in advance to the RFEM material database.
Therefore, several reduced values for the stiffness properties of the material are added to the database, namely
for 60% of the bending stiffness with rigid connections up to 95%. The parametric model will check the build-
ing height and apply the correct stiffness to the core elements. These effective bending stiffness are shown in
Table 6.10.

Table 6.10: Normalised stiffness for different building heights

Building height interval (m) Normalised stiffness (-)

h ≤ 20 0.60
20 < h ≤ 29 0.70
29 < h ≤ 47 0.80
47 < h ≤ 76 0.90
h > 76 0.95

The strength properties of the core elements can be divided in compression, tension and shear resistance,
which are defined by the different components of the connections. The compression resistance is determined
by the compression strength of the CLT material, while the tension resistance is solved by using the tension
strength of the glued-in threaded rods. The shear resistance is based on the shear strength of the toothed
connection and also the shear strength of the corner connection is examined.

Compression resistance of CLT
To determine the compression resistance of the CLT, it is assumed that only the timber layers whose fibres
are in the direction of the compression force provide compression resistance. The compression force will
act in vertical direction, thus when a CLT element with 11 layers is used, 6 layers will provide compression
resistance. The compression resistance is therefore:

fc,Rd = 0.8 ·6 ·45 ·24

495 ·1.3
= 8.06N /mm2 (6.7)



6.5. Characteristics of stability core 79

Tension resistance of glued-in threaded rod
To determine the tensile resistance of the connections, first the tensile resistance of a single rod is calculated.
This is done by using the formulas provided in subsection 3.8.2 and by considering the spacing between the
rods of 100 millimetres. This is shown in Appendix B.4. So:

ft ,Rd = 1.91N /mm2 (6.8)

Shear resistance of toothed connection
The core plates are coupled at the bottom and top by cut teeth, so that shear forces can be transferred to the
next plate. In order to use the maximum shear resistance of the CLT plate, the height of the tooth must be
sufficiently large. In Figure 6.17 this concept is shown. The compression resistance which occurs at the side
of the tooth (displayed as a red line) must be greater than the shear resistance of the CLT, located at the green
dashed line.

Figure 6.17: Resistance to compression and shear for toothed connection

The shear resistance is equal to:

Fv,Rd = kmod · fv,k /γM · A = 0.8 ·3.5/1.3 ·495 ·500 = 533kN (6.9)

The compression resistance is determined by the layers whose fibres are placed horizontally, which is a total
of 5 layers. The compression resistance is thus:

Fc,Rd = kmod · A · fc,0,k /γM = 0.8 ·5 ·45 ·24 ·/1.3 ·h = 3.32h (6.10)

Hence, for Fv,Rd = Fc,90,Rd ,the minimum height of the 161 millimetres, so a height of 200 millimetres is used.

In Figure 6.17 it can be seen that the green line represents half of the total length of the connection, thus the
maximum shear stress must be divided by 2. Therefore:

fv,Rd = kmod · fv,k /γM /2 = 0.8 ·3.5/1.3/2 = 1.12N /mm2 (6.11)

Shear resistance of corner connection
The shear resistance of the corner connection is determined by the shear strength of the screws. This is shown
in Appendix B.3, where first the axial resistance of a screw is calculated, after which the shear resistance of
a screw can be determined. By using the number of screws next to each other and the spacing between the
screws, the shear resistance of the connection can be calculated.

fv,Rd = 0.86N /mm2 (6.12)

To summarize, the different strength properties of the core elements are as follows:
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Table 6.11: Strength properties of CLT core elements

Compression strength 8.06 N /mm2

Tensile strength 1.91 N /mm2

Shear strength 1.12 N /mm2

Shear strength corner 0.86 N /mm2

To check if the wall can reach its full compressive resistance, buckling of the wall is checked.

• Ie f f = 6424313mm3

• A = 495mm

• i =√
Ie f f /A = 113.92

• λy = le f f /i = 31.60

• fc,0,k = 24N /mm2

• E0.05 = 6700N /mm2

• λr el = 0.60

• ky = 0.69

• kc,y = 0.96

There will be a small decrease of compressive resistance due to buckling. However, the connections between
the wall elements have a smaller resistance than the walls themselves due to the fact that the safety factors
used for calculating the resistance of connections are greater than the safety factors used for determining the
resistance of the walls. Buckling of the walls is therefore negligible and will not be further taken into account.

6.6. Characteristics of facade elements
Facade elements can be placed in the facade. These elements consists of a CLT plate where an opening has
been made in the centre, so that a window can be placed. The top and bottom of the elements are connected
in the same way as the core elements are connected, as shown in Figure 6.12. At the corners of the building,
the facade elements are also connected in the same way as the core elements.

Because the width and depth of the building are greater than the maximum size of a single CLT plate, the
facade will consist of multiple facade elements. Therefore, these elements need to be connected at their
sides. These connections are displayed in Figure 6.18.
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Figure 6.18: Detail of connection between sides of facade elements

The corner connections and the connections between the sides of the elements are not fully rigid and as a
result will cause a reduction in bending stiffness of the facade elements. Also, it is assumed that an opening
will be present in the plate, which causes bending stiffness reduction. The elements will be modelled as a
single surface. Therefore, it must be investigated what the stiffness of the element with connections and an
opening is compared to a fully closed surface with rigid connections.

First the influence of an opening in the CLT plate is investigated. This is done by making use of a simple para-
metric model for which the width and height of the element and the ratios width of the opening to width of
the element and height of the opening to height of the element can be inputted. The models will consist of 3
elements placed next to each other. They are shown in Figure 6.19. The Dynamo script used for this research
is shown in Appendix C.3.
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Figure 6.19: Parametric model for investigating influence of opening in facade

A horizontal load is applied to the top left corner of the facade elements. A parametric study is performed
where for different width and opening ratios the horizontal deflections are calculated for both elements.
These horizontal deflections are then compared to determine the decrease of stiffness due to the presence
of these openings.

In Figure 6.20 these results are presented, where the stiffness reduction factors are shown for different height
ratios and width ratios.
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Figure 6.20: Stiffness reduction due to openings in facade elements

To verify these results, the values are compared with values which can be found in literature. Dujic et al.
[12] investigated the behaviour of CLT wall panels with different opening locations and proposed a method
to calculate the reduced stiffness of the CLT wall panels due to openings. In Figure 6.21 a segment with an
opening is shown, where the definitions of different components are depicted.
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Figure 6.21: Reduced stiffness of a CLT wall panel with an opening

The stiffness of the element with opening can be calculated using the following formula:

Kopeni ng = K f ul l ·
r

2− r
(6.13)

where Kopeni ng and K f ul l represent the stiffness of CLT walls with and without openings respectively. r is
defined as the panel area ratio, which is equal to:

r = H
∑

Li

H
∑

Li +∑
Ai

(6.14)

where H is the height of the wall,
∑

Li the summation of the length of full wall height segments and
∑

Ai the
summation of the area of all openings. According to Figure 6.21, Ai is equal to lw ·hw .

Next, the stiffness reduction is calculated for openings where the ratio width of the opening to width of facade
element is equal to the ratio height of the opening to height of facade element. The results for the method of
Dujic and the RFEM results are plotted in Figure 6.22.
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Figure 6.22: Method of Dujic compared to RFEM results

The results by RFEM and Dujic are similar and therefore the reduction of stiffness determined by RFEM to
include windows in CLT plates can be used.
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The stiffness of the vertical connections at the sides of the elements have to be taken into account as well.
To investigate the influence of the connection stiffness on the total bending stiffness of the facade, a model
is made with vertical springs between the different facade elements and a model is created with rigid con-
nections between the elements. Two facade configurations are tested, namely a facade which consists of 4
elements with a width of 7.2 metres and a facade which is made of 6 elements with a width of 5.4 metres. The
model using 6 elements is depicted in Figure 6.23.

Figure 6.23: RFEM model overview for determining bending stiffness reduction

Each line hinge represents a connection shown in Figure 6.18, thus the vertical spring constant of the line
hinge can be calculated. Each connection consist of 2 screws with a total of 8 shear planes.

Kspr i ng = 8 ·ρ1.5
k ·d/23

5 ·d
= 8 ·ρ1.5

k

23 ·5
= 743N /mm2 (6.15)

where ρm = 485kg /m3.

The reduction of bending stiffness is determined using the ratio between the horizontal displacements of the
top of both facades. This is done for building heights up to 150 metres. The results are shown in Figure 6.24.
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Figure 6.24: Bending stiffness reduction due to connections at the sides of the facade elements

The connections in the corners of the building are not fully rigid as well and as a result will cause reduction in
bending stiffness of the facade elements. To determine the stiffness reduction, also for the facade the theory
of mechanically jointed beams is used. The dimensions and symbols used by this theory are displayed in
Figure 6.25.

Figure 6.25: Facade dimensions for determining effective bending stiffness

The reduction in bending stiffness is calculated using a building with a width of 32.4 metres and a depth of
28.8 metres. The configuration of the corner connections is the same as that of the CLT cores and therefore
the stiffness, defined in Equation 6.6, is:

Kspr i ng = 186N /mm2 (6.16)

The facade will not be fully effective in resisting bending moments, because of the large dimensions com-
pared to the thickness. Therefore, the flange width is replaced by an effective flange width, which is illustrated
in Figure 6.26.
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Figure 6.26: Effective facade flange width

The effective width will be equal to the lesser of [3]:

• Half of the width of the building

• 1/10 of the height of the building

The effective bending stiffness is calculated around both x- and y-axis. The results are displayed in Figure 6.27.
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Figure 6.27: Reduction of bending stiffness due to corner connections

The reduction of bending stiffness is almost equal for both axis. A stiffness reduction of around 10% can be
seen for buildings lower than 60 metres, this reduction will decrease for greater building heights. Because the
reductions around both axis are almost equal, the lowest value of the normalised stiffness will be further used.

The normalized stiffness found for applying openings, vertical connections at the sides of the elements and
connections in the corners are multiplied in order to get a combined normalized stiffness for different build-
ing heights. The result of this multiplication is depicted in Figure 6.28.
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Figure 6.28: Total bending stiffness reduction of facade surface

To assign the material with the correct properties, several reduced values for the stiffness properties are added
to the RFEM database, namely for 30% of the bending stiffness compared to the bending stiffness with rigid
connections up to 45%. Just like with the core walls, the parametric model will check the building height and
apply the correct material properties to the facade elements. The effective bending stiffness are shown in
Table 6.12.

Table 6.12: Normalised stiffness for different building heights

Building height interval (m) Normalised stiffness (-)

h ≤ 19 0.30
19 < h ≤ 41 0.35
41 < h ≤ 104 0.40
h > 104 0.45

The strength properties of the corner connections of the facade elements are similar to those of the core
elements, because the same connections are used. The vertical connections between the different facade el-
ements however are slightly different. They use the same screws as used for the corner connections, but these
screws have 4 shear planes instead of 1. Because there are no formulas available to determine the strength of
such a connection, the same connection strength is considered for this connection as for the corner connec-
tions.

Furthermore, an assumption has to be made concerning the stress distribution due to the openings. Because
of these openings, the stresses can only be transferred using the wall area between the openings. The shear
stresses will then be redistributed again over all shear connections between the elements, while the compres-
sion and tensile stresses will remain concentrated among the areas between the windows. This is graphical
representation is given in Figure 6.29, where the forces acting on top of the facade elements are shown in the
associated support reactions. To take these concentrated stresses into account, the calculated compressive
and tensile stresses at the bottom of the elements are multiplied by 2. As for the core walls, there will be no
reduction of the compressive resistance due to buckling.
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Figure 6.29: Concentration of compressive and tensile stresses between the openings

6.7. Characteristics of foundation
It is assumed that the structure is simply supported, but in reality the structure is connected to a foundation,
which isn’t infinitely stiff. The foundation will have a certain stiffness in x-, y- and z-direction and also a rota-
tional stiffness.

The structure will have a deflection due to both the stiffness of the structure and the stiffness of the founda-
tion. This is shown in Figure 6.30. The distance d1 represents the deformation due to stiffness of the structure,
the distance d2 shows the deformation due to the rotational stiffness of the foundation.

Figure 6.30: Deflections due to stiffness of the structure and foundation

No calculations are done regarding the stiffness of the foundation. It is considered that the deformation d1

will be 50% of the total deformation and d2 will be 50% respectively. Therefore, instead of using a maxi-
mum horizontal deformation of 1/500h according the the SLS requirements, a value of 1/1000h is used to
encounter for the rotational stiffness of the foundation. It is assumed that the stiffness in x- and y-direction
are infinite.

6.8. Fire safety design
To encounter for the fire safety of all the members, the methods explained in section 3.7 are used. In Fig-
ure 6.31 the reduction of the compressive resistance of a Glulam member with dimensions of 200 millimetres
up to 500 millimetres which should be applied is demonstrated for different fire safety levels.
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Figure 6.31: Reduction of compressive resistance for different fire safety levels

When using a column with dimensions 300x300 millimetres, a reduction of the compressive resistance of 21%
should be applied. If a gypsum layer of 32 millimetres is placed on all sides of the member, no reduction is
required for every dimension. For unprotected columns, no reduction should be applied when the width and
depth of the columns exceeds 326 millimetres.

Including the fire resistance to members influences the strength of the connections. This is because the con-
nections should be placed within parts which are not affected in case of a fire situation. In other words, the
char layer depth has a large influence on the configuration of the connection.

In Figure 6.32 the maximum char layer depth is determined for different fire protective layer thicknesses and a
fire resistance between 0 and 120 minutes. For example, when an unprotected column is used where a dowel
connection is applied to, the steel plate(s) should be placed at a minimum distance of 91 millimetres from
the edge of the column on both sides and also the dowels should must be placed the same distance inwards.
It is likely that this will cause a reduction of the maximum amount of dowels which can be applied to the steel
plate and thus influences the strength of the connection.
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Figure 6.32: Char layer depth for different fire protective layer thicknesses

The separating function of a wall assembly can be calculated using the method described in section 3.7. In
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Figure 6.33 the separating function is shown for different wall thicknesses with timber layers of 45 millimetres
where no fire protective layers are applied. It is assumed that each layer of the CLT represents a separate layer
of the wall assembly.
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Figure 6.33: Separating function for different wall thicknesses

As can be seen, if a wall assembly requires a separating function of 120 minutes, a minimum wall thickness
of 330 millimetres is required.



7
Background on connections

In chapter 6, several specific connections are chosen to be used in the parametric model. However, these
connections are not commonly used at the moment and therefore is it useful to compare the properties of
these connections with connections normally used in structures. This is done for both connections between
columns and diagonals and the connections between wall elements, where both the strength and stiffness
properties are compared. The influence of the stiffness of the connections on the structure is also investi-
gated. The calculations made to determine the strength and stiffness of the connections are shown in Ap-
pendix B.6.

7.1. Connections between members
The connections between members, such as columns and diagonals, are used to transfer compression and
tension forces. Different connections which are commonly used are shown in Figure 7.1. Still several varia-
tions of these connections are possible, where only a few are considered, but it still gives a good insight on
the behaviour of these types of connections.

(a) Connection A (b) Connection B (c) Connection C

(d) Connection D (e) Connection E (f) Connection F
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(g) Connection G (h) Connection H

Figure 7.1: Side views of different commonly used connections between timber members

The connections can be described as follows:

• Connection A: To take up tension forces, 4 glued-in threaded rods are used. Compression is transferred
via the steel plate between the 2 members. In this case, the rods have a diameter of 16 millimetres and
a length of 140 millimetres, the same as the connection discussed in section 5.3.

• Connection B: This connection also has 4 glued-in threaded rods, however these rods are attached to a
steel profile using bolts. Because of this, the rods can already be glued in the timber before the members
are being placed on site. The compression forces are transferred using the reduced timber area between
the steel profiles.

• Connection C: Steel plates are used in this connection, wherein 4 dowels are placed. The steel plates
and dowels are used to transfer both compression and tension forces.

• Connection D: The connection is similar to connection C, but an additional steel end plate is attached
to the end of the 2 existing steel plates. Therefore, compression forces can be transferred using the steel
end plate and the dowels are used to carry tension forces to provide tension resistance.

• Connection E: The connection consists of 14 φ11mm full threaded screws with cylindrical head which
are applied in a 45 degrees angle from both up- and downwards direction. The screws have a length of
300 millimetres. They can take up tension forces, while the timber transfers the compression forces.

• Connection F: In this case, perforated plates combined with anker nails provided by the company
Rothoblaas [54] are used to transfer tension forces. These plates have a width of 80 millimetres, a thick-
ness of 1.5 millimetres and a total length of 600 millimetres. The plates are applied on 2 sides of the
member, where 20 φ4mm nails with a length of 40 millimetres are applied to each plate.

• Connection G: The same holds for this connection as for connection C, but this connection uses more
and smaller dowels. This connection has the optimised configuration determined in subsection 6.3.1.

• Connection H: This connection uses 9 glued-in threaded rods to take up the tension forces and the steel
end plate to transfer compression forces. The rods have a diameter of 21 millimetres and a length of
314 millimetres, the same as the optimised configuration determined in section 6.2

7.1.1. Strength and stiffness properties
For all connections described in the list above, the design strength can be determined. Also, some connec-
tions will have a certain stiffness in the direction parallel to the member. The calculations can be found in
Appendix B.6.1, while all results are shown in Table 7.1.
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Table 7.1: Properties of different columnn connections

Connection Compression resistance Tension resistance Stiffness parallel to
member

(kN) (kN) (kN/mm)

A 2363 69 ∞
B 1182 69 ∞
C 115 115 141
D 2363 115 141
E 2363 81 72
F 2363 92 74
G 595 596 1395
H 2363 422 ∞

For connection A, D, E, F and H, the maximum compression resistance is equal to the resistance of the timber
material. The maximum compression in connection B is half the resistance of connection A because of the
reduction of the timber area in the connection due to the steel profiles. For connection C and G, the com-
pression forces are transferred by the dowels, which results in a lower compression resistance compared to
the other connections.

Most connections show a similar resistance to tension, where connection A and B have the lowest resistance
of 69 kN and connection C and D have the highest resistance. It is clear that the optimised connections ex-
amined in subsection 6.3.1 and section 6.2 have a much higher resistance to tension of 596 kN and 422 kN
respectively.

Regarding stiffness of the connections, connection A, B and H can assumed to be infinite stiff. The connec-
tions with steel plates and dowels will give a stiffness equal to 282 kN/mm for connection C and D and 2789
kN/mm for connection G. Connection E, using screws, and connection F, using perforated plates with anker
nails, have a stiffness of 72 and 74 kN/mm respectively.

7.1.2. Influence of connection stiffness on structure
The influence of the connections are on the behaviour of the members is checked for multiple connection
stiffness and member lengths. This is done by considering a member with length L which is loaded by a force
F. The connection is modelled as a spring at the bottom of the member with spring stiffness Kser . This is
shown in Figure 7.2.

Figure 7.2: Modelling the member combined with a connection with finite stiffness

The spring stiffness is varied from 100 kN/mm to 2000 kN/mm, because these values were found in this
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section for typical connections. The length of the member varies from 3 metres to 14 metres. The contribution
of the connection to the total vertical displacement of the top of the member is determined and the results
are shown in Figure 7.3.
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Figure 7.3: Contribution of a connection to the total vertical deformation

The contribution of the connections to the total vertical deformation decreases for greater lengths of the
members. Furthermore, an increase in stiffness gives a decrease of the contribution of the connection. As can
be seen, a connection which has a stiffness of 100 kN/mm will cover 50% of the total vertical deformation and
thus this connection will double the deformation compared to a member with a fully rigid connection. Hence,
the stiffness of the connection can have great influence on the total vertical deformation of the members.

7.2. Shear connection between corners of walls
Two types of connections are examined, namely connections which transfer either shear or tension forces.
First shear connections are discussed, after which the tension connections are looked at. For this compari-
son, it is assumed that the walls have a thickness of 495 millimetres.

In the following Figure 7.4, 2 walls can be seen in both side views, where in the corner between the elements
a connection is applied to transfer shear forces.

(a) Connection A (b) Connection B (c) Connection C
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(d) Connection D (e) Connection E (f) Connection F

(g) Connection G (h) Connection H

Figure 7.4: Side views of commonly used connection between wall segments to transfer shear forces

The connections can be described in the following way:

• Connection A: This connection consists of an angle bracket with full thread screws which can take
up tensile and shear loads. The connection named Titan V (TTV240) is provided by the company
Rothoblaas. The screws have a diameter of 5 millimetres and a length of 50 millimetres [54].

• Connection B: For this connection also an angle bracket is used which can only transfer shear forces,
but this connection is fastened using φ5mm nails instead of screws with a length of 60 millimetres. Its
named Titan N (TTN240) and provided by the company Rothoblaas [54].

• Connection C: A similar connection is shown as connection b, however φ8mm screws with a length of
80 millimetres are used instead of nails. The connection is provided under the name Titan S (TTS240)
by the company Rothoblaas [54].

• Connection D: This connection is marketed by Rothoblaas under de name XEPOX. A cut is made in
the wall segments, where a steel plate is placed. This steel plate is glued to the timber by using a two
components epoxy adhesive, which has higher strength properties than the timber [53].

• Connection E: Screws are applied at a 45 degrees angle between the 2 wall segments. This is done on
both sides. In this case, screws with a diameter of 11 millimetres and a length of 300 millimetres are
used.

• Connection F: 2 screws are fully drilled through one wall segment, after which the screws are attached
to the second wall segment. The screws have a total length of 800 millimetres, so the screw is attached
to the second wall segment over a length of 305 millimetres.

• Connection G: This connection is similar to connection f, but the screws are replaced by glued-in
threaded rods with the same diameter as the screws.

• Connection H: Teeth are cut in the timber to obtain a shear connection without using steel parts. Be-
cause of the cuts, only half the area of the timber can be fully loaded in shear.

7.2.1. Strength and stiffness properties
For all connections listed above, the design strength and stiffness in the direction of the shear stresses can
be determined, which are depended on the centre-to-centre distance (ctc) between the fasteners. Therefore,
this is done for different ctc, namely 1000, 500 and 240 millimetres for the connections which use brackets
and 200 millimetres, 100 millimetres and the minimum spacing for connections consisting of either screws or
rods. Thus, the ctc’s for the different connections are shown in Table 7.2. The strength and stiffness properties
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of the connections A, B and C are based on experiments performed by Rothoblaas [54] and are depicted in
Figure 7.5. All other connections and their corresponding properties are calculated using formulas provided
by NEN-EN 1995-1-1 [31].

In addition to corner connections, it is also possible that connections between walls next or on top of each
other need to transfer shear forces. All connections, except connection A, B and C, can be used in a similar
way for transferring shear forces. The strength and stiffness properties are the same as those found for the
corner connections.

Numbers are assigned to each specific connection which correspond with the numbers shown in Figure 7.5.

Table 7.2: ctc for all shear connections

Connection Number ctc (mm) Connection Number ctc. (mm)

A 1 1000 E 11 200
2 500 12 100
3 240 13 50

B 4 1000 F 14 200
5 500 15 100
6 240 16 50

C 7 1000 G 17 200
8 500 18 100
9 240 19 55

D 10 H 20
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Figure 7.5: Connection strength and stiffness for different connections

Connection D, which uses a XEPOX plate, has the highest shear capacity. The full shear capacity of the timber
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can be used and thus the connection does not cause a decrease in shear resistance. Using a toothed connec-
tion results in half the connection strength of the connection with a XEPOX plate, because due to the teeth
only half of the area of the timber can be used. The connections using screws and rods (connection E, F and
G) have similar shear resistances for each ctc, where the connections with the lowest ctc have the highest
shear capacity. The other connections provided by Rothoblaas (connection A, B and C) have the worst per-
formance in this comparison with regard to transferring shear forces.

The stiffness of connection D and H are not shown in the graph, because the it is assumed to be infinite. The
connections using screws and rods (connection E, F and G) have a lower stiffness than connection D and H,
but have similar stiffness for each ctc compared to each other. The connections A, B and C have the lowest
stiffness. When using these connections with the minimum ctc, the stiffness are similar to the screws and
rods connections with the greatest ctc. It should be noticed that it is highly unlikely that the shear brackets
are positioned directly next to each other.

7.2.2. Influence of connection stiffness on structure
The influence of the stiffness of shear connections between walls is investigated by checking what the contri-
bution of the connection stiffness is to the total horizontal displacements of the structure. Therefore, 3 walls
are considered which are connected using similar connections, which are distributed over the whole height
of the walls. These walls have a width of 12000 millimetres and a depth of 9100 millimetres, which is shown
in Figure 7.6.

Figure 7.6: Top view of the investigated structure

The horizontal displacements are checked in both x- and y-direction by using the theory of mechanically
jointed beams, which was also used in subsection 6.5.2. This is done for connection stiffness varied from 10
to 200 N /mm2 for different building heights. The results are shown in Figure 7.7 and Figure 7.8.
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Figure 7.7: Contribution of connections to total horizontal displacements in y-direction
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Figure 7.8: Contribution of connections to total horizontal displacements in x-direction

The contribution of the connection stiffness on the total horizontal displacements is greater in y- than in
x-direction and decreases for greater building heights. Furthermore, greater stiffness results in less contribu-
tion. When using a corner connection with a stiffness of 20000 kN /m2 gives a 40% contribution in y-direction
and 20% in x-direction for a 100-metres high building and will reduce to 20% and 10% contribution in x- and
y-direction respectively.
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7.3. Tension and shear connections between stacked walls
A number of connections which can be used to transfer tension forces between walls which are stacked on
top of each other are discussed. Side views of these connections can be observed in Figure 7.9.

(a) Connection A (b) Connection B

(c) Connection C (d) Connection D

(e) Connection E (f) Connection F

Figure 7.9: Overview of tension connections between wall elements

(g) Connection G
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The connections can be described as:

• Connection A: This connection was also used in section 7.1, but in this case the connection is contin-
uous along the walls. The tension and shear forces are transferred by the rods, while the compression
resistance is determined by the timber area.

• Connection B: This connection is similar to connection A, but here the characteristics of the connection
used in subsection 6.5.2 are considered.

• Connection C: Steel profiles are added to each side of the wall, where the glued-in threaded rods can
be bolted to. The glued-in rods have the same properties as those of connection A, the timber area is
reduced by the width of the steel profiles.

• Connection D: Screws applied in a 45 degrees angle are adopted between the wall segments on both
sides. In this comparison, screws with a diameter of 11 millimetres and a length of 300 millimetres are
considered.

• Connection E: Perforated plates combined with anker nails can also be continuously used to transfer
the tension forces. This connection is already discussed in section 7.1.

• Connection F: A XEPOX plate which is glued between 2 wall segments transfers the tension forces.
Because the adhesive between the steel plate and the timber has higher strength properties than the
timber, the full tensile resistance of the timber can be used when a plate with sufficient length is applied.
The compression forces are taken up by the timber.

• Connection G: This connection is comparable to connection H discussed in section 7.2. This connec-
tion can be combined with other fasteners such as screws.

To determine the strength properties of these connections, the ctc between the fasteners is important. There-
fore, for each connection type, different ctc are considered. The strength and stiffness properties are com-
pared in Table 7.3.

Table 7.3: Strength and stiffness properties of connections

Connection ctc Tension resis-
tance (kN/m)

Shear resis-
tance (kN/m)

Vertical stiff-
ness (kN /m2)

Horizontal
stiffness
(kN /m2)

A 500 69 47 ∞ 29721
250 139 94 ∞ 59442
80 433 292 ∞ 185757

B 500 116 47 ∞ 29721
250 233 94 ∞ 59442
100 582 234 ∞ 185757

C 500 69 47 ∞ 42032
250 139 94 ∞ 84064
80 433 292 ∞ 262700

D 500 43 56 20000 20433
250 86 112 41000 40866
55 389 203 186000 185757

E 500 66 - 149000 -
250 131 - 297000 -
80 411 - 929000 -

F - 2659 1066 ∞ ∞
H - - 533 - ∞

Connection F has the highest tensile strength, because the full tensile resistance of the timber can be used.
All other connections have similar strength, with connection B having the second highest resistance of 582
kN/m. Connection A and C have the equal tension force capacity of 433 kN/m, followed by connection E with
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a resistance of 411 kN/m. Connection D has the worst performance with a tensile strength of 389 kN/m. It
should be noticed that is it not common that the perforated plates of connection E are placed directly next to
each other.

Connection F can use the full shear resistance of the timber and thus has the highest shear strength. The
shear resistance of the other connections are comparable, with a maximum shear strength of 292 kN/m for
connection A and C using the minimum spacing. No values are given for connection E, because these are not
provided by the manufacturer Rothoblaas and these connections are not designed to transfer shear forces.

All connections, except connection C, can transfer the full compression resistance of the timber. Connec-
tion C has a reduced cross-section area of the timber between the steel profiles, which causes a compression
strength reduction of 40%.

Connection D and D are connections which cannot be considered infinite stiff in vertical direction. Con-
nection D has a maximum stiffness of 186000 kN /m2 using the minimum spacing of 55 millimetres, while
connection E is much stiffer with a maximum value of 929000 kN /m2.

All connections, except connection F and H, have a finite stiffness in horizontal direction. The connections
using glued-in threaded rods and the connections using screws have similar stiffness, where the connection
using an additional steel profile is slightly stiffer than the other connections.

7.3.1. Influence of connection stiffness on structure
The influence of the connections on the structure is investigated for both horizontal and vertical direction. A
horizontal stiffness will give additional shear deformation, while the stiffness in vertical direction will cause
extra vertical deformation when the connection is loaded in tension, which leads to horizontal deformation
of the structure.

Horizontal stiffness
To check the influence of the horizontal connection stiffness, structures with a width of 10 and 20 metres are
modelled in 2 as shown in Figure 7.10.

Figure 7.10: Models as used to determine influence of vertical connection stiffness on the structures
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The same amount of fasteners is applied on each level. Then the bending deformations and displacements
caused by the connections are calculated. The spring stiffness is varied between 10000 and 180000kN /m2,
because these values were found in this section for typical connections. The contribution of the connection to
the total vertical displacement of the top of the walls is determined and the results for the 10- and 20-metres
width wall are shown in Figure 7.11 and Figure 7.12 respectively.
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Figure 7.11: Contribution of connection to total horizontal displacements of 10-metres width wall
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Figure 7.12: Contribution of connection to total horizontal displacements of 20-metres width wall

The contribution of the connections to the total vertical deformation decreases for greater amounts of levels.
This is because for higher walls the horizontal displacement by bending becomes more important than the
horizontal displacements by shear. The connections will have more influence on the total vertical deforma-
tion if the bending stiffness of the walls is greater, i.e. the contribution of the connections will be greater for
a 20-metres wall than for a 10-metres width wall. Thus, the horizontal stiffness of the connections can have
great influence on the total horizontal deformation. For example, a connection with a stiffness of 40kN /m2

can have a contribution of 20% to the total displacements.
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Vertical stiffness
To check the influence of the vertical connection stiffness, a structure with a width of 10 metres is modelled
in RFEM as depicted in Figure 7.13. A spring is applied between each 3.6-metres high wall, which will extend
when its subjected to tension, while the spring will be infinitely stiff when loaded in compression.

Figure 7.13: Models as used to determine influence of vertical connection stiffness on the structures

Also in this case the same amount of fasteners is applied on each level. The connection stiffness is varied
between 10000 to 800000 kN /m2. The results of the RFEM model are displayed in Figure 7.14.
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Figure 7.14: Contribution of connection to total horizontal displacements of 10-metres width wall

It is clear that a greater stiffness of the connection results in a smaller contribution to the total horizontal
displacements of the top of the wall. For in increase in building height, the contribution of the connec-
tion increases slightly, but remains rather constant. For example, a horizontal connection stiffness of 400000
kN /m2 contributes 50% to the total horizontal displacements, which implies that the connections doubles
the displacements compared to a fully rigid connection.



8
Results of parametric study

In this chapter the parametric study is performed for single and combined stability systems. This is done for
the basic design elaborated in section 6.1, which consists of an office building with a width of 32.4 metres and
a depth of 28.8 metres.

First the design strategy is explained, whereafter the results regarding dimensions of the structural elements,
unity checks for all stresses and dynamic behaviour are elaborated using the specific connection characteris-
tics determined in chapter 6.

8.1. Structure with concrete stability core
8.1.1. Design strategy
The dimensions of the core are changed when the horizontal deformations are greater than allowed accord-
ing to SLS requirements. The width of the core is changed when the maximum deformation in x-direction
exceeds the SLS limit and furthermore the depth of the core is changed when the maximum deformation in
y-direction exceeds the SLS limit. When the stresses in the core are greater than the resistance of the material,
the thickness of the core is increased. Also, when horizontal deformations do not match the SLS require-
ments, but the core already reached its maximum dimensions, the thickness of the core is increased until the
maximum thickness of 450 millimetres is reached. .

8.1.2. Results of parametric study
The minimum core dimensions for different building heights is displayed in Figure 8.1a, together with the
wall thickness in Figure 8.1b.

105
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Figure 8.1: Core properties for different building heights

The core keeps its minimum width of 7 metres and depth of 5 metres until a height of 28.8 metres. After
that, the core increases in width and depth for each increase in building height to ensure that the building
complies with SLS requirements. These dimensions guarantee that the UC in ULS always stays well below 1.0.

A building with a height of 86.4 metres requires a core width of 21 metres and a depth of 11 metres, which
corresponds to 24.8% of the total area of the building, which is equal to the limitation stated in section 6.1.
When using these core dimensions with the minimum core thickness, the structure will not satisfy the SLS
conditions. Therefore, the thickness of the core is increased to 300 millimetres and from this point, only the
core wall thickness can further be increased. For a 100.8-meter structure, a thickness of 400 millimetres is
reached and the maximum building height is reached, which is equal to 93.6 metres.

The unity checks (UC) are determined by using the calculated mean stresses in the small rectangles at the
bottom of the core and the maximum allowed stresses determined in Table 6.11. They are displayed in Fig-
ure 8.2. The maximum compressive and tensile stress are determined by taking the minimum and maximum
values of the stresses in vertical direction respectively. The shear stress is determined by taking the maximum
value of the shear stresses in all directions.
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Figure 8.2: Unity check of core stresses for different building heights
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The unity check for compression will increase for every increase of building height. The tensile stresses will
first increase to a maximum UC of 0.16 for a 50.4-meter building and will then decrease for each increment
of the building height. The tensile stresses due to wind loads will increase, while this increment will be com-
pensated by the fact that the self weight of the building raises and the core becomes larger. The shear stresses
will increase linear to a maximum value of 0.29. All unity checks will reduce for a building larger than 79.2
metres, due to the fact that the core walls become thicker.

As shown in Figure 8.3, the column dimensions will enlarge from 400 millimetres for a building smaller than
36 metres to a 500x500 millimetres column for buildings of 36 to 64.8 metres. From there on, the column
width will remain 600 millimetres until the maximum building height is reached.
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Figure 8.3: Column dimensions for different building heights

The column size is determined by the compression forces acting on these columns. The compression forces
increase linearly between a 4-storey and a 20-storey building. From there, a decrease in force can be seen.
This is caused by the fact that the core walls are getting closer to the heaviest loaded columns. The core walls
will therefore take up more compression forces. This is demonstrated in Figure 8.4a and Figure 8.4b. The
heaviest loaded columns are indicated by a blue circle and the different positions of the core walls can be
seen.

(a) Floor plan for 18-storey building (b) Floor plan for 20-storey building

Figure 8.4: Increase in core size for 18-storey and 20-storey building

The natural frequencies together with the corresponding maximum acceleration of the top level are calcu-
lated and depicted in Figure 8.5.
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Figure 8.5: Maximum accelerations of top level for different building heights

The natural frequency of the structure depends on the height of the building and will decrease for an increase
in height. The maximum acceleration depends on the height of the building, its natural frequency and its
mass per unit of height. The acceleration will become greater for an increase in height, but will never exceed
the limit for office buildings. Until a height of 64.8 metres, the maximum acceleration is even below the limit
for residential buildings.

8.2. Structure with CLT stability core
8.2.1. Design strategy
The same procedure is used for the CLT stability core as for the concrete core. The only difference is that the
thickness of the CLT walls is not changed and will remain 495 millimetres in all cases.

8.2.2. Results of parametric study
The minimum core dimensions for different building heights is displayed in Figure 8.6.
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Figure 8.6: Core properties for different building heights

On a similar note as the structure with a concrete core, the dimensions of the CLT core start at the minimum
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width of 7 metres and a depth of 5 metres. This is the case until the building reaches a height of 28.8 metres.
Subsequently, the core increases in size for each increase in building height. A core width of 19 metres com-
bined with a core depth of 12 metres is needed for a 86.4-metres building and will result in a core area equal
to 24.4% of the total area of the building. For a 93.3-metres structure, a core with a width of 19 metres and a
depth of 12 metres is not sufficient to meet the SLS requirements. Because the core has a fixed thickness, by
reaching the maximum core dimensions the maximum building height is reached as well, which is equal to
86.4 metres.

It should be noticed that the core dimensions found in this particular case are partly determined by the as-
sumed connection characteristics between the core walls. A less rigid connection would mean the the wall
elements cooperation is less, which results in greater core dimensions.

The same method is used to determine the core stresses as applied for the concrete core structure. Therefore,
the maximum compressive and tensile stress are determined by taking the minimum and maximum values
of the stresses in vertical direction respectively. The maximum shear stress in the toothed connection is re-
solved by taking the maximum value of the stress in horizontal direction and the maximum shear stress in
the corners of the core are calculated by using the shear stress. The results are shown in Figure 8.7.
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Figure 8.7: Unity check of core stresses for different building heights

The compressive stress will increase linearly for every raise of building height. The unity check for tensile
stresses will increase until a building height of 50.4 metres. Thereupon, the tension will decrease. The unity
check for tension has a maximum value of 0.73, thus not that many rods are needed as stated in subsec-
tion 6.5.2. Furthermore, the tensile stress will be lower for core walls which are located higher in the struc-
ture. At those locations, even fewer rods are necessary then needed at the supports. The distribution of the
compressive and tensile stresses are displayed in Figure 8.8.
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(a) Compressive stresses (b) Tensile stresses

Figure 8.8: Stresses in the core walls

The unity checks for the shear toothed and shear corner connections increase for each increment of building
height. All unity checks will stay below 1.0 and the dimensions of the cores are not adjusted to meet the re-
quirements in ULS, they are only based on the maximum allowed horizontal displacement of the structure in
SLS. This means that for transferring the shear forces in the corners, fewer screws are required than assumed
and the spacing between the screws can therefore be increased. However, this causes a reduction of the con-
nection stiffness and thus can result in additional deflection of the structure. This implies that the minimum
spacing between the screws is still necessary, because the maximum building height is determined by the
deflection of the building and thus the connection requires its rigidity.

The columns will have a width and depth of 400 millimetres for a building smaller than 36 metres, thereafter
the column size increases to 500 millimetres for a building with a height between 36 and 57.6 metres and
reaches a maximum of 600 millimetres for a building higher than 57.6 metres. Thus, the column sizes are
almost similar to those of the concrete core system. This is demonstrated in Figure 8.9.
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Figure 8.9: Column dimensions for different building heights

The natural frequencies and the corresponding maximum acceleration of the top level are calculated by using
the mass, height, depth and width of the structure, displayed in Figure 8.10.
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Figure 8.10: Maximum accelerations of top level for different building heights

The structure with CLT core walls will have a lower mass compared to a building with concrete core walls, but
will have the same eigenfrequency using the same building height. Consequently, the maximum acceleration
will also be higher. However, in all cases the building’s acceleration stays below the limit for office building.

8.3. Structure with diagrid using glued-in threaded rods connections
8.3.1. Design strategy
To prevent that checking the feasibility of a diagrid system becomes a time-consuming process because of
the presence of many variables, an optimum diagonal angle is used, which is determined by Panchal et al
[46].

Panchal et al. investigated a building with a 36x36m plan for which displacement, storey drift, shear force and
material usage are checked for different building heights and several diagonal angles. A building with 24, 36,
48 and 60 floors is examined with diagonal angles varying between 50.2 degrees and 82.1 degrees. The angle
is defined as depicted in Figure 8.11.

Figure 8.11: Definition of the angle of a diagonal

Panchal et al. concluded that a diagonal angle between 65 and 75 degrees insures less top level displace-
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ment, inter-storey drift, storey shear and material consumption. Therefore, for investigating the feasibility of
a structure with a diagrid, an fixed angle of 70 degrees is used.

Diagrids consisting of diagonals spanning 4, 6 and 8 storeys are investigated. For example, in Figure 8.11, the
diagonal spans 6 storeys. Consequently, the inputs used for the different diagrids are defined in Table 8.1.

Table 8.1: Inputs for different diagrids

Diagrid type Storeys per diagrid cross Diagonal crosses in
width

Diagonal crosses in
depth

4-storey diagonals 4 6 6
6-storey diagonals 6 4 4
8-storey diagonals 8 3 3

The dimensions of the diagonals are increased when the forces in the diagonals are greater than the resistance
of the connection in ULS or when the building does not satisfy the requirements regarding deflections in SLS.
The maximum building height is reached when the diagonals cannot increase in size, thus have a width and
depth of 1200 millimetres.

8.3.2. Results of parametric study
First the required diagonal size per building height is examined. The results for each diagrid type are depicted
in Figure 8.12. For each graph, a different starting point can be observed. This is due to the fact that a mini-
mum building height is required for each type of diagrid. For example, for an 8-storey diagrid, a minimum of
8 stories is required, which is equal to 28.8 metres.
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(a) Diagonal size for 4-storey diagrid
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Figure 8.12: Diagonal size for each diagrid

For the 4-storey diagrid, a minimum diagonal size of 300 millimetres is required for a building height up to
28.8 metres. The dimensions will increase approximately 100 millimetres for each building height increment
of 14.4 metres. The maximum diagonal width of 1200 millimetres is reached for a structure with a height
of 158.4 metres. Only a 1100 millimetres diagonal is necessary for a 6-storey diagrid to reach its maximum
height of 151.2 metres. An 8-storey diagrid has a top elevation of 144 metres.

During the process of examining the different building heights, the model gave feedback regarding diagonal
dimensions. It is interesting to notice that when the feedback states that a greater dimension is necessary, this
is always based on the fact that the occurring tensile forces in the diagonals exceed the maximum tensile re-
sistance of the connection. In Figure 8.13 the enveloping forces are shown for all load combinations. It can be
seen that the tensile forces occur in both the horizontally and vertically oriented diagonals. Thus, an increase
in dimensions was never caused by an exceedance of the compression resistance or displacement limitations.

(a) Minimum forces in diagonals (b) Maximum forces in diagonals

Figure 8.13: Forces in diagonals

Each diagrid type show the same column dimensions for each building height. Therefore the results are
combined in Figure 8.14 as a single plot. It can be seen that the columns have a minimum width of 400
millimetres for a 28.8 metres high building and will increase to 800 millimetres for a building height between
115.2 and 144 metres. For the maximum building height of 187.2 metres the column has a width and depth
of 1000 millimetres. It should be noticed that these column dimensions are greater than those found for the
same building heights using a core system.
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Figure 8.14: Column dimensions for all diagrid types

The natural frequencies and the corresponding maximum acceleration of the top level are determined for
each diagrid type, which can be seen in Figure 8.15. Compared to structures with a stability core, the accel-
erations are higher due to a lower building mass. Although they are higher and approach the limits for office
buildings, the acceleration for each height will remain below the maximum allowed accelerations.

(a) Max acceleration for 4-storey diagrid (b) Max acceleration for 6-storey diagrid
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(c) Max acceleration for 8-storey diagrid

Figure 8.15: Maximum acceleration of the top level for each diagrid type

8.4. Structure with diagrid using steel plates and dowel connections
8.4.1. Design strategy
The same procedure is followed as described in subsection 8.3.1.

8.4.2. Results of parametric study
The required diagonal dimensions are shown in Figure 8.16 for each diagrid type.
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(a) Diagonal size for 4-storey diagrid
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(c) Diagonal size for 8-storey diagrid

Figure 8.16: Diagonal size for each diagrid

The diagonals have a minimum width of 400, 500 and 500 millimetres for a 4-, 6- and 8-storey diagrid re-
spectively. These dimensions are greater compared to a diagrid with glued-in threaded rods, because the
dimensions for these building heights are solely determined by the compression force in the diagonals and
the compression resistance of connections with steel plates and dowels is considerably lower than the con-
nection with glued-in threaded rods.

For buildings higher than approximately 100 metres, not the compression force in the member will be de-
cisive, but the deflection of the building determines the dimensions of the diagonal. This differs from the
diagrid structure using glued-in rods connections, where the tension forces in the diagonals are decisive for
the size. This leads to larger cross sections compared to the other diagrid system. This results in maximum
overall heights of the structures which are lower than those of the diagrids with glued-in rods connections.
With a 4-storey diagrid, a maximum height of 158.4 metres can be reached. A 6-storey diagrid has a lower
maximum height with 129.6 metres. An elevation of 115.2 metres can be reached with an 8-storey diagrid. All
diagrid types require a diagonal width of 1100 millimetres for reaching the maximum height.

It should be noticed that a conservative assumption is made regarding the stiffness of the diagonals. A re-
duction of the Young’s modulus of 30% is used, which is the average reduction for a member with a length
of 3600 millimetres. However, the diagonals used in this study have greater lengths and thus this reduction
can be less. The dimensions found in this parametric study are based on this reduction and therefore this
assumption has influence on the diagonal dimensions.

The same column dimensions are observed as for the diagrid system with glued-in rods connections. The
same minimum width of 400 millimetres is used for a building lower than 43.2 metres. The column reaches
dimensions of 900 by 900 millimetres for the maximum height of 158.4 metres.
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Figure 8.17: Column dimensions for different building heights

The maximum accelerations of each diagrid type are shown in Figure 8.18. It can be seen that these accelera-
tions are similar to those found for the diagrid system with glued-in rods connections.

(a) Max acceleration for 4-storey diagrid (b) Max accelreation for 6-storey diagrid

(c) Max acceleration for 8-storey diagrid

Figure 8.18: Maximum acceleration of the top level for each diagrid type
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8.5. Structure with tube system
8.5.1. Design strategy
The width and depth of the building and the thickness of the facade elements are fixed. Thus, in addition to
the dimensions of the columns, there are no other variables which are varied during the parametric study. The
maximum height is reached when the SLS requirements are exceeded or the stresses in the facade elements
become too high.

8.5.2. Results of the parametric study
First the column dimensions, shown in Figure 8.19, are examined.
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Figure 8.19: Column size for different building heights

The column width starts at 400 millimetres and will increase approximately 100 millimetres per 25 metres
building height increment. They will reach a maximum width of 800 millimetres for a structure higher than
115.2 metres. The maximum building height found using this stability system is equal to 129.6 metres.

The maximum stresses which occur in the facade elements are checked. This is done for compression, ten-
sion and shear stresses, where for the shear stresses a distinction is made between the horizontal toothed
connection and the connection in the corners of the building. The results are shown in Figure 8.20.
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Figure 8.20: Unity checks of stresses

It is clear that all stresses are below 1.0 and the stresses are not decisive on the maximum height which can
be reached using this stability system. All stresses will increase quadratically with an increment in height.
The unity check for compression has a maximum value of 0.80. The unity check for tension will be zero
until a height of 64.8 metres, because the self weight of the structure will eliminate the tensile stresses due
to wind loads. It will eventually reach a maximum value of 0.78. This means that the amount of rods which
transfer the tensile forces is not necessary and can be lowered. Furthermore, the tensile stresses between
the elements will be the highest in the lower part of the structure, thus the amount of rods needed in the
upper part of the structure can be lower than the quantity needed in the lower part of the building. Also the
compressive stresses will be higher in the lower part of the facade, but this has no effect on the number of
fasteners needed. The distribution of the compressive and tensile stresses can be seen in Figure 8.21.

(a) Maximum tensile stresses (b) Maximum compressive stresses

Figure 8.21: Stresses in facade

The toothed connection can easily transfer the shear forces between the elements, for which a maximum
unity check of 0.63 is found. Also the shear connection in the corners of the building are capable of transfer-
ring all shear forces with a unity check of 0.51 for a building height of 129.6 metres. Therefore, the minimum
spacing between the screws is not necessary regarding ULS requirements. However, an increase in spacing
between the screws will cause a decrease of the stiffness of this connection and thus can cause extra deflec-
tion of the structure.
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The natural frequency and the corresponding maximum acceleration of the top level are calculated and de-
picted in Figure 8.22. It can be seen that the acceleration will increase quadratically, but will never exceed
the limits stated for an office building. Until a height of 50.4 metres, the accelerations also satisfy the require-
ments for residential buildings. The structure has the lowest maximum acceleration for each building height
compared to all other system types. The mass of the building is the highest of all systems investigated.

Figure 8.22: Max acceleration of the top level

8.6. Structure with combined stability systems
Instead of using a single stability systems, also a combination of different systems can be used. A CLT stabil-
ity core can be either used with a tube system or diagrid system. The diagrid system cant be used with the
diagrid system because both systems are present in the facade.

To check which maximum building heights can be reached with combined systems, the maximum core di-
mensions of 19 by 12 metres are used, which were found during the CLT stability core study, while the diag-
onals will have its maximum dimensions of 1200 by 1200 metres. The maximum building height is reached
when either the diagonals exceed their maximum resistance in ULS, the stresses in the core or facade are too
high or the displacements of the structure exceed the requirements in SLS. The results are shown in Table 8.2.

Table 8.2: Maximum height of combined stability systems

Number Type of stability systems Max height (m)

1 Tube + CLT stability core 151.2
2 4-storey diagrid with glued-in rods connection + CLT stability core 187.2
3 6-storey diagrid with glued-in rods connection + CLT stability core 172.8
4 8-storey diagrid with glued-in rods connection + CLT stability core 144
5 4-storey diagrid with steel plates and dowels connection + CLT stability core 172.8
6 6-storey diagrid with steel plates and dowels connection + CLT stability core 151.2
7 8-storey diagrid with steel plates and dowels connection + CLT stability core 144

Combining 2 stability systems ensures an increase in the maximum building height of at most 28.8 metres
with an 8-storey diagrid with steel plates and dowels connections, 21.6 metres for 6-storey diagrid systems
and 14.4 metres for a tube system combined with a CLT stability core. No increase in maximum height is
observed for a 4- and 8-storey diagrid with glued-in rods connections when used with a CLT stability core.

For the core and facade walls the unity checks for different stresses are calculated if present, which can be
found in Figure 8.23.
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Figure 8.23: Unity checks for different stresses

All unity checks are far below 1.0, with a maximum value of 0.80 for the compression in the facade. What
stand out are the unity checks for tensile stresses. These are considerably higher for a diagrid with steel plates
and dowels connections than for a diagrid with glued-in rods connections. This is caused by the lower stiff-
ness of the diagonals when using steel plates and dowels, which causes the core to transfer more forces. In
the core walls of a 4-storey diagrid with glued-in rods connections there are no tensile stresses present at all.
The requirements in SLS ensure that the maximum dimensions of the diagonals of 1200 by 1200 millimetres
are needed, while these cross-sections are not necessary to transfer the occurring forces.

For all combinations, the maximum acceleration of the top level is calculated. This can be seen in Figure 8.24.
It is clear that all structures meet the requirements for an office building.
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9
Comparison between the stability systems

In this chapter, the results found in chapter 8 are compared regarding maximum height of the structures and
material usage. Also, the results of this thesis are compared to results found by other reports.

9.1. Maximum building height and slenderness
The maximum building heights for the different stability systems, which are found in chapter 8, are graphi-
cally summarized in Figure 9.1.

Figure 9.1: Maximum building height for each type of stability system

The lowest building height can be reached using a CLT stability core, which is equal to 86.4 metres. The tube
system has a better performance regarding building height with a maximum of 129.6 metres. If a diagrid sys-
tem is used, diagonals spanning fewer floors will give a greater maximum height. Thus, the 4-storey diagrid
can reach higher altitudes than an 8-storey diagrid, with 187.2 and 144 metres respectively. In addition, the
use of glued-in rods connections between the diagonals will ensure a greater height than when connections
with steel plates and dowels are used.

123
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A combination of stability systems is briefly examined and discussed in chapter 8. A combination of a CLT
stability core with either a diagrid or tube system is looked at. The results are summarized in Figure 9.2.

Figure 9.2: Maximum building height for combinations of stability systems

For some combined systems, additional building height can be achieved compared to single stability sys-
tems. The greatest increase in height can be observed for an 8-storey diagrid with steel plates and dowels
connections with an increment of 28.8 metres. Both 6-storey diagrid systems reach an extra elevation of 21.6
metres. When combining a CLT stability core with a tube system or a 4-storey diagrid with steel plates and
dowels, a raise of 14.4 metres can be seen. For a 4- and 8-storey diagrid with glued-in rods connections, no
additional height is achieved by combining it with a CLT stability core system.

The width and depth of the building influences the maximum building height. To eliminate this influence,
the slenderness of the building can be used, which is defined as the height divided by the lesser of the width
and depth of the building. Thus, the height is divided by 28.8 metres.

The values of the slenderness of each stability system are shown in Table 9.1 and Table 9.1.
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Table 9.1: Maximum building height and slenderness of single stability systems

Type of stability system Max height (m) Slenderness (-)

Concrete stability core 100.8 3.5
CLT stability core 86.4 3.0
8-storey diagrid with glued-in rods connections 144 5.0
6-storey diagrid with glued-in rods connections 151.2 5.25
4-storey diagrid with glued-in rods connections 187.2 6.5
8-storey diagrid with steel plates and dowels connections 115.2 4.0
6-storey diagrid with steel plates and dowels connections 129.6 4.5
4-storey diagrid with steel plates and dowels connections 158.4 5.5
CLT load-bearing facade 129.6 4.5

Table 9.1: Maximum building height and slenderness of combined stability systems

Type of stability systems Max height (m) Slenderness (-)

CLT load-bearing facade + CLT stability core 144 5.0
8-storey diagrid with glued-in rods connection + CLT stability core 144 5.0
6-storey diagrid with glued-in rods connection + CLT stability core 172.8 6.0
4-storey diagrid with glued-in rods connection + CLT stability core 187.2 6.5
8-storey diagrid with steel plates and dowels connection + CLT stabil-

ity core
172.8 6.0

6-storey diagrid with steel plates and dowels connection + CLT stabil-
ity core

151.2 5.25

4-storey diagrid with steel plates and dowels connection + CLT stabil-
ity core

144 5.0

A minimum slenderness of 3.0 for a CLT stability core system and a maximum of 6.5 for a 4-storey diagrid
with glued-in rods connections can be observed.

9.2. Timber material usage
It is also convenient to compare the different systems by looking at the total material usage to reach certain
building heights. First a comparison is made between the total timber volume of each system, then the same
is done for the total steel mass used for all connections.

The total usage of timber volume for each stability system is determined by calculating the total volume of
all columns, floor slabs and components of the stability system, such as walls and diagonal members. The
results are displayed in Figure 9.3.
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Figure 9.3: Volume of timber per type of stability system

All systems, except the tube system, show a quadratic increment in timber volume with an increase in height.
The CLT stability core and tube system show the largest volume in timber, while for lower building heights
the material usage of the diagrid systems are similar to each other. For elevations greater than 100 metres,
the diagrid system with steel plates and dowels connections have a greater timber volume than the diagrids
with glued-in rods connections. The tube system will then have a smaller material usage than some diagrid
structures.

Because the timber volume consists of different components, it is interesting to look at the contribution of
the different parts of the structure to the total volume of the building. A comparison is shown in Figure 9.5,
which represents a structure with a height of 75.6 metres.
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Distribution of timber volume per stability system
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Figure 9.4: Distribution of volume for different type of stability systems

The type of stability system is indicated by a number, which represent the following types:

1 CLT stability core
2 Tube system
3 4-storey diagrid with glued-in rods connections
4 6-storey diagrid with glued-in rods connections
5 8-storey diagrid with glued-in rods connections
6 4-storey diagrid with steel plates and dowels connections
7 6-storey diagrid with steel plates and dowels connections
8 8-storey diagrid with steel plates and dowels connections

All systems use the same floor slabs and therefore it is clear that the volume of the floors is equal for all sys-
tems. This amount forms a significant part of the total timber volume, with a minimum of 52.5% of the total
for a tube system and a maximum of 65% for the 8-storey diagrid with glued-in rods connections. These
quantities will be relatively greater for lower heights and less for higher structures.

All systems use the same column dimensions of 600x600 millimetres, yet a greater volume of columns can be
seen for a system with a CLT stability core. This is caused by the columns which are present on the perimeter
of the building, which are not present in all other systems.

The contribution of the stability system to the total volume of the structure is the greatest for a tube system,
which almost uses three times the amount of timber compared to an 8-storey diagrid with glued-in rods con-
nections. It should be mentioned that windows and other finishing of the facade can be integrated in the
tube elements and therefore this system requires less material to complete the facade compared to the other
systems. This can also be said about the diagrid systems and in particular for the diagonals that are placed
close together, i.e. the 4-storey diagonals.

The diagrid systems use the least material for the stability systems. It can also be seen that the systems with
smaller diagonal crosses require more material, even though they require smaller diagonal dimensions. Thus
the 4-storey diagrid requires the most and the 8-storey diagrid the least material. While no difference in
volume can be observed between the 4-storey diagrids and the 6-storey diagrids, there is a difference between
the 8-storey diagrids. The systems with steel plates and dowels connections require more timber volume than
the systems with glued-in rods connections.
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9.3. Steel material usage
Instead of looking at the total timber volume of each system, moreover it is possible to look at the amount of
steel found in each structure. The amount of steel consists of the quantities used for rods, screws, plates and
dowels if present. The results are displayed in Figure 9.5.
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Figure 9.5: Steel volume for different building heights

It is clear that the systems using steel plates and dowels have a much higher usage of steel than all other sys-
tems, especially for greater building heights. The diagrid systems with smaller diagonal crosses require more
material, so a 4-storey diagrid requires the most and the 8-storey diagrid the least steel mass. This is also
the case for diagrids with glued-in rods connections, but these structures require significantly less steel com-
pared to a diagrid with steel plates and dowels connections. A structure with a CLT stability core requires the
least steel mass for all building heights. The CLT load-bearing facade system has a higher steel mass than the
diagrids with glued-in rods, but will approach the other systems for greater building heights. For a maximum
height of 158.4 metres, the steel plates and dowels connections require 6 times more steel compared to the
glued-in rods connections.

The steel mass is made up of the steel used in the connections between the columns and in the connections
between the different elements of the stability system. The distribution of these 2 connections is shown for a
75.6-metres high building in Figure 9.6.
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Figure 9.6: Distribution of steel mass per stability system

The type of stability system is indicated by a number, which represent the following types:

1 CLT stability core
2 Tube system
3 4-storey diagrid with glued-in rods connections
4 6-storey diagrid with glued-in rods connections
5 8-storey diagrid with glued-in rods connections
6 4-storey diagrid with steel plates and dowels connections
7 6-storey diagrid with steel plates and dowels connections
8 8-storey diagrid with steel plates and dowels connections

As was the case with the timber volume of the systems, a larger quantity of steel can be seen for the CLT sta-
bility core system in comparison with the other systems due to the presence of more columns. For all other
systems, the steel mass is largely determined by the steel used in the stability system.

9.4. Comparison with other stability systems
It is interesting to compare the results from this research with existing timber high-rise, buildings which are in
development and other research case studies. Therefore in Figure 9.7 the number of floors of several buildings
are compared, with their corresponding building materials. The numbers on the x-axis correspond with the
different building descriptions in Table 9.2.
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Comparison between complated buildings and results from parametric study
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Figure 9.7: Comparison between completed buildings and results from parametric study

The completed buildings and other research case studies are summarized in Table 9.2.

Table 9.2: Completed buildings and other case studies [10, 36, 50]

Number Completed buid-
ings and studies

City Number of stories Materials

1 Life Cycle Tower Dornbirn 8 Timber, concrete
2 Stadthaus London 8 Timber
3 Jakarta Hotel Amsterdam 9 Timber
4 Forte Tower Melbourne 10 Timber
5 Treet Bergen 14 Timber
6 Kulturhuset

Skelleftea
Skelleftea 16 Timber, steel

7 Mjostarnet Brumunddal 18 Timber
8 BrockCommons

Tallwood Building
Vancouver 18 Timber, concrete

9 HAUT Amsterdam 24 Timber, concrete
10 HoHo Vienna 26 Timber, concrete
11 Abebe Court

Tower
lagos 30 Timber, steel

12 Tratoppen Stockholm 35 Timber
13 Baobab Paris 35 Timber, steel
14 vd Kuilen case

study
- 40 Timber

15 SOM Timber
Tower Research
Project

- 42 Timber, concrete

16 River Beech Tower Chicago 80 Timber
17 Slooten Timber

Research Thesis
- 100 Timber, concrete
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The results of the parametric study are described in Table 9.3.

Table 9.3: Results from parametric study

Number Parametric study structures Number of
stories

Materials

18 Concrete core system 28 Timber, con-
crete

19 CLT core system 24 Timber
20 4-storey diagrid with glued-in rods connections 52 Timber
21 6-storey diagrid with glued-in rods connections 42 Timber
22 8-storey diagrid with glued-in rods connections 40 Timber
23 4-storey diagrid with steel plates and dowels connections 44 Timber
24 6-storey diagrid with steel plates and dowels connections 36 Timber
25 8-storey diagrid with steel plates and dowels connections 32 Timber
26 Tube system 36 Timber

Three buildings are listed which use a concrete core as stability system, namely the BrockCommons Tallwood
Building, HAUT and HoHo. The heights of the buildings are comparable to that of the result from the para-
metric study. There are 2 more buildings shown in Table 9.2 which use timber and concrete, namely The SOM
Timber Tower Research Project and the Slooten Timber Research Thesis, which reach a much greater height,
namely 42 and 100 stories respectively. However, these buildings use an outrigger system and therefore they
cannot be compared with the results of the parametric study.

Several buildings are described which use CLT walls as stability systems, which are the Stadthaus in London,
Jakarta Hotel in Amsterdam and Forte Tower in Melbourne. However, these systems are not build around a
core but use CLT walls which are spread over the whole floor. Furthermore, it is not clear what kind of connec-
tions are used in these buildings, which has a great influence on the behaviour of the structure. Nevertheless,
it can be seen that the result for the maximum building height found in chapter 8 is slightly higher than the
building heights found in Table 9.2.

Only 1 building using a diagrid is found, namely the River Beech Tower in Chicago. This proposed building
will consist of 80 floors, which is more than what is found in the parametric study for diagrid systems. In
addition, this building is still a concept and it is not clear which kind of connections are used in the diagrid
system. Furthermore, the building uses a 2-storey diagrid system which is not investigated in this research.

Two buildings which have a tube system are Trätoppen and Abebe Court Tower, with a height of 30 and 35
floors respectively. A maximum of 36 stories for a tube system is observed in this thesis, thus is comparable
to the other buildings.
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10.1. Conclusions
Two main research questions were elaborated in chapter 1. The first research question states:

How can a parametric model be used to examine the possibilities of timber high-rise?

The conclusions that followed from this research question are summarized:

• A parametric model which can generate timber high-rise structures is developed using Dynamo. A
plug-in made by the company Arcadis is used to connect the parametric software with a FEA applica-
tion called RFEM to perform a structural analysis.

• The model is able to generate 3 different stability systems, namely a shear core, diagrid and tube system.
These systems can be used independently or combined and different properties of the structure can
easily be modified.

• To take into account stiffness of connections between members and surfaces in different directions, the
Young’s modulus of the relevant elements must be adjusted. The magnitude of this reduction in Young’s
modulus can be determined by different methods, such as the method of equivalent spring stiffness or
the theory of mechanically jointed beams.

• A case study is performed on the Brockcommons Tallwood House which showed that the parametric
model produces adequate results.

The second main research question which is examined states:

What are the possibilities of timber high-rise regarding maximum building height in The Netherlands?

The following conclusions can be drawn from the parametric study which was performed to answer this
research question:

• When looking at the influence of the assumed connections on the behaviour of the structural elements,
it follows that:

– No reduction in strength due to fire resistance is needed when unprotected members or wall ele-
ments have a width and depth of at least 326 millimetres and the fasteners are placed 93 millime-
tres from the edges of the elements. Wall elements will have a separating function of 120 minutes
when the thickness is greater than 330 millimetres.

– When using a connection with steel plates and dowels between members, an average stiffness
reduction of the members of 30% is found caused by the connections for a member with a length
of 3600 millimetres. This reduction decreases for greater lengths.
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– A bending stiffness decrease of 40% for a building lower than 20 metres and a minimal bending
stiffness decrease of 5% for a building higher than 76 metres is found for U-shaped CLT core walls
when shear connections in the corners with Kser = 186N /mm2 are used.

– The facade elements have a 50% stiffness reduction if 25% of the area is used as openings. Taken
into account the corner connections (Kser = 186N /mm2) and vertical connections between fa-
cade elements (Kser = 743N /mm2) results in a total maximum decrease in stiffness of 70% for a
building lower than 19 metres and a minimum decrease in stiffness of 55% for higher buildings.

• The following conclusions can be drawn from the research into the influence of connection character-
istics on the structure:

– The stiffness of connections between structural elements can have great influence on the total
strength and stiffness of the structure. It is quite possible that the stiffness of a structure including
connection stiffness is a quarter of the stiffness of a structure without the connection stiffness
included.

– The influence of shear connections between corners of wall elements on the total stiffness of the
structure will reduce for greater building heights if the connections are evenly distributed over the
whole height.

– The influence of shear connections between stacked wall elements on the total stiffness of the
structure will reduce for greater building heights because bending deformation will become more
decisive than shear deformation.

– For each building height, the influence of tensile connections between stacked wall elements on
the total stiffness of the structure remains rather constant.

• A building with a width of 32.4 metres, a depth of 28.8 metres with a specific floor plan and connection
characteristics is used to investigate the possibilities regarding maximum building height. These leads
to the following conclusions:

– Specific connections are used which provide high or infinite stiffness. These connections have a
major influence on the outcome of this study.

– The lowest maximum building height of 86.4 metres can be reached using a system with a CLT
stability core. The greatest height of 187.2 metres can be obtained by adopting a 4-storey diagrid
with glued-in rods connections.

– Diagonals which span less floors can reach greater elevations. The difference in maximum build-
ing height for a 4-storey and 8-storey diagrid is 43.2 metres for both types of diagonal connections.

– The dimensions of the diagonals with steel plates and dowels connections are determined by the
maximum allowed deflection of the structure while the dimensions of the diagonals using glued-
in rods connections are determined by the tensile resistance of the connection.

– By combining 2 stability systems, greater building heights can be reached. When a combination
of a CLT stability core system with a diagrid or tube system is used, a maximum extra elevation of
28.8 metres can be achieved.

– The maximum building height of 187.2 metres is not changed by combining different systems.

– The number of fasteners between the wall elements are only necessary for the required stiffness
of the structure and thus not for the strength of the connection.

– No additional measures had to be taken to ensure that each structure complied with the maxi-
mum acceleration limit for office buildings. Systems with higher mass, such as a system with a
concrete or CLT core, have lower accelerations.

– All systems, except the tube system, show a quadratic increment in timber volume with an in-
crease in height. The tube system becomes more efficient in material usage for building heights
over 100 metres. The floor slabs form a significant part of the total timber volume.

– The systems using steel plates and dowels have a much higher usage of steel compared to all
other systems, especially for higher buildings. For a height of 158.4 metres, a diagrid with steel
plates and dowels connections require 6 times more steel compared to a diagrid with glued-in
rods connections.
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10.2. Recommendations
Based on the research performed in this report several recommendations can be formulated, which are sum-
marized below.

• Arcadis is still developing the plug-in used in this thesis and therefore new functions will be added in
the future. As a result, the following aspects can be improved:

– Several assumptions have been made to include structural elements that could not be modelled.
For example, connections that are not infinitely stiff have been taken into account by lowering the
Young’s modulus of certain structural elements. In the future it will be possible to model springs
in RFEM by Dynamo. This makes it possible to model the connections between the elements and
thus the assumptions made to include the connections are then no longer needed. This enables
you to easier investigate the influence of these connections on the behaviour of the building.

– The possibility of modelling springs in RFEM by Dynamo will also ensure that a foundation can be
added with the correct strength and stiffness properties instead of using a conservative approach
that says that half of the displacements of the building is caused by the foundation. This will lead
to more realistic results of the model.

– It would be useful to develop a function that allows you to model anisotropic surfaces such as CLT
plates in RFEM by Dynamo. In the parametric study, the CLT plates are assumed to be isotropic
with stiffness properties equal to the in-plane stiffness of the plate. This leads to good results with
regard to the displacements of the stability system, but cannot be used to calculate deflections of
the CLT floor slabs.

• The maximum building heights are determined for stability systems using a core made of either con-
crete or CLT, a diagrid or a tube with specific connection characteristics. This is also done for com-
binations of stability systems. However, an outrigger system was also discussed in chapter 2. Several
studies, for example Slooten [51] and SOM [50], have shown that great heights can be achieved with the
use of this particular system in combination with concrete elements. It would be interesting to discover
the possibilities of this system by using only timber as structural material. In addition, it is also valuable
to see whether this system can be combined with other stability systems.

• Properties of the specific connections used in the parametric study have been determined by making
use of MATLAB, which optimized the configurations of the connections for compressive and tensile
resistance. However, the parametric study has shown that not the strength but the stiffness of the con-
nections are decisive. It would therefore be interesting to perform this investigation again, but then to
optimize for stiffness instead. Subsequently, it should be checked if these connection configurations
lead to greater possible building heights.

• In chapter 7 different connections together with their strength and stiffness properties were discussed.

– It followed that connections between stacked wall elements can have a major influence on the
strength and stiffness of the structure. It would be interesting to check what the possibilities re-
garding maximum building height are when including shear and tension connections between
stacked wall elements with a finite stiffness.

– In addition to the connections used in the parametric model, another connection also showed
good properties in terms of strength and stiffness, namely the XEPOX connection. It would be
interesting to investigate the possibilities of structures using this type of connection regarding
maximum building height and material use.

• The dynamic behaviour is determined by using equations provided by the Dutch National annex of the
Eurocode. A rule of thumb is used to approximate the natural frequency of the building. However, this
rule is mainly based on concrete high-rise buildings and not specifically on timber buildings. It would
therefore be interesting to investigate whether this approach corresponds with values which can be
found using structural software, such as RFEM.
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Furthermore, it is assumed that office buildings are examined in the parametric study and therefore all
structures meet the dynamic requirements for this specific function. However, none of the structures
are able to meet the maximum acceleration limit of a residential building and it would be interesting to
investigate what measures are needed to satisfy the dynamic requirements for residential use.
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A.1. MATLAB script for determining strength of slotted-in steel plates and
dowels connection

clear;

%Timber and steel properties
fc0k = 31 ; %N/mm^2
ft0k = 26; %N/mm^2
fv0k = 2.5; %N/mm^2
rhok = 450; %kg/m^3
kmod = 0.6; %Permanent
ym = 1.3;
fy = 355; %N/mm^2
fu = 450; %N/mm^2
hp = 0; %mm

%Char layer depth
tres = 120; %min
if hp > 0

tch = 2.8 * hp − 14;
ta = min(2*tch,25/(2*0.7) + tch);
t120 = (tres − ta) * 0.7 + 25;

else
t120 = 7+0.7*tres;

end

Steelplates = 2;

Width_column = 400; %mm
Depth_column = Width_column; %mm

maxlength = Width_column; %Max length connection
Diameter_dowel = 15; %mm
Steelplate_thickness = 10; %mm
Cols = 4;

edge_distance = max(6 * Diameter_dowel,2*t120);
Rows = floor( (Width_column − edge_distance) / (3*Diameter_dowel) );

%Compression or tension of the net timber area
Anet = (Width_column − Rows*Diameter_dowel) * (Depth_column − Steelplates * ...

Steelplate_thickness);
Fmaxc(1) = fc0k * Anet / 1000;
Fmaxt(1) = 0.4*ft0k * Anet / 1000;

%Max force in steel plates
Fmaxc(2) = fy * Steelplates * Steelplate_thickness * (Width_column−2*t120) / 1000;
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Fmaxt(2) = fy * Steelplates * Steelplate_thickness * (Width_column−2*t120) / 1000;

%Max force for dowel failure or embedment failure
fh = 0.082 * (1 − 0.01 * Diameter_dowel) * rhok;
t1 = Width_column * 1/3 − t120; t2 = Width_column * 1/3; d = Diameter_dowel; My = (1/6) * ...

Diameter_dowel^3 * fy;

Fdowel(1) = 0.25 * (2 * t1 + t2) * d * fy;
Fdowel(2) = (−0.5 * t1 + t2 / 4 + sqrt(0.5 * t1^2 + My/(d*fh)) * d * fh );
Fdowel(3) = sqrt(4* My * d * fy);
Fdowel(4) = (0.5 * t1 + 0.5 * sqrt(t1^2 + 2 * My/(d*fy))) * d * fh;
Fdowel(5) = (sqrt(My/(d*fh)) + 0.5 * t1) * d * fh;
Fdowel(6) = (sqrt(My / (d*fy)) + 0.25 * t2) * d * fh;
Fdowel(7) = (−0.5 * t1 + sqrt(0.5 * t1^2 + My/(d*fh)) + sqrt(My / (d*fh) ))*d*fh;

nef = min(Cols,Cols^0.9 * (5/13)^0.25);

Fmaxc(3) = 4 * nef * Rows * min(Fdowel)/1000;
Fmaxt(3) = 4 * nef * Rows * min(Fdowel)/1000;

%Block shear and plug shear
lt = Width_column − edge_distance;
Anett = lt * (t1+t2+t1);
Fbs1 = 1.5 * Anett * ft0k / 1000;

lv = 2 * (5*d * (Cols−1) + max(7*d,80));
tef = 2 * sqrt( (My) / (fh * d));

Anetv = min(lv/2 * (lt + 2 *(2*tef + t2)), lv * (t1+t2+t1));
Fbs2 = 0.7 * Anetv * fv0k / 1000;

Fmaxt(4) = max(Fbs1,Fbs2);
Fmaxt(5) = 0.9 * fu/1000 * (Steelplates * Steelplate_thickness * ...

(Width_column−2*t120−Rows*Diameter_dowel))/1.25;
%Fmaxt(5) = NuRd(c);

Connection_length = max(7*d,80) + 5*d*(Cols−1);

if Connection_length > Width_column
Fmaxc(1) = 0;
Fmaxt(1) = 0;
disp('Connection too long.');

end

%Connection resistance
Rcmax = kmod * min(Fmaxc) / ym;
Rtmax = kmod * min(Fmaxt) / ym;

%Resistance during fire
firet = ft0k * 1.1 * (Width_column−2*t120)^2 / 1000 / 0.45;
firec = fc0k * 1.1 * (Width_column−2*t120)^2 / 1000 / 0.45;

%Member resistance
normalt = ft0k * kmod * Width_column^2 / 1000 / ym;
normalc = fc0k * kmod * Width_column^2 / 1000 / ym;

mintension = min([Rtmax,firet,normalt]);
mincompression = min([Rcmax,firec,normalc]);

disp(['Max compression force: ',num2str(mincompression),' kN']);
disp(['Max tension force: ',num2str(mintension),' kN']);
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A.2. MATLAB script for determining strength of glued-in rod connection

clear;

%%Properties of the connection
tres = 120; %min
hp = 3*16; %mm

d = 16; %mm
anchorlength = 140; %mm
rods = 2; %Number of rods in 1 direction
kmod = 0.6;
fyd = 235; %N/mm2
ft0k = 26; %N/mm2
fc0k = 31; %N/mm2

width = 265; %mm

%Char layer depth
if hp > 0

tch = 2.8 * hp − 14;
ta = min(2*tch,25/(2*0.7) + tch);
t120 = (tres − ta) * 0.7 + 25;

else
t120 = 7+0.7*tres;

end

%Minimum anchorlength
lmin = max(0.5*d^2,10*d);
lad = max(lmin,anchorlength);

if lad < 250
fk1 = 4.0;

elseif lad > 500
fk1 = 3.5 − 0.0015 * lad;

else
fk1 = 5.25 − 0.005 * lad;

end

slenderness = lad / d;

if slenderness < 15
if slenderness > 7.5

Aef = rods * rods * 0.25 * pi * d^2;
Aeftimber = min(width*width − rods*Aef,rods*d^2);
Failure1 = rods*rods*pi*d*lad*fk1 / 1000;
Failure2 = rods*rods*fyd * Aef / 1000;
Failure3 = Aeftimber*ft0k;
Rtmax = kmod * min([Failure1,Failure2,Failure3])/1.3;
Rcmax = min(kmod * fc0k * width * width / 1.3, 1.1 * fc0k * (width − t120)^2 / ...

0.45) / 1000;

disp(['Max tension force: ',num2str(Rtmax),' kN']);
disp(['Max compression force: ',num2str(Rcmax),' kN'])

else
disp('Slenderness not OK');

end
else

disp('Slenderness not OK');
end
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A.3. MATLAB script for determining maximum strength of slotted-in steel
plates and dowels connection

clear;
warning('off')

%Timber and steel properties
%GL24h + S355 steel plate
fc0k = 24; %N/mm^2
ft0k = 16.5; %N/mm^2
fv0k = 3.5; %N/mm^2
rhok = 385; %kg/m^3
kmod = 0.8; %Permanent
ym = 1.3;
E = 11500;
fy = 355; %N/mm^2
fu = 450; %N/mm^2
t = 120;
fireprotection = 7+0.7*t; %Minimum distance from edge for fire safety.
c = 1;
Steelplates = 2;
rhom = 420;

Width_column = 800;
Depth_column = Width_column;
maxlength = Width_column; %Max length connection
for b = 1:100

Steelplate_thickness = 2 + (b−1);

%Different dowel diameters
Diameter_dowel = linspace(6,30,25);
for i = 1:length(Diameter_dowel)

%Different number of dowel columns
for a = 1:80

%Max number of columns by using minimum spacing for tension
%Also fire safety could be used here as minimum spacing at
%the edges?
Rows = floor( (Width_column − 2*fireprotection − 6 * Diameter_dowel(i)) / ...

(3*Diameter_dowel(i)) + 1);
Cols = a;

%Compression or tension of the net timber area
Anet = (Width_column − Rows*Diameter_dowel(i)) * (Depth_column − Steelplates ...

* Steelplate_thickness);
Fmaxc(1) = fc0k * Anet / 1000;
Fmaxt(1) = ft0k * Anet / 1000;

%Max force in steel plates
Fmaxc(2) = fy * Steelplates * Steelplate_thickness * ...

(Width_column−2*fireprotection) / 1000;
Fmaxt(2) = fy * Steelplates * Steelplate_thickness * ...

(Width_column−2*fireprotection) / 1000;

%Max force for dowel failure or embedment failure
fh = 0.082 * (1 − 0.01 * Diameter_dowel(i)) * rhok;
t1 = Width_column * 1/3 − fireprotection; t2 = Width_column * 1/3; d = ...

Diameter_dowel(i); My = (1/6) * Diameter_dowel(i)^3 * fy;

Fdowel(1) = 0.25 * (2 * t1 + t2) * d * fy;
Fdowel(2) = (−0.5 * t1 + t2 / 4 + sqrt(0.5 * t1^2 + My/(d*fh)) * d * fh );
Fdowel(3) = sqrt(4* My * d * fy);
Fdowel(4) = (0.5 * t1 + 0.5 * sqrt(t1^2 + 2 * My/(d*fy))) * d * fh;
Fdowel(5) = (sqrt(My/(d*fh)) + 0.5 * t1) * d * fh;
Fdowel(6) = (sqrt(My / (d*fy)) + 0.25 * t2) * d * fh;
Fdowel(7) = (−0.5 * t1 + sqrt(0.5 * t1^2 + My/(d*fh)) + sqrt(My / (d*fh) ))*d*fh;

nef = min(Cols,Cols^0.9 * (5/13)^0.25);
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Fmaxc(3) = 4 * nef * Rows * min(Fdowel)/1000;
Fmaxt(3) = 4 * nef * Rows * min(Fdowel)/1000;

%Block shear and plug shear
lt = Width_column − max(6 * d,fireprotection);
Anett = lt * (t1+t2+t1);
Fbs1 = 1.5 * Anett * ft0k / 1000;

lv = 2 * (5*d * (Cols−1) + max(7*d,80));
tef = 2 * sqrt( (My) / (fh * d));

Anetv = min(lv/2 * (lt + 2 *(2*tef + t2)), lv * (t1+t2+t1));
Fbs2 = 0.7 * Anetv * fv0k / 1000;

Fmaxt(4) = max(Fbs1,Fbs2);
Fmaxt(5) = 0.9 * fu/1000 * (Steelplates * Steelplate_thickness * ...

(Width_column−2*fireprotection−Rows*Diameter_dowel(i)))/1.25;
%Fmaxt(5) = NuRd(c);

Connection_length(c) = max(7*d,80) + 5*d*(Cols−1)+3*d;

if Connection_length(c) > Width_column
Fmaxc(1) = 0;
Fmaxt(1) = 0;

end

tsteelplate(c) = Steelplate_thickness;
t_dowel(c) = d;
dowels(c) = Cols*Rows;
[zc(c),Failureindexc(c)] = min(Fmaxc);
[zt(c),Failureindext(c)] = min(Fmaxt);
zc(c) = zc(c) * kmod / ym;
zt(c) = zt(c) * kmod / ym;
dowelcols(c) = Cols;
dowelrows(c) = Rows;
kser(c) = 4*Cols*Rows * (2*rhom)^1.5 * d / (1000*23);
c = c+1;

end
end

end
firet = ft0k * 1.1 * (Width_column−2*fireprotection)^2 / 1000 / 0.45;
firec = fc0k * 1.1 * (Width_column−2*fireprotection)^2 / 1000 / 0.45;

normalt = ft0k * 0.6 * Width_column^2 / 1000 / 1.25;
normalc = fc0k * 0.6 * Width_column^2 / 1000 / 1.25;

for i = 1:max(zc)−1
[a,b] = max(zt .* ge(zc,i));
failure_modet(i) = Failureindext(b);
failure_modec(i) = Failureindexc(b);
failure_steelplate(i) = tsteelplate(b);
failure_dowel(i) = t_dowel(b);
failure_cols(i) = dowelcols(b);
failure_rows(i) = dowelrows(b);
failure_dowels(i) = dowelcols(b) * dowelrows(b);
failure_length(i) = Connection_length(b);
failure_tension(i) = min([firet,a, normalt]);
failure_compression(i) = min([firec,i,normalc]);
failure_kser(i) = kser(b);

end

%figure;
%plot(zc,zt,'.','MarkerSize',4);
hold on;
plot(failure_compression,failure_tension,'LineWidth',1);

xlabel('Max compression force (kN)');
ylabel('Max tension force (kN)');
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title(['Compression and tension strength ...
(',num2str(Width_column),'x',num2str(Width_column),'mm)']);

%title('Compression and tension strength');
grid on;
xlim([0 i]);
ylim([0 1.1*max(failure_tension)]);

disp(['Max compression force: ',num2str(max(failure_compression)),' kN']);
disp(['Max tension force (for max compression): ...

',num2str(round(failure_tension(max(failure_compression)))),' kN']);

disp('Properties for connection with max compression:');
disp(['Dowel diameter: ',num2str(failure_dowel(max(i))),' mm']);
disp(['Steelplate thickness: ',num2str(failure_steelplate(i)),' mm']);
disp(['Connection length: ',num2str(failure_length(i)),' mm']);
disp(['Number of dowel columns: ',num2str(failure_cols(i))]);
disp(['Number of dowel rows: ',num2str(failure_rows(i))]);
disp(['Total dowels: ',num2str(failure_cols(i) * failure_rows(i))]);
disp(['Kser: ',num2str(round(failure_kser(i))),' kN/mm']);
disp(['EA/l = ',num2str(E * Width_column * Depth_column / 3000000),' kN/mm']);
disp(['Keq = ',num2str( (2/failure_kser(i) + 1/(E * Width_column * Depth_column / ...

3000000))^−1 / (E * Width_column * Depth_column / 3000000))]);

%figure(2);
%hold on;
%plot(failure_compression,failure_kser);
%ylim([0 inf])
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A.4. Maximum strength of slotted-in steel plates and dowels connection
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Figure A.1: Compression and tension strength for 300x300mm and 400x400mm member
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Figure A.2: Compression and tension strength for 500x500mm and 600x600mm member
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Figure A.3: Compression and tension strength for 700x700mm and 800x800mm member
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Figure A.4: Compression and tension strength for 900x900mm and 1000x1000mm member
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Figure A.5: Compression and tension strength for 1100x1100mm and 1200x1200mm member
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A.5. MATLAB script for determining maximum strength of glued-in rods
connection

clear; close all;
fyd = 355;
c = 1;
ft0k = 16.5;
fc0k = 24;
Width = 1200;
tfire = 120;
hp = 0;
kmod = 0.8;

if hp > 0
tch = 2.8 * hp − 14;
ta = min(2*tch,25/(2*0.7) + tch);
fireprotection = max((tfire − ta) * 0.7 + 25,0);

else
fireprotection = 7+0.7*tfire;

end

Rc = min(kmod * (Width)^2 * fc0k/1000 / 1.3, 1.1 *(Width − 2*fireprotection)^2 * ...
fc0k/1000 / 1 / 0.45);

for d = 6:30
maxrods = floor((Width − (2*(max(2.5*d,fireprotection))))/(5*d))+1;
for rods = 1:maxrods

lmin = max(0.5*d^2,10*d);
for lad = lmin:Width

if lad < 250
fk1 = 4.0;

elseif lad > 500
fk1 = 3.5 − 0.0015 * lad;

else
fk1 = 5.25 − 0.005 * lad;

end
slenderness = lad / d;

if slenderness < 15
if slenderness > 7.5

diameter(c) = d;
length(c) = lad;
numofrods(c) = rods;
Aef(c) = rods * rods * 0.25 * pi * diameter(c)^2;
Aeftimber(c) = min(Width*Width − rods*Aef(c),rods*d^2);
Failure1(c) = rods*rods*pi*d*lad*fk1 / 1000;
Failure2(c) = rods*rods*fyd * Aef(c) / 1000;
Failure3(c) = Aeftimber(c)*ft0k;
mrods(c) = rods;
Raxd(c) = 0.8 * min([Failure1(c),Failure2(c),Failure3(c)])/1.3;
Rvxd(c) = 0.8 * rods * rods * d * lad / 1000 * 3.5 / 1.3;

end
end
c = c + 1;

end
end

end

ftmax = min([max(Raxd),ft0k * 0.8 / 1.25 * (Width^2) / 1000, 1.1 * ft0k * ...
(Width−2*fireprotection)^2 / 1000 / 0.45]);

fcmax = min(fc0k * 0.8 / 1.25 * (Width^2) / 1000, 1.1 * fc0k * (Width−2*fireprotection)^2 ...
/ 1000 / 0.45);

figure;
scatter3(diameter,length,Raxd,1,Raxd);
h = colormap(jet);
h = colorbar;
ylabel(h, 'Tensile strength (kN)')
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view(2);
xlabel('Rod diameter (mm)');
ylabel('Anchorlength (mm)');

title(['Tensile strength of glued−in rod connection ...
(',num2str(Width),'x',num2str(Width),'mm)']);

disp(['Max tension: ',num2str(round(max(ftmax))),' kN']);
disp(['Max compression: ',num2str(round(Rc)),' kN']);
disp(['Diameter for max: ',num2str(diameter(Raxd == max(Raxd)))]);
disp(['Number of rods for max: ',num2str(mrods(Raxd == max(Raxd)))]);
disp(['Length of rods for max: ',num2str(length(Raxd == max(Raxd)))]);
disp(['Max shear force: ',num2str(round(Rvxd(Raxd == max(Raxd)))),' kN']);
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A.6. Maximum strength of glued-in rods connection

(a) Tensile strength for 300x300mm member (b) Tensile strength for 400x400mm member

Figure A.6: Tensile strength for 300x300mm and 400x400mm member

(a) Tensile strength for 500x500mm member (b) Tensile strength for 600x600mm member

Figure A.7: Tensile strength for 500x500mm and 600x600mm member

(a) Tensile strength for 700x700mm member (b) Tensile strength for 800x800mm member

Figure A.8: Tensile strength for 700x700mm and 800x800mm member



152 A. Connections

(a) Tensile strength for 900x900mm member (b) Tensile strength for 1000x1000mm member

Figure A.9: Tensile strength for 900x900mm and 1000x1000mm member

(a) Tensile strength for 1100x1100mm member (b) Tensile strength for 1200x1200mm member

Figure A.10: Tensile strength for 1100x1100mm and 1200x1200mm member
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A.7. MATLAB script for determining shear resistance of screwed connec-
tion

clear;

t1 = 495; %Length in element 1
t2 = 305; %Length in element 2
d = 10;
alpha = 90;
rhok = 485;
fu = 1000; %Ultimate strength screw
MyRk = 0.3 * fu * d^2.6;

fh1k = 0.082*(1−0.01*d)*rhok / ((1.35 + 0.015*d) * sind(alpha)^2 + cosd(alpha)^2);
fh2k = fh1k;
beta = fh1k/fh2k;

FaxRk = (pi * d * t2)^0.8 * 3.6e−3 * rhok^1.5 / (sind(alpha)^2 + 1.5*cosd(alpha)^2)

%6 failure modes without rope effect
option1 = fh1k * t1 * d;
option2 = fh2k * t2 * d;
option3 = (fh1k * t1 * d)/(1 + beta) * (sqrt(beta + 2 * beta^2 *(1 + t2/t1 + (t2/t1)^2 + ...

beta^3 * (t2/t1)^2 − beta*(1+t2/t1))));
option4 = 1.05 * fh1k * t1 * d / (2+beta) * (sqrt(2*beta*(1+beta) + (4*beta*(2+beta) * ...

MyRk)/(fh1k * d * t1^2)) − beta);
option5 = 1.05 * fh1k * t2 * d / (2+beta) * (sqrt(2*beta*(1+beta) + (4*beta*(2+beta) * ...

MyRk)/(fh1k * d * t2^2)) − beta);
option6 = 1.15 * sqrt(2*beta /(1+beta)) * sqrt(2 * MyRk * fh1k * d);

%Include rope effect
rope = FaxRk/4;
option3 = option3 + min(option3,FaxRk/4);
option4 = option4 + min(option4,FaxRk/4);
option5 = option5 + min(option5,FaxRk/4);
option6 = option6 + min(option6,FaxRk/4);

%Total force in connection
maxFv = 0.8 * min([option1,option2,option3,option4,option5,option6]) / 1.3
maxFvs = maxFv*2 / (5 * d * 495) %Stress with minimum spacing
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B.1. Structural analysis of floor beam

The structural calculations is performed below to
check if the floor beam satisfies all conditions for ULS
and SLS. It is considered that the beam is simply sup-
ported and has a span of 8 metres.

Figure B.1: Simply supported floor beam

Table B.1: Structural calculations of the floor beam

Length 8 m
Height 0.7 m
Width 0.4 m

Loads

Dead load Beam 0.400*0.700*5 1.40 kN/m
Floor slab 1.7 * 6 10.20 kN/m
Add. load 1.0 * 6 6.00 kN/m

Live load Floor slab (2.5+0.5) ·6 18.00 kN/m
Total 1.2 * DL + 1.5 * LL 48.12 kN/m

Moment resistance

Maximum moment in the beam (1/8)∗q ∗ l 2 384.96 kNm
Moment of resistance W (1/6)∗b ∗h2 0.03 m3

Bending stress capacity fb,d 0.8 ·24/1.25 15.36 N /mm2

Bending stress σb M/W 11.78 N /mm2

UC σb/ fb,d 0.77 (-)

Shear resistance of the beam

Maximum shear force q ∗ l /2 192.48 kN
Maximum shear capacity fv,d kmod ∗ fv,k /γm 2.24 N /mm2

Effective shear area Ae f 0.67∗b ∗h 0.20 m2

Shear stress σv 1.5∗V /Ae f 1.44 N /mm2

UC σv / fv,d 0.64 (-)

Resistance at support

Effective support area Ae f (0.150+0.030)∗0.400 0.07 m2

Maximum stress Fc,90,d /Ae f 2.67 N /mm2
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Max allowed stress kc,90 ∗kmod ∗ fc,90,k /γm 2.80 N /mm2

UC 0.95 (-)

Deflection

Instantaneous deflection wi nst (5/384)∗q ∗ l 4/E I 19.52 mm
Maximum instantaneous deflection Max wi nst 1/300∗ l 26.67 mm
Final deflection wi n f (5/384)∗q ∗ l 4/(E/(1+kde f )∗ I ) 31.23 mm
Maximum final deflection Max wi n f 1/250∗ l 32.00 mm

B.2. Strength of glued-in rod connection of Brockcommons Tallwood Build-
ing

The compressive and tensile strength is calculated below. The connection is shown in Figure B.2.

Figure B.2: Column connection of Brockcommons Tallwood Building

Table B.2: Calculation of resistance of glued-in rod connection

Number of rods n 4 (-)
Diameter rod d 16 mm
Anchorlength lad 140 mm
Width column w 265 mm
Fire protective gypsum layer 3x16 mm
Char layer depth d 12 mm

Characteric compression resistance fc,0,k 32 N /mm2

Characteric tension resistance ft ,0,k 10 N /mm2

kmod 0.8 (-)
γm 1.3 (-)

Bond joint strength fk,1 4.00 N /mm2

Yield strength rod fy,d 235 N /mm2

Area rods Ae f 804 mm2

Maximum tension force in rods Fax,Rd 113 kN
Maximum tension force in timber Ft ,t i mber 369 kN

Design tension resistance Ft ,d 69 kN
Design compression resistance Fc,d 1383 kN

B.3. Shear strength of screwed corner connection
The shear strength of the corner connection between 2 core or facade walls is calculated below.
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Table B.3: Shear strength of screwed corner connection

n 2
d 10 mm
ρk 485 kg /m3

t1 495 mm
t2 305 mm
α 90 degrees

Stiffness

K1 9288 N /mm
Kser 186 N /mm2

Strength

Fax,Rd 58.90 kN per screw
Fv,Rk 11.81 kN failure mode a

72.78 kN failure mode b
108.45 kN failure mode c
56.32 kN failure mode d
40.61 kN failure mode e
17.36 kN failure mode f

fv,Rk 1.40 N /mm2 for 2 screws
fv,Rd 0.86 N /mm2

B.4. Tensile strength of glued-in rods connection
The tensile strength of the connections between wall segments using glued-in rods is shown below.

Table B.4: Tensile resistance of glued-in rods

n 2
d 20 mm
le f 350 mm

fk,1 3.5 N /mm2

Ft ,Rk 76.97 kN per rod
Spacing 100 mm
Wall thickness 49 mm
ft ,Rk 3.11 N /mm2

ft ,Rd 1.91 N /mm2



158 B. Structural elements calculations

B.5. Separating function of wall assembly
B.5.1. Position coefficients

Figure B.3: Position coefficients of exposed wall assembly
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Figure B.4: Position coefficients of unexposed wall assembly
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B.5.2. Joint coefficients

Figure B.5: Join coefficients for wall assembly

B.5.3. Separating function of wall assembly with multiple 45mm thick layers

Table B.5: Separating function for 135 millimetres thick wall

Layer i tpr ot ,0,i (mi n) ti ns,n(mi n) kpos,exp,i ki , j t (mi n)

1 73.20 - 1.0 0.6 43.92
2 73.20 - 0.4 0.6 17.57
3 - 59.13 0.32 0.6 11.27

Total time (min) 72.76
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Table B.6: Separating function for 225 millimetres thick wall

Layer i tpr ot ,0,i (mi n) ti ns,n(mi n) kpos,exp,i ki , j t (mi n)

1 73.20 - 1.0 0.6 43.92
2 73.20 - 0.4 0.6 17.57
3 73.20 - 0.35 0.6 15.53
4 73.20 - 0.29 0.6 12.68
5 - 59.13 0.22 0.6 7.97

Total time (min) 97.67

Table B.7: Separating function for 315 millimetres thick wall

Layer i tpr ot ,0,i (mi n) ti ns,n(mi n) kpos,exp,i ki , j t (mi n)

1 73.20 - 1.0 0.6 43.92
2 73.20 - 0.4 0.6 17.57
3 73.20 - 0.35 0.6 15.53
4 73.20 - 0.29 0.6 12.68
5 73.20 - 0.25 0.6 10.98
6 73.20 - 0.22 0.6 9.82
7 - 59.13 0.18 0.6 6.51

Total time (min) 117.01

Table B.8: Separating function for 405 millimetres thick wall

Layer i tpr ot ,0,i (mi n) ti ns,n(mi n) kpos,exp,i ki , j t (mi n)

1 73.20 - 1.0 0.6 43.92
2 73.20 - 0.4 0.6 17.57
3 73.20 - 0.35 0.6 15.53
4 73.20 - 0.29 0.6 12.68
5 73.20 - 0.25 0.6 10.98
6 73.20 - 0.22 0.6 9.82
7 73.20 - 0.20 0.6 8.97
8 73.20 - 0.19 0.6 8.30
9 - 59.13 0.16 0.6 5.64

Total time (min) 133.4
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Table B.9: Separating function for 495 millimetres thick wall

Layer i tpr ot ,0,i (mi n) ti ns,n(mi n) kpos,exp,i ki , j t (mi n)

1 73.20 - 1.0 0.6 43.92
2 73.20 - 0.4 0.6 17.57
3 73.20 - 0.35 0.6 15.53
4 73.20 - 0.29 0.6 12.68
5 73.20 - 0.25 0.6 10.98
6 73.20 - 0.22 0.6 9.82
7 73.20 - 0.20 0.6 8.97
8 73.20 - 0.19 0.6 8.30
9 73.20 - 0.18 0.6 7.76
10 73.20 - 0.17 0.6 7.32
11 - 59.13 0.14 0.6 5.04

Total time (min) 147.89

B.6. Connection study
The complete calculations of the resistance and stiffness of the different connections discussed in chapter 7
are shown here. For all connections, a kmod value of 0.8 is used and a partial safety factor of 1.3. The columns
are made of GL24h, which has the properties shown in Table 2.2.

B.6.1. Connections between members
The calculations for determining the stiffness and resistance of the connections between 2 members dis-
cussed in section 7.1 are shown here.

Connection A
The compression force is determined by the timber area of the column. So:

Fc,d = 0.8 ·400 ·400 ·24/1.3 = 2363kN (B.1)

The tension resistance is determined by the 4 glued-in threaded rods.

Table B.10: Calculation of resistance of glued-in rod connection

Number of rods n 4 (-)
Diameter rod d 16 mm
Anchorlength lad 140 mm
Width column w 400 mm
Fire protective layer 0 mm
Char layer depth d 91 mm

Characteric compression resistance fc,0,k 24 N /mm2

Characteric tension resistance ft ,0,k 16.5 N /mm2

kmod 0.8 (-)
γm 1.3 (-)

Bond joint strength fk,1 4.00 N /mm2

Yield strength rod fy,d 235 N /mm2

Area rods Ae f 804 mm2

Maximum tension force in rods Fax,Rd 113 kN
Maximum tension force in timber Ft ,t i mber 608 kN

Design tension resistance Ft ,d 69 kN

Connection B
The compression force is determined by the reduced timber area of the column between the steel profiles.

Fc,d = 0.8 · (0.5 ·400) ·400 ·24/1.3 = 1182kN (B.2)
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The tension resistance is determined by the 4 glued-in threaded rods. Thus, the tension resistance is the same
as for connection 1.

Ft ,d = 69kN (B.3)

Connection C
Both the compression and tension resistance are determined by the steel plates and dowels. The different
failure mechanisms are examined.
Compression and tension of the net timber area:

Table B.11: Compression and tension of the net timber area

Net timber area Anet 142080 mm2

Max compression force Fc,max,1 3410 kN
Max tension force Ft ,max,1 2344 kN

Resistance of the steel plates:

Table B.12: Compression and tension of the net timber area

Max compression force Fc,max,2 1504 kN
Max tension force Ft ,max,2 1504 kN

Resistance of dowels (both dowel failure and embedment failure):

Table B.13: Resistance of dowels (both dowel failure and embedment failure)

Embedment strength fh 26.83 N /mm2

Plastic moment of dowel My 132190 Nmm
Dowel length t 133.33 mm

Failure mode 1 Fdowel ,1 352.50 kN
Failure mode 2 Fdowel ,2 38.61 kN
Failure mode 3 Fdowel ,3 43.17 kN
Failure mode 4 Fdowel ,4 53.73 kN
Failure mode 5 Fdowel ,5 34.13 kN
Failure mode 6 Fdowel ,6 15.88 kN
Failure mode 7 Fdowel ,7 19.10 kN

Minimum of failure modes Fdowel ,max 15.88 kN

Effective number of dowel columns ne f 1.47
Max compression force Fc,max,3 186.72 kN
Max tension force Ft ,max,3 186.72 kN

Block shear and plug shear failure:

Table B.14: Block shear and plug shear failure

Block shear length lt 220 mm
Block shear area Anet ,t 88000 mm2

Block shear resistance Fbp,1 2178 kN

Plug shear length lv 360 mm
Effective dowel length 36.24 mm
Plug shear area Anet ,v 113700 mm2

Plug shear resistance Fbp,2 278.55 kN

Block and plug shear resistance Ft ,max,4 278.55 kN
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Tension in the net area of the steel plates:

Table B.15: Tension in the net area of the steel plates

Tension resistance of steel plates net area Ft ,max,5 1918 kN

So the maximum characteristic compression resistance is the minimum of fc,max,1, fc,max,2 and fc,max,3,
which is equal to 186.72 kN. The design compression resistance is 114.90 kN. The maximum characteris-
tic tension resistance is the minimum of ft ,max,1, ft ,max,2, ft ,max,3, ft ,max,4 and ft ,max,5, which is equal to
186.72kN . The design tension resistance is 114.9kN .

Connection D
For this connection, the same tension resistance holds as connection 3, which is 114.9kN . However, the
compression force will be transferred by the steel end plate. Thus:

Fc,d = 0.8 ·400 ·400 ·24/1.3 = 2363kN (B.4)

Connection E
The maximum compression force is determined by the timber area of the member. So:

Fc,d = 0.8 ·400 ·400 ·24/1.3 = 2363kN (B.5)

The maximum tension force is determined by the total tensile resistance of the screws. Aφ11mm-300mm full
threaded screw with cylindrical head (Rothoblaas VGZ11300) gives a characteristic tensile resistance of 18.75
kN [54]. A total of 14 screws per connection is used, which results in a total maximum tension force in the
connection of:

Ft ,d = 0.8 ·8 ·18.75/1.3 = 92.31kN (B.6)

Connection F
A perforated plate Rothoblaas LBV80600 is used, with a width of 80 mm, thickness of 1.5 mm and a total
height of 600 millimetres. Anker nails Rothoblaas LBA440 are considered with a diameter of 4 millimetres
and a length of 40 millimetres. From [54] follows that the characteristic tensile strength of the plate and the
nail group is equal to 26.7 kN and 31.92 kN respectively. Two plates are used, which gives a minimum design
tensile resistance of:

Ft ,d = 2 ·0.8 ·26.7/1.3 = 39.29kN (B.7)

The compression forces are transferred via the timber material, thus gives a total compression resistance of:

Fc,d = 0.8 ·400 ·400 ·24/1.3 = 2363kN (B.8)

Connection G
The properties of this connection are already determined in subsection 6.3.1.

Connection H
The properties of this connection are already determined in section 6.2.

B.6.2. Shear connections in corners between walls
The calculations for determing the stiffness and shear resistance of the connections between 2 wall segments
discussed in section 7.2 are shown here.

Connection A
The characteristics values of the resistance and stiffness of a TTV240 connection are found in the catalogue
of Rothoblaas [54] and thus the design values can be calculated. This is done for different ctc:
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Table B.16: Strength and stiffness of TTV240

ctc Fv,d fv,d Kser

(mm) (kN/m) (N /mm2) (kN /m2)

1000 0.8 ·59.70/1.3 ·1000/1000 = 37 0.07 6.60 ·1000/1000 = 6600
500 0.8 ·59.70/1.3 ·1000/500 = 73 0.15 6.60 ·1000/500 = 13200
240 0.8 ·59.70/1.3 ·1000/240 = 153 0.31 6.60 ·1000/240 = 33000

Connection B
The characteristics values of the resistance and stiffness of a TTN240 connection are found in the catalogue
of Rothoblaas [54] and thus the design values can be calculated. This is done for different ctc:

Table B.17: Strength and stiffness of TTN240

ctc Fv,d fv,d Kser

(mm) (kN/m) (N /mm2) (kN /m2)

1000 0.8 ·71.90/1.3 ·1000/1000 = 44 0.09 9.16 ·1000/1000 = 9160
500 0.8 ·71.90/1.3 ·1000/500 = 88 0.18 9.16 ·1000/500 = 18320
240 0.8 ·71.90/1.3 ·1000/240 = 184 0.37 9.16 ·1000/240 = 45800

Connection C
The characteristics values of the resistance and stiffness of a TTS240 connection are found in the catalogue
of Rothoblaas [54] and thus the design values can be calculated. This is done for different ctc:

Table B.18: Strength and stiffness of TTS240

ctc Fv,d fv,d Kser

(mm) (kN/m) (N /mm2) (kN /m2)

1000 0.8 ·25.00/1.3 ·1000/1000 = 15 0.03 9.55 ·1000/1000 = 9550
500 0.8 ·25.00/1.3 ·1000/500 = 31 0.06 9.55 ·1000/500 = 19100
240 0.8 ·25.00/1.3 ·1000/240 = 64 0.13 9.55 ·1000/240 = 39792

Connection D
The full shear resistance of the timber can be used, therefore:

fv,d = 0.8 ·3.5/1.3 ·495 = 1066kN /m = 2.15N /mm2 (B.9)

Connection E
The characteristic shear resistance of a single screw is determined by Rothoblaas [54] and is equal to 9.06 kN.
Therefore, the design strength for different ctc are:

Table B.19: Strength of connection E

ctc Fv,d fv,d

(mm) (kN/m) (N /mm2)

200 0.8 ·2 ·9.06/1.3 ·1000/200 = 55.75 0.11
100 0.8 ·2 ·9.06/1.3 ·1000/100 = 112 0.23
55 0.8 ·2 ·9.06/1.3 ·1000/55 = 203 0.41

Connection F
The strength and stiffness properties are calculated in Table B.20.
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Table B.20: Strength and stiffness of connection F

n 2
d 10 mm
ρk 485 kg /m3

t1 495 mm
t2 305 mm
α 90 degrees

Stiffness

K1 9288 N /mm2

Kser 186 N /mm2

Strength

Fax,Rd 58.90 kN per screw
Fv,Rk 11.81 kN failure mode a

72.78 kN failure mode b
108.45 kN failure mode c
56.32 kN failure mode d
40.61 kN failure mode e
17.36 kN failure mode f

fv,Rk 1.40 N /mm2 for 2 screws
fv,Rd 0.86 N /mm2

Connection G
The strength and stiffness properties of connection G are calculated in Table B.21.

Table B.21: Strength and stiffness of connection G

n 2
d 10 mm
ρk 485 kg /m3

t1 495 mm
t2 305 mm
α 90 degrees

Stiffness

K1 9288 N /mm2

Kser 186 N /mm2

Strength

Fax,Rd 18.46 kN per screw
Fv,Rk 11.81 kN failure mode a

72.78 kN failure mode b
98.34 kN failure mode c
46.21 kN failure mode d
30.50 kN failure mode e
13.30 kN failure mode f

fv,Rk 1.07 N /mm2 for 2 glued-in rods
fv,Rd 0.66 N /mm2

Connection H
Due to the teeth, half of the shear resistance of the timber can be used, thus:

fv,d = 0.8 ·3.5/1.3 ·495/2 = 533kN /m = 1.08N /mm2 (B.10)
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B.6.3. Tension connections between walls
The calculations for determining the stiffness and tension resistance of the connections between 2 wall seg-
ments discussed in section 7.3 are shown here.

Connection A
The same glued-in threaded rods are used as for connection A in section 7.1. In this case, 2 rods are placed in
the depth of the wall. Using the calculation of subsection B.6.1:

Fc,d = 0.8 ·495 ·1000 ·24/1.3 = 7311kN /m = 14.77N /mm2 (B.11)

The tensile resistance per rod is equal to:

Ft ,d = 69/4 = 17.25kN (B.12)

For the different c.t.c. distances, the tensile resistance is therefore equal to:

Table B.22: Strength of connection B

ctc Ft ,d ft ,d

(mm) (kN/m) (N /mm2)

500 2 ·17.25 ·1000/500 = 69 0.14
250 2 ·17.25 ·1000/250 = 138 0.28
80 2 ·17.25 ·1000/80 = 431 0.87

Connection B
The compression force is determined by the timber area of the column. So:

Fc,d = 0.8 ·495 ·1000 ·24/1.3 = 7311kN /m = 14.77N /mm2 (B.13)

The tension resistance is determined by the glued-in threaded rods.

Table B.23: Calculation of resistance of glued-in rod connection

Number of rods n 1 (-)
Diameter rod d 20 mm
Anchorlength lad 350 mm

Characteric compression resistance fc,0,k 24 N /mm2

Characteric tension resistance ft ,0,k 16.5 N /mm2

kmod 0.8 (-)
γm 1.3 (-)

Bond joint strength fk,1 3.50 N /mm2

Yield strength rod fy,d 235 N /mm2

Area rod Ae f 201 mm2

Maximum tension force in rods Fax,Rd 47 kN

Design tension resistance Ft ,d 29 kN

2 rods are placed in the depth of the wall segments, for the different c.t.c. distances, the tensile resistance is
therefore equal to:

Table B.24: Strength of connection B

ctc Ft ,d ft ,d

(mm) (kN/m) (N /mm2)

500 2 ·29 ·1000/500 = 116 0.23
250 2 ·29 ·1000/250 = 232 0.47
100 2 ·29 ·1000/100 = 580 1.17
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Connection C
The same rods are used as for connection A, therefore the tensile resistance will be the same. However, the
compression resistance is reduced because of the reduced area of the timber. Thus:

Fc,d = 0.8∗ (495−2 ·100) ·24/1.3 = 4357kN /m = 8.80N /mm2 (B.14)

Connection D
The same screws are used as for connection E in section 7.1. The compression forces are transferred by the
timber area.

Fc,d = 0.8 ·495 ·1000 ·24/1.3 = 7311kN /m = 14.77N /mm2 (B.15)

One screw is used per side with a characteristic tensile resistance of 18.75 kN, thus using different c.t.c. dis-
tances, the tensile resistance of the connection is equal to:

Table B.25: Strength of connection D

ctc Ft ,d ft ,d

(mm) (kN/m) (N /mm2)

500 0.8 ·2 ·18.75/1.3 ·1000/500 = 46 0.09
250 0.8 ·2 ·18.75/1.3 ·1000/250 = 92 0.19
55 0.8 ·2 ·18.75/1.3 ·1000/55 = 420 0.85

Connection E
The same perforated plates and nails are used as Connection F in section 7.1. The compression forces are
transffered via the timber material:

Fc,d = 0.8 ·495 ·1000 ·24/1.3 = 7311kN /m = 14.77N /mm2 (B.16)

The characteristic tensile resistance of a single perforated plate is equal to 26.7 kN. Thus, for the different
c.t.c. distances:

Table B.26: Strength of connection E

ctc Ft ,d ft ,d

(mm) (kN/m) (N /mm2)

500 0.8 ·2 ·26.7/1.3 ·1000/500 = 66 0.13
250 0.8 ·2 ·26.7/1.3 ·1000/250 = 131 0.26
80 0.8 ·2 ·26.7/1.3 ·1000/80 = 411 0.83

Connection F
The full compression and tensile resistance of the timber can be used, therefore:

Fc,d = 0.8 ·24 · (6/11) ·495/1.3 = 3988kN /m = 8.06N /mm2 (B.17)

Ft ,d = 0.8 ·16.5 · (6/11) ·495/1.3 = 2659kN /m = 5.37N /mm2 (B.18)
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C.1. Dynamo model overview

Figure C.1: Dynamo model overview
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C.2. Dynamo model custom node

Figure C.2: Dynamo custom node overview
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C.3. Dynamo model facade element research

Figure C.3: Dynamo window research
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D.1. RFEM results for structure with concrete stability core
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D.3.1. 4-storey diagrid
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D.3.2. 6-storey diagrid
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D.3.3. 8-storey diagrid
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D.4. RFEM results for diagrid structure with steel plates and dowels con-
nections

D.4.1. 4-storey diagrid
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D.4.2. 6-storey diagrid
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D.4.3. 8-storey diagrid
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D.5. RFEM results for structure with tube system
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D.6. RFEM results for structures with multiple stability systems
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