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Abstract

This thesis presents a parametric analysis of LTF and CLT, comparing numerical and analytical
calculation models and researching the significance of the different contributions presented in
a draft for the next Eurocode 5. On top of this, the thesis explores the validity of a numerical
modal analysis of the InnoRenew CoE new headquarters in comparison with an experimental
campaign executed on the building. Dynamic identification and finite element model updating

is performed.

The parametric analysis of single shear walls analysis utilizes Open Application Programming
Interface in Python to manipulate the Finite Element Method software SAP2000 to perform a
series of analyses. The modelling is executed in a manner that allows extraction of results for
single contributions in the numerical model and compare the results with the analytical

equations for the same contributions presented in the draft for the next Eurocode 5.

The Finite Element model updating is based on an experimental campaign and a SAP2000
model of InnoRenew CoE new headquarters. The Finite Element model is updated using a
differential evolution where the masses in different parts of the building are modified to

optimize the numerical calculations.

Overall, the parametric analysis of single shear walls generated results in the numerical and
analytical calculations that were quite similar. The contributions that presented results where

the numerical and analytical models deviated, the deviation can be explained.

The Finite Element Model updating provided a significant improvement to the Total
Convergence Criterium. However, due to excessive differences between initial dynamic
identification and the experimental values, improvements were not sufficient. Therefore, the

Total Convergence Criterium cannot be said to validate the model sufficiently.

II



Table of Contents

ACKNOWIEAZEIMENTS ....c.iiieciiieciie ettt e e e e tae e st e e sbeeesbeeessseeeesseeeesseeennseeennns I
AADSTIACT ...ttt ettt et h e et b e e et e e bt e sa bt e bt e sab e e bt e et e e beenateens II
TaAbIE Of CONLENLS ......eeueiiiiiieie ettt ettt sttt ettt sbe e e e III
LSt OF FIGUIES ...ttt ettt et ettt et e et esabeesbeeesaeensaesaseenseannnas VI
LISt OF TADIES ..ottt sttt ettt et et b ettt IX
I INEEOUCHION vttt ettt et bttt st e b et saeenas 1
L1 BACKEIOUNG ..ottt ettt ettt e et beeenbeenseeeneas 1
1.2 State Of the ATt ..ottt st 2
1.3 Research QUESTIONS ........ccoiuiiiiiiiiiie et eeeete e et e e e ettt e e e e eate e e e e etaeeeeeeaaaeeeeessaeaeenns 3
1.4 ReSEArCh ODJECHIVES ..ccuuviieiiieeiiieeiieecee ettt et e et e et e e et eeeba e e sabeeessbeeesnseeennsaeens 4

B N 1 TS0 2R RRR 5
2.1 Properti€s Of TImMDET.......c.ccouiiiiiiiiieiieiie ettt ettt st e e s e eseeenae e 5
2.2 SHEAr WIS ..oeiiiiiiiieieee e e st s 6
2.2.1  Light TIMber FTame........ccccooieiiiiiiiiiiieiieeieeiee ettt 6
2.2.2  Cross Laminated TImDeT...........cocueriiiiiiiiiiieiieieeeteeee s 8

2.3 Background of Chapter 13.7 Proposed for the Next Eurocode 5...........ccvveeuvenneen. 11
2.4 Finite Element Method.........coooiiiiiiiiiiiiiee e 25
241 SAP2000 ...ttt ettt et b et et ente e e 25
2.4.2  Open Application Programming Interface...........cccccceevvveeecieeniieenieeeee e 27
243  FEM in Structural DyNamicCs ..........cccueevuieriieiiieiieeiieieeieeee et 27

2.5  Modal Analysis for Multi Storey Building ...........ccccoeevieiiiiiiiiniiiiieieieeeeeeee 29
2.6 Identification of Experimental Data............ccceevviieriiiniiinieiiieieceeiee e 30
2.7  Finite Element Model Updating...........ccceeuieiiiniieniiiiieeiieeie et 30
2.7.1 Error Calculation........cc.eoiiiiiiiiie e 31
2.7.2  Updating ProCeAUIE .......c.ceeeiuiiiiiiieeiie ettt sreeesaaeeen 32

3 MEENOM. ettt ettt et st e b e et b 33
T B o T 15331 4V PSR 33
3.2 Analytical Model for Lateral Deflection of Timber Shear Walls ............cccccouveenneee. 35
3.3 Numerical Calculations for Lateral Deflection of Timber Shear Walls.................... 37
3.4  Parametric Analysis of Shear Walls.........c.cccooeviiiiiiiniiiiieieeeeee e 38

III



3.5  Setup FE models of Shear walls..........ccccoouiieiiiiiiiiiiiieceece e 50

3.5.1 LTEF Shear Walls .......cooiiiiiiii et 50
3.5.2  CLT Shear WallS.....coc.ooiiiiiiiiiee e 53
3.6  Modal Analysis of BUllding ..........cceoviiiiiiiieiiiieeeeeeeeeee e 54
3.6, MOAEL .. 55
3.6.2  MESHING.....iiiiieiiecieee ettt be et ebeeeaaeenne 57
3.7  Experimental CampPai@il........cceeruieruiieiiienieeitieniieeiteniteereesieesaeesseesseenseessseenseesnseenne 57
3.8  Finite Element Model Updating.........cccoeeiieiiieriiiiieiieeiieie et 60
4 RESUILS .t ettt ettt ettt et st e e b e saeas 61
4.1  Parametric Analysis of LTF Shear Walls........ccccccooviiiiiiiiiiiiiieeeeeeeeeeee e, 61
4.1.1 Total DefleCtion .......coouiiiiiiiiiiie e 61
4.1.2  Lateral Deflection due to In-plane Shear............ccceevvieeiiiinciienciiecee e, 65
4.1.3  Lateral Deflection due to In-plane Bending.............ccccecvieviiriiinniiniiienienieee. 65
4.1.4  Lateral Displacement due to Rigid Body Sliding of the Shear Wall................. 66
4.1.5  Lateral Displacement due to Kinematic Rocking of the Shear Wall................. 67
4.1.6  Lateral Displacement due to Deformation of Sheathing-to-framing Connections
69

4.1.7  Lateral Displacement due to Deformation of the Bottom Rail Perpendicular to
the Grain under the Trailing Stud.........ccoooiiieiiii e 71
4.2 Parametric Analysis of Monolithic CLT Shear Walls .........cccceeevveeiiiiniiieieeee. 72
4.2.1 Total DefleCtion .......coouiiiiiiiieiee e 72
4.2.2  Lateral Deflection due to In-plane Shear.............cccocoeevviiiiiiniiiniiiniieecieee 75
4.2.3  Lateral Deflection due to In-plane Bending.............cccoecvieviieniiinniiniiinienieee. 75
4.2.4  Lateral Displacement due to Rigid Body Sliding of the Shear Wall................. 76
4.2.5  Lateral Displacement due to Kinematic Rocking of the Shear Wall................. 77
4.3  Parametric Analysis of Segmented CLT Shear Walls ........ccccveeeiieeiiiiniieecieeeen. 78
43.1 Total DefleCtion .......coouieiiiiiiieiie e 78
4.3.2  Lateral Deflection due to In-plane Shear............ccceeeveevciiiniiienciiece e, 82
4.3.3  Lateral Deflection due to In-plane Bending............cccccoevevviiviiiinciiiniieeeieeee, 83
4.3.4  Lateral Displacement due to Rigid Body Sliding of the Shear Wall................. 84
4.3.5  Lateral Displacement due to Kinematic Rocking of the Shear Wall.................. 85
4.4  Summary of the Results from the Parametric Analysis .........cccccevvveevieriienienieennens 86

v



4.5  Modal Analysis and Finite Element Model Updating............ccccceevvevciienieeenieeennnen. 87

4.5.1 MeShing SENSILIVILY ..eeeviieiiieeeiieeeiieeeiee ettt ee e e e e bee e e e seseeennaee e 87
4.5.2  Finite Element Model Updating.........c..coocveeeriieiiiieeiieeeieeciee et 88

5 DISCUSSIONS ..utiiiieeiie ittt ettt ettt et ettt et e sat e et esate et e eshbeeabeesbbeenbeesabeenbeesaeeenbeens 92
5.1 Parametric ANALYSIS.....cccuieiierieeiiieniieeiieniie et e site et esiteebe et e sbeeteeebeeaeesnbeeseeenseenne 92
5.2 MoOdal ANALYSIS .eoviieiieiiiieiieeie ettt ettt ettt et et e aeeenbeesaeenbeenne 98
5.3 FUIther WOTK ..o.ooiiiiiiee ettt 100

6 CONCIUSIONS ...entiiieiieieeiteet ettt ettt ettt ettt sbeesbe et sae e bt et e sbeenbeeatesbeenbeas 101
LB 3 10) U0 a2 0] 1| 2SR 103
F N 00157 116 TP 105



List of Figures

Figure 2-1: AXES 1N tIMDET. ...cocuiiiiiiieeciie ettt et s e s e e e s b e e snbee e nseeesnseeennns 5
Figure 2-2: LTF shear Wall. .........cccioiiiiiiiiiieieeee ettt 7
Figure 2-3: Structure of @ CLT panel..........ccooiiiiiiiiiiiiieieeeeeetee e 8
Figure 2-4: CLT shear Wall.........ccooiiiiiiiiiie ettt e 9
Figure 2-5: Contributions to elastic deflection at the top of a timber shear wall..................... 12
Figure 2-6: Mechanism of the shear walls. ...........ccoooiiiiiiiiiiiii e, 13
Figure 2-7: In-plane SREaT. ...........cociiiiiiiiiiii et et e 14
Figure 2-8: In-plane bending. ........c..cecviieiiiiiiiie ettt et eeseaeeen 15
Figure 2-9: Rigid body SIHAING. ....ccvvviiiiieiie ettt 17
Figure 2-10: Angle brackets resisting SHAINg. .........cccceovvieiiieiiieiieiiieieeee e 17
Figure 2-11: Kinematic TOCKING. ......cccouiiiiiiiiiiiiecie ettt s 18
Figure 2-12: Hold-down brackets resisting kinematic 1ocking...........cccccecuveevciieeniieeniveeennenns 19
Figure 2-13: Coupled panel kinematic rocking mode...........ccccueeeviieeiiiiniieeniieeeee e 19
Figure 2-14: Intermediate Kinematic Mode.............cecueeriieiiiiiiieiiecie e 20
Figure 2-15: Single-wall kinematic rocking mode. ..........cccceevuerieniiiinieniiienieecc e 20
Figure 2-16: Sheathing-to-framing deflection. ...........cc.eeovieeiiieeiiiececee e 22
Figure 2-17: Compression perpendicular to the grain under the trailing stud. ........................ 23
Figure 2-18: Mode shapes of a regular building. ...........cccocveeiieiiiiniiiiiiniee e, 29
Figure 2-19: Flow chart of Finite Element Model Updating. ............cccevvuieiieniienieniieeeee. 31
Figure 3-1: Schematic visualization of LTF in SAP2000..........cccccveeeiiiriiieeiieeeiee e 51
Figure 3-2: Schematic visualization of body constrain at meeting edges in SAP2000 ........... 51
Figure 3-3: Schematic visualization of CLT in SAP2000. .......cccccocervirieniiniinieneeenieneeens 53
Figure 3-4: SAP2000 model of building..........cccoocveeiiiiriiiiiiiiieiee e 55
Figure 3-5: Structural elements in the building. ..........cccooovieeiiiieiiieneeeeeee e 56
Figure 3-6: OVETrVIEW Of SENSOTS. ...uvuiiiiiieeiieeiieeeitieeeitteeetteeetteeeteeesaeeesseeessseeessseeessseesssseeans 58

VI



Figure 3-7: Location Of TOOT SENSOTS. ......ceiiiiiiiieeciie et ettt ettt evee e e e eareeeareeens 58
Figure 3-8: Location of 3™ floor sensors and ShakKer. .............cocovooueueuieeeeeeeeeeeeeeeeeeeeeenenn, 59
Figure 3-9: Location of 2" floor sensors and ShaKer. ...............coccoeueurveveveveeeeeeeeeeeeeeennenn, 59
Figure 4-1: In-plane shear when calculating total deflection of LTF. ........cccccoceviiiinincnnn. 61
Figure 4-2: In-plane bending when calculating total deflection of LTF.........c...cccooeeeiirenncnn. 62
Figure 4-3: Rigid body sliding when calculating total deflection of LTF. ...........cccccccvveennnen. 62
Figure 4-4: Kinematic rocking when calculating total deflection of LTF. ..........ccccccocvenenie. 62
Figure 4-5: Sheathing-to-framing deflection when calculating total deflection of LTF. ........ 63
Figure 4-6: Bottom rail compression when calculating total deflection of LTF. .................... 63
Figure 4-7: Total deflection of LTF........cccouiiiiiiiiie et 63
Figure 4-8: Lateral deflection of LTF due to in-plane shear. ..........cccccoceeveiiiiniiniininiinenens 65
Figure 4-9: Lateral deflection of LTF due to in-plane bending. ............ccceeevieriiinienirennennnen. 65
Figure 4-10: Lateral deflection of LTF due to rigid body sliding...........cccceeveveeriieiniirennenns 66
Figure 4-11: Lateral deflection of LTF loaded with H10VO0 due to kinematic rocking. ......... 67
Figure 4-12: Lateral deflection of LTF loaded with H20V5 due to kinematic rocking. ......... 67
Figure 4-13: Sheathing-to-framing deflection with 2,8mm ring nail diameter. ...................... 69
Figure 4-14: Sheathing-to-framing deflection with 3,4mm ring nail diameter. ...................... 70
Figure 4-15: Sheathing-to-framing deflection with Smm screw diameter...............cccceeennennn. 70
Figure 4-16: Bottom rail deflection loaded with HIOVO...........cccoooiiiiiiiiiiiiiiieeeieeeeee, 71
Figure 4-17: Bottom rail deflection loaded with HIOV10........ccccoviiiiiniiniiiiniiniicieeeee 71
Figure 4-18: In-plane shear when calculating total deflection of monolithic CLT100. .......... 72

Figure 4-19: In-plane bending when calculating total deflection of monolithic CLT100....... 72

Figure 4-20 In-plane bending when calculating total deflection of monolithic CLT180........ 73

Figure 4-21: Rigid body sliding when calculating total deflection of monolithic CLTOO0. .....73

Figure 4-22 Kinematic rocking when calculating total deflection of monolithic CLT100. ....73

Figure 4-23: Total deflection of monolithic CLTT00. .........cccccvveeiiieriiieeiieeeieeeee e 74

VII



Figure 4-24: Total deflection of monolithic CLT180. .......c.ccccvveeiiiiriiieeieeeieeeee e 74
Figure 4-25: Lateral deflection of monolithic CLT due to in-plane shear............c.ccccverennee.n. 75
Figure 4-26: Lateral deflection of monolithic CLT due to in-plane bending. ......................... 75
Figure 4-27. Lateral deflection of monolithic CLT due to rigid body sliding......................... 76
Figure 4-28: Lateral deflection of monolithic CLT with H10VO0 due to kinematic rocking. ..77
Figure 4-29: Lateral deflection of monolithic CLT with H20V5 due to kinematic rocking. ..77
Figure 4-30: In-plane shear when calculating total deflection of segmented CLT100............ 78
Figure 4-31: In-plane bending when calculating total deflection of segmented CLT100.......79
Figure 4-32: In-plane bending when calculating total deflection of segmented CLT180....... 79
Figure 4-33: Rigid body sliding when calculating total deflection of segmented CLT100.....79
Figure 4-34: Kinematic rocking when calculating total deflection of segmented CLT100. ...80
Figure 4-35: Total deflection of segmented CLT100. .........ccccuveiieriiiiieniieiecee e 80
Figure 4-36: Total deflection of segmented CLTI80. .........ccccuvieeiiiieiiiieeieeeieeeee e 80
Figure 4-37: Total deflection summed by contributions of segmented CLT100..................... 81
Figure 4-38: Total deflection summed by contributions of segmented CLT180..................... 81
Figure 4-39: Lateral deflection of segmented CLT due to in-plane shear.............cccceeeveveenen. 82
Figure 4-40: Lateral deflection of segmented CLT due to in-plane bending. ...........c.c......... 83
Figure 4-41: Lateral deflection of segmented CLT due to rigid body sliding. ........................ 84
Figure 4-42: Lateral deflection of segmented CLT with H10VO0 due to kinematic rocking....85
Figure 4-43: Lateral deflection of segmented CLT with H10VS5 due to kinematic rocking....85
Figure 4-44: Lateral deflection with modified equations of segmented CLT with H10V5 due to
KINEMALIC TOCKINE. .. .eiiiiiieeiieeeiie ettt et e et e et e e ette e et e e ssaeessbeeesaseeesssaeensseeennseeennseeans 85
Figure 4-45: Result of mesh density analysis. .........ccceeeiieiiiiiiieiiieiieeieeceecee e 88
Figure 4-46: Comparison of mode shapes, mode 1. ........cccoeiieiiiiiiiiiiieniieee e, 90
Figure 4-47: Comparison of mode shapes, mode 2. .........cccoeeviieeiiieeiiieniieeeie e 91
Figure 4-48: Comparison of mode shapes, mode 3. .........cccoeeeiieeiiiieiiieeieece e 91

VIII



List of Tables

Table 3-1: Representative equations for analytical calculations...........cccceeeeuveevciiiniieeenieenee, 36
Table 3-2: Parameters for LTF shear wall when analysing total deflection. ..............c.......... 40
Table 3-3: Parameters for monolithic CLT shear wall when analysing total deflection. ........ 41
Table 3-4: Parameters for segmented CLT shear wall when analysing total deflection. ........ 41
Table 3-5: Parameters for LTF shear wall when analysing in-plane shear...............c.............. 42
Table 3-6: Parameters for monolithic CLT shear wall when analysing in-plane shear........... 43
Table 3-7: Parameters for segmented CLT shear wall when analysing in-plane shear. .......... 43
Table 3-8: Parameters for LTF shear wall when analysing in-plane bending. ........................ 44

Table 3-9: Parameters for monolithic CLT shear wall when analysing in-plane bending. .....45
Table 3-10: Parameters for segmented CLT shear wall when analysing in-plane bending.....45
Table 3-11: Parameters for all shear walls when analysing rigid body sliding. ...................... 46
Table 3-12: Parameters for all shear walls when analysing kinematic rocking....................... 47

Table 3-13: Parameters for LTF shear walls when analysing sheathing-to-framing connections.

Table 3-14: Parameters for LTF shear walls when analysing deformation of the bottom rail.49

Table 4-1: Difference for kinematic rocking of LTF with k= 12177 N/mm. ........c.c..cc.......... 68
Table 4-2: Difference for kinematic rocking of LTF with k= 17395 N/mm. ..........c.............. 68
Table 4-3: Difference for kinematic rocking of LTF with k = 30442 N/mm. ..........cccceueneee. 68

Table 4-4: Difference for kinematic rocking of monolithic CLT with k = 12177 N/mm. ...... 77

Table 4-5: Additional mass after FE updating...........ccccocovveiiiiieiiiiiieceeeeeeee e 88
Table 4-6: Experimental, Initial and Updated frequencies ..........cccoeeveeeevieeecieencieeeiee e, 89
Table 4-7: Initial Error Calculation. ........c..cooiiiiiieniiiienieieiieseeieeeseee st &9
Table 4-8: Updated Error Calculation...........cccuievuieriieiiiiiieiieeie ettt 90
Table A-1: Description of the APPendiX. ......ccceeccuiieiiiieiiieeciie e e 105

IX



1 Introduction

1.1 Background

The use of timber shear walls in larger buildings is constantly increasing, and so the need for
accurate and reliable design models. Analytical models for the Serviceability Limit State
(SLS), both for Light Timber Frame (LTF) and Cross Laminated Timber (CLT) shear walls
are currently in development for the next Eurocode 5, set to be published with the upcoming

generation of Eurocodes in the near future. (CEN, 2021)

Light timber frames are today one of the most common construction systems for residential
houses. Particularly common in countries with a Nordic climate (Grossi et al., 2015). Cross
laminated timber is a relative new timber product, and not as widely used as LTF in timber
houses and buildings. However, the product has become of global interest and a well-
recognized timber product among engineers (Brandner et al., 2016). Both CLT and LTF shear

walls are of great interest for use in multi-storey buildings.

With no European standard related to the design of these shear walls yet published, there are
quite few buildings built with LTF and CLT shear walls as its main structural components. As
a part of the development of new standardization, validation of performance of different
calculation models, both statically and dynamic is an important step towards greater use of LTF

and CLT shear walls in multi-storey buildings.



1.2 State of the Art

Performance of LTF and CLT shear walls under different load in the Serviceability Limit State
(SLS) is an open problem. The Technical Committee CEN (2021) are currently developing a
new Eurocode for timber structures which will have the inclusion of analytical equations for
calculating the lateral deflection of these shear walls. (CEN, 2021, CEN, 2022). Both a draft
for the complete Eurocode 5 (CEN, 2021) and a draft for a chapter 13.7, including analytical

equations for lateral deflections of timber shear walls are produced (CEN, 2022).

Multiple studies on LTF shear walls have already been conducted, including the studies by
Ricci (2020) and Boggian et al. (2021). In these studies, the lateral deflection of LTF shear
walls were researched, and design methods examined. The study by Ricci (2020) addresses
multiple experimental campaigns done on LTF shear walls, as well as an older proposal for the
next upcoming Eurocode 5, including analytical calculation models for ULS and SLS for LTF
shear walls. These analytical equations are equal or similar with minor differences to the
equations presented in CEN (2021) and CEN (2022). Finite element models in SAP2000 were
designed to do comparisons between both experimental campaigns and analytical models for
lateral deflections. It was found that the numerical models in SAP2000 sufficiently represented
the real-life testing from the different experimental campaigns, and that the results from the
comparison between analytical and numerical model were quite similar, especially for low
vertical distributed loads. Therefore, a conclusion that the analytical and numerical models
represent the behaviour of shear walls tested in a laboratory sufficiently. However, it was
suggested to do more investigation on comparison between analytical and numerical models,
as only one wall configuration was verified. Testing multiple wall configurations might

confirm the conclusions made. (Ricci, 2020)

The conference paper of Boggian et al. (2021) mostly is based around the studies conducted by
Ricci (2020). However, the lateral deflection due to deformation of sheathing to framing
fasteners are discussed in more detail. Two approaches of calculating the deflection were
presented, either by considering the framing members in the LTF shear wall fully rigid or fully
flexible. It was found that the real occurrence would lie in an intermediate area between fully

rigid and fully flexible approach. (Boggian et al., 2021)



In the studies by Aloisio et al. (2020) and Gurholt and Mikalsen (2021), an eight-story CLT
building located in As was subject to ambient vibration measurements, dynamic identification
and model updating. Aloisio et al. (2020) performed the vibration measurements, while Gurholt
and Mikalsen (2021) modelled a finite element model in SAP2000 and performed the dynamic
identification and model updating. The results from the initial dynamic identification of the
FE-model were inaccurate in comparison to the experimental values, providing Gurholt and
Mikalsen (2021) the basis for concluding with that “the general reliability of FE-models
portraying CLT buildings is somewhat weakened”. However, it was mentioned that accuracy
of the finite element model was dependent on modelling decisions. The process of model
updating manage to create more representative finite element model in relation to the
experimental data by correcting the errors of the initial dynamic identification. Furthermore,
recommendations to apply the same method to other CLT building were made to further study
the reliability of dynamic identification and model updating finite element analyses. (Gurholt

and Mikalsen, 2021)

1.3 Research Questions

With background in the reviewed literature, this thesis will attempt to evaluate the research

questions presented below:

1. How does the new analytical calculation models for lateral deflection of timber shear
walls in the upcoming Eurocode 5 relate to Finite Element Analyses in SAP2000?

2. How sensitive are each contribution to the variation of different parameters and wall
configurations?

3. How accurate is the modal analysis and model updating in SAP2000 compared to
experimental values in a complex building of CLT shear walls?

4. How reliable are the different calculation models in the identification of timber shear

walls subjected to different loading in the Serviceability Limit State?



1.4 Research Objectives

In this thesis, the performance of LTF and CLT shear walls technologies under different

loading in the Serviceability Limit State are studied. The thesis essentially consists of two parts.

Part one of the thesis addresses the analytical equations for elastic lateral deflections at the top
of timber shear walls presented in chapter 13.7 in the upcoming Eurocode 5 (CEN, 2022). A
parametric analysis will be conducted to study the reliability of the equations under different
circumstances. FEM models are going to be developed in SAP2000 in order to simulate the
shear wall behaviour based on the Eurocode proposal. To run multiple parametric analyses, the
Open Application Programming Interface function in conjunction with Python, will be used to
study the influence of different parameters such as length of the wall, dimensions of frame
elements, and dimension and set up of CLT panels. The objective is to do a comparison between

the results from SAP2000 and the analytical proposal to discuss strengths and weaknesses.

The second part of the thesis addresses the dynamic behaviour of a multi storey building
constructed with CLT shear walls. A modal analysis will be performed to analyse the reliability
of a finite element analysis of the Serviceability Limit State. The objective is to do a
comparison between modal analysis in SAP2000 and results from an experimental campaign
on the InnoRenew CoE research institute’s new headquarters. The building is located in Isola,
Slovenia. Furthermore, a model updating procedure will be executed on a finite element model

using the Open Application Programming Interface function in conjunction with Python.



2 Theory

This chapter presents the theoretical foundation needed for the application of the parametric
analysis of timber shear walls and the modal analysis of the multi storey building. The theory
behind the properties of timber and the different timber shear wall technologies will be
introduced in chapters 2.1 and 2.2. Chapter 2.3 summarize the background and the calculation
models for lateral deflection of timber shear walls set to be included in the upcoming Eurocode
5. Chapter 2.4 describe the Finite Element Method, witch focus on SAP2000 Finite Element
Method software and the Open Application Programming Interface, as well as usage of Finite
Element Method in structural dynamics. Lastly, the mathematical theory behind modal
analysis, identification of experimental data and Finite Element Model Updating are presented

in chapters 2.5, 2.6 and 2.7.

2.1 Properties of Timber

Timber is an orthotropic material, with different properties along longitudinal, radial, and
tangential axes, shown in Figure 2-1. From the figure we see how the different axes lay relative
to the fibre (grain) direction of the wood. Important properties are tensile, compression, and
shear properties. These properties along the three axes depend on the orientation relative to the
grain, where radial and tangential axes are perpendicular to the grain and longitudinal is parallel
to the grain. The radial and tangential properties can be hard to assess but are generally weaker

than the properties in the longitudinal direction. (Sanborn et al., 2019)

Radial
Direction of fibre

>

Tangential

Longitudinal

Figure 2-1: Axes in timber.



2.2 Shear Walls

Shear walls are vertical elements designed to have strength and stiffness to resist horizontal
loads. Wind and earthquake loads are examples of lateral loads that might induce swaying and
vibrations in high rise structures. These movements can develop high stresses in the structure;
thus, sufficient resistance is important. Shear walls should be designed to resist in-plane lateral

forces directed along the length of the wall. (Eusuf et al., 2012)

2.2.1 Light Timber Frame

LTF shear walls consists of four essential components: framing, sheathing, anchorage and
fastening between the framing and the sheathing. The timber framing consists of vertical studs,
and horizontal top and bottom rails, and are regarded as an unstable pin-jointed structure.
Sheathing can be made of Oriented Strand Board (OSB), fibreboard, drywall, and many other
materials. Usually, the fasteners between the framing and sheathing consists of a large number
of nails, staples or screws working together in transferring forces. Anchorages are eighter
brackets, rods, or robust screws, were as an anchorage system with angle brackets and hold-
down brackets are quite common. Angle brackets resists sliding from the shear forces, and the
Hold-down brackets resist overturing of the wall. (Marzaleh et al., 2018). An illustration of a

LTF shear wall is presented in Figure 2-2.
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Figure 2-2: LTF shear wall.

Light timber frames are usually considered load-bearing walls and transfer both vertical and
horizontal forces to the foundation. For multi storey buildings the shear capacity is of great
importance. Lateral loads such as wind and seismic load will be transferred to the foundation

through the light timber frames which act as a structural diaphragm. (Grossi et al., 2015)

Vertical forces are transmitted through the perimeter and internal timber studs, while the lateral
forces are resisted mostly by the sheathing panels. The lateral forces are transferred to the
framing elements by the fasteners and friction between the sheathing panels and the studs. The
local mechanical connection system has a lot of influence in the rocking capacity of the shear
wall. This can be observed as a high level of redundancy and ductile behaviour for the walls,
leading to a global hysteretic dynamic response. There are a lot of contributions to this

phenomenon, where fastener slip is one of the most relevant. (Grossi et al., 2015)



2.2.2 Cross Laminated Timber

Cross Laminated Timber (CLT) is a relatively new timber product that only have been in
production since 1995. With the upcoming Eurocode 5 including standardisation on CLT not
yet published, use of CLT to this day have relied on national or European technical approvals.
(Wallner-Novak et al., 2014) However, the product has become of global interest and a well-

recognized timber product among engineers. (Brandner et al., 2016)

CLT is a solid timber product that consists of multiple lamellas of wood stacked together in
alternate directions. There are at least three layers glued together, and each layer is oriented
perpendicular to the previous, making the product two-dimensional. By joining the layers of
wood in this way, load-bearing applications are achieved, giving the CLT panel structural
rigidity in both in-plane directions (Wallner-Novak et al., 2014). Figure 2-3 illustrates the

structure of a CLT panel.

N ~ N
N )
L I R — b alY
X
N S N — | |
/ /
B ~ /

Figure 2-3: Structure of a CLT panel.

CLT Shear walls can consist of one monolithic panel or multiple segmented panels. There are
several methods of connecting meeting panels in a segmented wall. Some of the techniques are

screwing wooden boards to the face of the panels, screwing together rabbet edges, or screwing



butted panels in an angle. The choice of joining technique is done considering the type of load
the wall is subject to (Wallner-Novak et al., 2014). A typical setup of a CLT shear wall is
illustrated in Figure 2-4.

Shear fasteners

CLT panel ——|

Hold Down Brackets ——]

Angle Brackets

Figure 2-4: CLT shear wall.

Typically, four contributions are considered in the calculations of in-plane lateral deflection
for CLT panels: sliding, kinematic rocking, panel shear and panel bending. Out of these, the
sliding and kinematic rocking are considered to be the most influential for deflection and are
governed by the capacity of base fasteners (Lukacs et al., 2019). The in-plane bending and in-
plane shear are depending on the E-modulus, shear-modulus and the geometry of the wall.

(Wallner-Novak et al., 2014)

E-modulus of transverse layers are neglected when calculating deflections in CLT panels
because the E-modulus parallel to the grain in wood usually is about 30 times larger than the
E-modulus perpendicular to the grain (Wallner-Novak et al., 2014). To simplify a CLT panel
in an isometric model, the E-modulus can be calculated by adding the E-modulus of each layer

according to equation (2.1).



LnEo-t
Emeano = % 2.1)

is the modulus of elasticity parallel to the grain.
is the thickness of the ni lamella in the longitudinal direction.

1s the total thickness.

The shear stiffness can be calculated according to equation (2.2), or by the simplified equation

(2.3).

Where:

GO,mean

dmean

1
GS,mean = d 7 GO,mean (2.2)
1 + 6 * aFE * (_maean)
GS,mean = 0,75 GO,mean (2.3)
d -0,77
apg = 0,32 ( ’";“") (2.4)

is the mean shear-modulus parallel to the grain.
is the average thickness of the cross-section.

is the board width, where 150mm is recommended.
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2.3 Background of Chapter 13.7 Proposed for the Next Eurocode 5

Presented in this chapter are the background of the proposed chapter 13.7 set to be introduced
to the next Eurocode 5. As briefly mentioned in chapter 1.2, the Technical Committee CEN
2021 are currently developing a new Eurocode for timber structures which will have the
inclusion of analytical equations for calculating the lateral deflection for both LTF and CLT
shear wall technologies. (CEN, 2021, CEN, 2022). These analytical equations are proposed to
be included in chapter 13.7 (CEN, 2022).

In the proposal there can be found an analytical model for calculating elastic deflection at the
top of a timber shear wall, for both LTF shear walls, monolithic CLT shear walls and segmented
CLT shear walls. In the model, the total displacement is calculated through 7 different
contributions where the sum is the total displacement. The contributions are listed under and

illustrated in Figure 2-5.
The different contributions are:

a) Lateral deflection due to in-plane Shear.

b) Lateral deflection due to in-plane bending.

c) Lateral displacement due to rigid body sliding of the shear wall.

d) Lateral displacement due to kinematic rocking of the shear wall.

e) Lateral displacement due to deformation of sheathing-to-framing connections.

f) Lateral displacement due to deformation of the bottom rail perpendicular to the grain
under the trailing stud.

g) Lateral displacement due to rotation at the top of the shear wall underneath namely, the

shear wall at the i" story

11
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Figure 2-5: Contributions to elastic deflection at the top of a timber shear wall.




Definitions

Figure 2-6: Mechanism of the shear walls

is the height of the shear wall.

h
l is the length of the shear wall.
Vea is the design shear load.
Ngq4 is the design vertical force on the shear wall
u is the lateral deflection.
Mg, is the total design moment acting at the bottom of the shear wall, calculated as
given by equation (2.5)
Mgqg = Vga-h (2.5)



Lateral Deflection due to In-plane Shear.

7’&

Figure 2-7: In-plane shear.

Deflection due to in-plane shear, illustrated in Figure 2-7, can be calculated according to

equation (2.6) for LTF shear walls, and equation (2.7) for CLT shear walls.

o Veg - h (2.6)
s l " (Gp,ltp,l + Gp‘ztp’z)
Vga = h
g = Ed (2.7)

ny,mean t-l

Where:
Gp1,Gp,  are the shear moduli of the sheathing panels fixed to each side of the LTF
framing.
tp1,tp 2 are the thicknesses of the sheathing panels fixed to each side of the LTF

framing.
Gxymean 18 the mean effective in-plane shear modulus of the CLT shear wall.

t is the total thickness of the CLT shear wall.

The elastic shear deflection has background in Hooke’s law with linear elastic behaviour. Shear
modulus for a plate is the ratio between shear stress and shear strain and can be calculated

according to equation (2.8). (Hibbler, 2013)
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T
- 2.
y 4dx [, Ax-A (2:8)
Where:
T is the stress.
y is the strain.
F is the shear force.
h is the hight of the plate.
A is the cross sectional area of the plate.
Ax is the shear deflection.

Rewriting equation (2.8) provides the general equation (2.9) on which equation (2.6) and (2.7)

are created.

o
>

Ug = Ax = (29)

Q
oS

Lateral Deflection due to In-plane Bending.

Figure 2-8: In-plane bending.

Deflection due to in-plane bending, illustrated in Figure 2-8, can be calculated according to

equation (2.10).

Va3 (2.10)
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Where:

LTF: Em,O,mean “Agstua 12 (2-1 1)
CLT: Eomean "ty - I3 (2.12)
Where:

Ernomean 1S the mean modulus of elasticity parallel to the grain of the external studs.
Agtua is the average cross-section area of the leading and trailing studs.

Eo mean is the mean modulus of elasticity parallel to the grain of the vertical

laminations for CLT.
t, is the total thickness of the vertical layers for CLT shear walls.

m is the number of segments in case of segmented CLT shear walls. m = 1 for

monolithic CLT shear walls.

Equation (2.10) have background in the Euler—Bernoulli beam theory, with the deflection

equation equal to the one for deflection of a cantilever beam.
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Lateral Displacement due to Rigid Body Sliding of the Shear Wall.

7’&

Figure 2-9: Rigid body sliding.

Rigid body sliding, illustrated in Figure 2-9,can be calculated according to equation (2.13).

Via (2.13)
MESK
ZJ ax,j
Where:
XK o is the total sliding stiffness of the shear wall.
Koy, is the horizontal-shear stiffness for serviceability limit state of the j* angle
bracket, illustrated in Figure 2-10.
!
Ky PJM\J ot

Figure 2-10: Angle brackets resisting sliding.

The theory of linear elasticity with the force-deflection relationship are the background of the

elastic lateral displacement due to rigid body sliding.
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Lateral Displacement due to Kinematic Rocking of the Shear Wall.
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Figure 2-11: Kinematic rocking.

Equations (2.14) and (2.15) may be used to calculate the kinematic rocking, illustrated in Figure

2-11, for LTF and monolithic CLT shear walls.

Mga  Nga(l—10) (2.14)
Up = max{(l(fje - EZ_KRC)-h;O}

Kp = Zj [Ka,z,j(sa,j - lc)z] (2.15)

Where
L, is the length of the compression zone. May be calculated as 0,1 - [
Kr is the rocking stiffness of shear wall.
Ka i is the vertical-tensile stiffness for serviceability limit state of the j* mechanical
connections subjected to uplift. [llustrated in Figure 2-12.
Sa,j is the distance of the j mechanical anchor from the edge of the shear wall.

illustrated in Figure 2-12.
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Figure 2-12: Hold-down brackets resisting kinematic rocking.

As for segmented CLT shear walls, kinematic rocking may occur as one of three different
kinematic rocking modes depending on the relative stiffness of the hold-down (CEN, 2022). In

Figure 2-13, Figure 2-14 and Figure 2-15, the three different modes with the respective centres

off rotation are illustrated.

The three kinematic rocking modes are:
Coupled panel (CP) kinematic mode

Intermediate (IN) kinematic mode

Single-wall (SW) kinematic mode

In coupled panel kinematic mode as illustrated in Figure 2-13, each panel is in contact with the
floor underneath the shear wall (CEN, 2022). To achieve this mode, the prerequisites of

equation (2.16) must be met.

AR

T

iﬂ"i

!

|

|

‘
L

Figure 2-13: Coupled panel kinematic rocking mode.

1—K,(3m - 2)/m? (2.16)
~ 1-N,(m - 2)/m?

Kser,anc

KSBT,COTL
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Intermediate kinematic mode, as illustrated in Figure 2-14, occurs when some of the panels
are in contact with the floor underneath the shear wall (CEN, 2022). This mode is achieved

when the prerequisites of neither equation (2.16) nor (2.17) is met.

Figure 2-14: Intermediate kinematic mode

In single-wall kinematic mode as illustrated in Figure 2-15, only the last panel is in contact

with the floor underneath the shear wall (CEN, 2022). To achieve this mode, the prerequisites

of equation (2.17) must be met.

Figure 2-15: Single-wall kinematic rocking mode.

Kser anc < 1-N, (2.17)
Ksercon ~ 1+ N;(m —2)/m?
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Where:

Kser,anc is the tensile stiffness of the hold-down.
Kser con is the stiffness of shear fastener between panels.
N, is the dimensionless vertical load on the shear wall. Calculated as given by

equation (2.18)

- Ngg -1 (2.18)
Nl =
2 b MEd

CP mode: Mgg;  Ngg - 1 (2.19)

ugp = max - “h; 0

Krcp 2 Kgcp

SW mode: {( Mg, Ngg4 > L 0} (2.20)

Up = max — “h;

K KR,SW 2 Kser,anc 3/
Where:
Kg cp is the rocking stiffness of the shear wall in CP kinematic mode. Calculated as
given by equation (2.21)
Kg sw is the rocking stiffness of the shear wall in SW kinematic mode. Calculated as
given by equation (2.22)

_ [Kser,anc + (m - 1)Kser,con] 2 (2-21)

Krcp = 2 !

m
-1
1 m—1 (2.22)
KR,SW = + ( ) l2
Kser,anc KS@T,COTl

Displacement ug for the IN kinematic mode can be calculated by linear interpolation between

the CP an SW kinematic modes.
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Lateral Displacement due to Deformation of Sheathing-to-framing Connections.

n L
- 1

Figure 2-16: Sheathing-to-framing deflection.

Displacement due to deformation of the sheathing-to-framing connections, illustrated in Figure

2-16, can be calculated according to equation (2.23).

Vea/ 12 (2.23)

KSBT,I KSQT‘,Z

Uy =

al,llper,l a1,2 lper,z

Where:

Kser1, Kser»  are the stiffnesses of the sheathing-to-framing fasteners on each side of the

LTF framing

a1,01 2 are the fastener spacings along the perimeter on each side of the LTF framing.

Lyer, 1) Lper,z  are the perimeter length of the sheathing panels fixed to each side of the LTF

framing. Calculated as given by equation (2.24)

2.24
lyer =2 ) by, +20h (2.24)
j
Where:
by is the width of the j sheathing panel.
p Is the number of consecutive sheathing panels.
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The lateral displacement due to the deformation of sheathing to framing fasteners can be
calculated in two ways, either by considering the framing members fully rigid or fully
flexible. The equation provided in the upcoming Eurocode 5 assume the framing members to
be fully flexible, as this approach is the conservative one. As mentioned in chapter 1.2, the
study by Boggian et al. (2021) found that the real occurrence would lie in an intermediate
area between fully rigid and fully flexible approach. Furthermore, the increase of cross
section of the framing members, thus increasing the stiffness, would reduce the deflection
due to sheathing-to-framing deformation and approaching the fully rigid formulation case.
(Boggian et al., 2021) This is not included in the equation (2.23) for the lateral displacement

due to deformation of the sheathing-to-framing fasteners.

Lateral Displacement due to Deformation of the Bottom Rail Perpendicular to the Grain

Under the Trailing Stud.

Figure 2-17: Compression perpendicular to the grain under the trailing stud.

Displacement due to compression perpendicular to the grain under the trailing stud, illustrated

in Figure 2-17, can be calculated according to equation (2.25).

(2.25)

~1 =

Uc = Wserz
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Where:

WSBT,Z

Where:

hes

Fc,90,ser

Where:

is the compressive deformation of the bottom rail perpendicular to the grain.
Calculated as given by equation (2.26), obtained from chapter 9.4 in the
working draft of the next Eurocode 5 (CEN, 2021).

Weerz =

2.26
TR (2.26)

hech,90,ser (1 1 )
2bcE90,mean

is the effective beam height.

is the applied compressive force perpendicular to the grain. Calculated

according to equation (2.27).

is the width of the contact area.

is the mean modulus of elasticity perpendicular to the grain.
is the length if the contact area of the applied force.

is the effective spreading length of the compressive stresses.

h
Feooser = TVEd + F, (2.27)

is the compressive reaction force at the trailing edge of the wall.
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2.4 Finite Element Method

Finite Element Method (FEM), or Finite Element Analysis (FEA) is a method used to
numerically solve field problems. Field problems requires solutions of one or more dependent
variables spatially distributed, as for example distribution of displacements and stresses in a
component. In finite element method, a structure is divided into small pieces or finite elements.
The finite elements are connected in a finite element structure where each finite element is

connected at points called nodes. This display of elements is referred to as a mesh. (Cook et

al., 2001)

Usually, a FEA produces an approximation to the solution which can be a good representation
to the real solution, but not exact. The reasoning for this is that in an FEA the solution comes
from numerically solve the algebraic equations for the unknowns at each node, element by
element. The accuracy of the solution will increase with more elements to represent the

structure. Thus, a finer mesh can be preferable to a coarse mesh. (Cook et al., 2001)

2.4.1 SAP2000

SAP2000 is a finite element method calculation program for general structures and is based on
the general calculation engine referred to as SAPFire. Abilities in SAP2000 is linear modal
calculations in three dimensions, linear and nonlinear static calculations in two and three
dimensions and the ability to calculate shell and frame elements, among other. (Computers and

Structures, 2017)

Area objects in SAP2000 can be defined as membrane, shell, or plate. Membrane elements
supports only in-plane forces, plate elements the supports bending and transverse forces while
full shell elements can handle all forces in-plane and out-of-plane. For the plate and shell
definitions, there are thin and thick formulations, where the difference is that thin formulation
doesn’t take transverse shear forces into account. All area elements can have a thickness
assigned to it as the definition of the cross section of the element in question. (Computers and

Structures, 2017)
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Frame elements are defined as line elements and has six degrees of freedom at each end, which
can be defined as a hinge or continuous. A section can be assigned to the frame element, and
SAP2000 will calculate the behaviour of the element from the section properties. Sections are

eighter user defined of predefined in the program. (Computers and Structures, 2017)

Link elements can be both point elements and line elements and can have several qualities
assigned. The different types of links are linear, coupled linear, damper, gap, hook, multi-linear
elastic, multi-linear plastic, plastic, hysteretic, friction pendulum and tension/compression
friction pendulum. The links used in this study are linear, hook, and gap links. Linear links can
be defied as fixed or as a spring in six degrees of freedom individually, hook links can only be
defined to handle tension forces and gap links can only be defined to handle compressive
forces. To activate hook and gap links, a nonlinear analyses must be run. (Computers and

Structures, 2017).

The shear behaviour in SAP2000 is computed internally from the direct stress-strain curve, and
assuming shear behaviour from tensile and compression acting at an angle of 45 degrees to
material axes using Mohr’s circle in the plane. This provides a symmetrical relationship for

shear in Isotropic, Orthotropic, or Anisotropic materials. (Computers and Structures, 2017)

Nonlinearity in SAP2000 can be engaged by nonlinear links or supports, frames with tension
or compression limitations, plastic behaviour in frame hinges, P-delta effect, or large
displacements effects, by staged construction like changes or creep and shrinking. There are
many initial conditions that can be applied to a model, like internal forces and stresses, external
loads, energy values, displacements and velocity and internal state of variables for nonlinear
elements. A nonlinear analysis will be more demanding than a linear analysis, and therefore

more time consuming. (Computers and Structures, 2017)

SAP2000 can utilize both eigenvector analysis and Ritz-vector analysis in modal calculations.
Eigenvector analysis is used for undampened and unforced calculations, and the Ritz-vector
calculations are used for finding modes for situations where the construction is excited by a
load or acceleration. Eigenvector analysis is based on the solution of the generalized eigenvalue
problem. One eigenvector and eigenvalue will correspond to one mode and gives one set of
eigenfrequency and natural period. The user may set a maximum number of modes the program
will calculate, and SAP2000 will find the specified number of modes unless the number of

modes specified surpasses the number of mass degrees of freedom in the model. It can be
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assigned a shift in the initial eigenfrequency, which means that you manually specify the range
that SAP2000 will start looking for solutions to the eigenvalue problem. If done correctly, this
can save some time in the calculations and even make the results more accurate. (Computers

and Structures, 2017)

2.4.2 Open Application Programming Interface

Open Application Programming Interface (OAPI) can be utilized using a third-party program
such as Spyder to control a calculation software such as SAP2000 with different programming
languages, for example Python. The OAPI also links the two programs, making it possible to
extract information from the SAP2000 software to the programming software and vice versa.
This ability allows the user to automize creating, analysing, and extracting results. (Lagaros et

al., 2019) (Computers and Structures, 2020)

Using the OAPI in conjunction with for example Python opens the possibility to control
SAP2000 with external scripts, making it possible to automate the modelling and analysing
process. Running multiple different analyses with pre-programmed input, each with different
parameters and modifications can be performed over a short period of time, making it possible

to extract a large number of results.

2.4.3 FEM in Structural Dynamics

In structural dynamics loading is time-dependent, and so is the structural response, making
dynamic analyses more complicated than static analyses. Dynamic analyses often demand
more computer resources as more operations may be needed to reach each intent of the analysis.
Furthermore, planning of the numerical work, and do a preliminary analysis may be

challenging, as it is difficult to anticipate structural response. (Cook et al., 2001)

The procedure of analysis of a structure by the finite element method may be summed up by

the equations of motion following 5 steps given by Chopra (2020):

1. Model the structure as a finite element model with finite elements only interconnected

at nodes and define degrees of freedom (DOF) at these nodes. (Chopra, 2020)
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2. The stiffness matrix Ke, the mass matrix me, the geometric stiffness matrix
kge and the force vector pe(t) should be defined for each finite element associated to the
DOFs for the element. The force-displacement relation, the inertia force-acceleration
relation, and force-displacement relation associated with gravity loads are obtained
when assuming a displacement field over the element, expressed by nodal
displacements. (Chopra, 2020) Equations for the different relations for each element

are given by:

(fs)e = kete  (f)e = meile  (fg)e = kgelle (2.28)

3. For the relation between the displacement u. and the forces pe for the element to the
displacement u and the forces p for the finite element, the transformation matrix a. is

required for the finite element assemblage (Chopra, 2020):

U = AU p(t) = agpe(t) (2.29)

4. Establish matrices for stiffness, mass, and geometric stiffness, as well as the applied
force vector Ae, by the assemblage of element matrices. Then assemble the finite

elements:

k=Ake m=Agm, kg =Afl1kge p(b) (2.30)
= Algglpe (t)

5. Equation of motion for the finite element assemblage:

mil + cu + ku + kgu = p(t) (2.31)

Where:

c is the damping matrix.
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2.5 Modal Analysis for Multi Storey Building

Natural frequencies and mode shapes are calculated using mass and stiffness matrices of the
building in question. Depending on the distribution of stiffness and mass, there are several
possible responses to excitation. A regular building, meaning a building where the centre of
mass and the centre of stiffness is located in the same position and the structural elements are
symmetrical, the three first modes will typically be one translational mode in x-direction, one
translational mode in y-direction, and one torsional mode as shown in Figure 2-18. Other cases
can give different modes, depending on the geometry of the building. (Chopra, 2020, Gokdemir
et al., 2013)

f;/ e

Translational Mode UX Translational Mode UY Torsional Mode RZ

Figure 2-18: Mode shapes of a regular building.

Unsymmetric multistorey buildings with floor diaphragms the motion can be described by u;y,
uj, and u;y degrees of freedom for each floor j in an N-story building, with the excitation iiy,
il,, and ilg. This is calculated by equation (2.32). Tall buildings create a large number of DOF,

and a complicated calculation. The equation of undampened motion can be expressed as shown

in equation (2.33). (Chopra, 2020)

ux
u ={uUy (2.32)
Ug
Where:
Uy = Uiy Uzx o Unx)T u, = (Uy Uzy Uny)l  ug = (U1 Uzg - Ung)T
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Where:
m is the lumped mass matrix of the N-story building.
k is the stiffness matrix
Iy is the diagonal matrix containing the moment of inertia for each storey.

2.6 Identification of Experimental Data

Stochastic subspace identification (SSI) is a method to extract state-space matrices from raw
data from vibration tests. The method uses linear algebra and is desired because it avoids
nonlinear calculations. For comparison with numerical values, the experimental mode shapes
are modified in a way that makes them normalized. This is achieved by dividing all the
displacements by the largest displacement in the mode, positive or negative. (Rainieri and

Fabbrocino, 2014)

2.7 Finite Element Model Updating

The technique referred to as Finite Element Model Updating is an updating method which offer
more accurate results from a finite element analysis in relation to experimental data (Panwar et
al., 2018). Finite element model updating is utilized to analyse the dynamic behaviour of
structural systems. As finite element analyses usually produce results that differ to
experimental results from vibration tests, there is a need for a more accurate model, thus, finite
element model updating is utilized. The goal of this type of analysis is to update the dynamic
properties of the finite element model by implementing corrections to parameters in the model.
The aim of updating dynamic properties is to close the gap to the experimental results (Velez

et al., 2009). The procedure of finite model updating is illustrated in Figure 2-19.
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2.7.1 Error Calculation

Figure 2-19: Flow chart of Finite Element Model Updating.

A Total Convergence Criterium (CCit) can be used to evaluate the difference between two

datasets presenting the behaviour of the same structure. The two contributing factors in the

CCiot are modal assurance criterion (MAC) and the deviation between the numerical and

experimental eigen frequencies. Calculation of CCyot can be done according to equation (2.34).

The value of CCiy represents the accuracy of the numerical model compared to the

experimental measurements, and the closer the CCyy is to zero, the more the two results

correspond. (Mordini et al., 2007)

n
CCtot — Z |fexp,i _fnum,il n (1 _ MACi)
=1 fexp,i (2.34)
2
MAC(¢;, 1) = o] ¢l (2.35)
(ore) (T o))
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2.7.2 Updating Procedure

Brownjohn et al. (2001) provides three general aspects to the updating procedure. These

principals lay the foundation for the finite element model updating, and are as follows:

1. Based on the reference data, normally the measured data, a selection of responses is
made.

2. A selection of parameters and a range in which the parameters are modified is selected
for the updating procedure in order to change the selected responses.

3. An iterative process is implemented to modify the selected parameters based on the

selected reference data, and this will result in a tuned model.

Differential evolution is a procedure that can be used to update a calculation model using
gradient-based techniques in several iterations. The technique takes a given population size to
create a set of parameter values to run at each iteration, and a function to optimize. To control
the accuracy of the technique a tolerance of which the calculation will stop at if reached, a
maximum number of iterations the calculation is limited to if the tolerance is not reached, a
mutation constant, also known as the differential weight, that determines at what rate the
calculations can mutate between each iteration, and a recombination constant that determines

the number of mutations can be transferred to the next iteration. (community, 2022)

The range of values to test and the population size of each iteration is crucial when doing the
updating and tuning of the model. Selecting a fitting population size can improve the chances
of finding the global minimum deviation between the experimental and analytical models,

without the updating getting stuck on a certain parameter value. (community, 2022)
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3 Method

The aim of this chapter is to elucidate the method behind the parametric analysis and the modal
analysis. Fastening is a major part of timber shear walls, and the fastening used in parametric
analyses are presented in chapter 3.1. Chapter 3.2 and 3.3 presents the analytical and numerical
models used for the parametric analysis presented in chapter 3.4. The setup of the finite element
models of the shear walls is presented in chapter 3.5. The modal analysis, with the experimental
campaign behind are presented in chapters 3.6 and 3.7. Lastly, the method of Finite Element

updating are presented in chapter 3.8.

3.1 Fastening

Fastening elements used for the parametric analysis of different shear walls will be presented
in this chapter. The fastening are mostly products from rothoblaas (2022), but also some

fabricated elements to match the need for the analysis.

Nails and Screws

Calculation of stiffness for nails and screws as shear type fasteners between the sheathing and
studs can be calculated as in the upcoming ECS5, chapter 11 (Table 11.11a)(CEN, 2021)
presented in equations (3.1) and (3.2).

. pmeanl.SdO.S

Nails: Ksismean = —0 (3.1)
1.5d
Screws: Ksismean = Pm% (3.2)
Ring Nail:
—=15  c08
e 28mm: k= L 22 = 800,41 N/mm
—=15 ., 108
e 3d4mm:k = 2220 — 93491 N/mm
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Small head screw:

1,5
e Smm:k = V55°*42°23 L1365 _ 183936

Hold-down Brackets

WHT340 LBA:

154'0

,5. 0,8
e 14nails 4,0 x 60mm: k = 14-=>—"— = 12177 N/mm

5.4,0

. 420%5-4,008
e 20nails 4,0 x 60mm: k = 20- — = 17395 N/mm

WHT620 LBA:

5.4,0

. 420%1°-4,008
e 35nails 4,0 x 60mm: k = 35 e = 30442 N/mm

Fabricated stiffness to achieve IN kinematic mode:
e k = 19080 N/mm

Angle Brackets

TCF200/TTF200:

5.4,0

. 420%1°-4,008
e 30nails 4,0 x 60mm: k = 30 —5 = 26093 N/mm

5.4,0

. 420%5-4,008
e [5nails 4,0 x 60mm: k = 15 e = 13046 N/mm

CLT Shear Fastener between Panels

HBS:

42015%1,1+5,8
23

e 8mm:k = = 2388 N/mm
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3.2 Analytical Model for Lateral Deflection of Timber Shear Walls

The analytical calculations for lateral deflection of timber shear walls will be done using the
models presented in chapter 2.3, set to be introduced to the new Eurocode 5 (CEN, 2021, CEN,
2022).

As mentioned in chapter 2.3, the different contributions are:

a) Lateral deflection due to in-plane Shear.

b) Lateral deflection due to in-plane bending.

c) Lateral displacement due to rigid body sliding of the shear wall.

d) Lateral displacement due to kinematic rocking of the shear wall.

e) Lateral displacement due to deformation of sheathing-to-framing connections.

f) Lateral displacement due to deformation of the bottom rail perpendicular to the grain
under the trailing stud.

g) Lateral displacement due to rotation at the top of the shear wall underneath namely, the

shear wall at the i" story

In this analysis we have no contribution from lateral displacement due to the rotation at the top
of the shear wall underneath namely, the shear wall at the i story. This is because only a single

shear wall is considered.

Displacement contributions for LTF, monolithic CLT and segmented CLT shear walls without
openings differ for the different types of timber shear walls. Under, in Table 3-1, there is
presented which equations are representative for each contribution and for each type of timber

shear wall.
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Table 3-1: Representative equations for analytical calculations.

Contribution LTF shear walls Monolithic CLT Segmented CLT
shear walls shear walls

a) us (2.6) 2.7) 2.7)

b) us (2.10) and (2.11) (2.10) and (2.12) (2.10) and (2.12)

¢) ua (2.13) (2.13) (2.13)

d) ur (2.14) (2.14) (2.19) or (2.20)

€) unN (2.23) Not relevant Not relevant

f) uc (2.25) Not relevant Not relevant

Adjustments.

When calculating kinematic rocking, two tests will be executed, one with the given equations
from the suggested chapter 13.7 from 31.01.22 in the next Eurocode 5 (CEN, 2022), and one
with some modified equations. The modified equations are based on the equations from the

suggested chapter 13.7 from 31.01.22 in the next Eurocode 5 with some minor modifications.

Equations form the suggested chapter 13.7:

CP mode: {( Mgz  Ngg - 1 ) L 0} (3.3)
Up = Mmax - “n;
R KR,CP 2- KR,CP

SW mode: Mgy Ngg4 3.4
Ug = max — “h; 0
KR,SW 2- Kser,anc o/
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It is possible that equation (3.3) might be inaccurate in including / (total wall length), and that
it should be /; (Segment length), when calculating CP mode.

Furthermore, it is also possible that equation (3.4) might be inaccurate when only dividing the
design vertical force by hold-down stiffness multiplied by length, and that it should be the
complete rocking stiffness for SW mode: K, g1, When doing so, the design vertical force

also needs to be multiplied by segment length.

Modified equations:
CP mode: Mgg Ngg * | (3.5
ug = max - “h; 0
Krcp 2 Kgep
SW mode: {( Mgg  Ngq'l; ) L 0} (3.6)
Ug = max - *h;
: Krsw 2 Kpsw

3.3 Numerical Calculations for Lateral Deflection of Timber Shear

Walls

The numerical calculations for lateral deflection of LTF and CLT shear walls will be done
using the finite element program SAP2000. The program will be used along with the Open
Application Programming Interface (OAPI) in conjunction with Python in order to calculate

multiple results.

In order to numerically analyse comparable results to the analytical calculations, both for the
total deflection and each contribution presented in the analytical model, several modifications
need to be done to the SAP2000 models. Modifiers are applied to E-modulus and shear
modulus (bending and shear stiffness), cross sections and stiffness of hold-downs, angle
brackets, compression links and sheathing to framing links. All can be modified to keep the
theoretical values or be modified to resist all motion in the specific way the mechanism moves,

depending on the contribution.
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3.4 Parametric Analysis of Shear Walls

In the parametric analysis of the shear walls, the focus will be on comparisons between the
analytical model presented in the next Eurocode 5 and numerical analyses performed in
SAP2000. Python will be used to generate comparisons between the numerical and analytical
models. As mentioned in chapter 2.4.2, with the OAPI in conjunction with Python, we can
open and run multiple numerical analyses in SAP2000. This provides the possibility to vary
and modify different parameters and study the influence. The analysis will be done for LTF

shear walls and monolithic- and segmented CLT shear walls.

The scrips will be created with the ability to run multiple consecutive analyses, all with
different parameters. This is done to get a broad understanding of the behaviour of the different
shear walls and get a good amount of data to do comparisons. With the amount of data provided
from the parametric analysis, the different results can be studied and compared to create
educated conclusions on the reliability of the analytical models. Scrips are available in

Appendix B-D.
For the different shear walls, these are the parameters that will be varied:

LTF:

e Loading

e Number of consecutive sheathing panels.

e Cross sections of studs and rails.

o Stiffness and spacing of the sheathing-to-framing connectors.

e Stiffness of the hold-down brackets and angle brackets.

Monolithic CLT:

e Loading.
e Length of the wall.
e Cross section of the CLT wall.

e Stiffness of the hold-down brackets and angle brackets.
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Segmented CLT:

e Loading.
e Number of consecutive CLT panels.
e Cross section of the CLT wall.

e Stiffness of the hold-down brackets, angle brackets and connectors.

The analytical models provide different contributions to the deflections of the shear walls. In
order to study the reliability of each contribution, the parametric analyses are performed with
different parametric input for each contribution separately. Not all contributions are impacted

by all parameters, hence different parametric input for each contribution.
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Total Deflection

The analysis of total deflection of LTF shear walls focus on the total deflection, and each

contribution. The analysis gives an overview of the behaviour of the wall, and how each

contribution contributes to the total deflection. For this analysis, not many parameters change.

The parameters presented in Table 3-2, Table 3-3 and Table 3-4 will be the standard for all the

analyses, and only the variating parameters will be presented in the further parametric tests.

Table 3-2: Parameters for LTF shear wall when analysing total deflection.

Parameter for LTF shear wall

Perimeter studs: 148x96mm

Internal studs and internal-perimeter studs: 148x48mm

Top rail and bottom rail: 148x96mm.

Timber quality: C24.

Panel thickness: 15mm.

One panel on each side of the wall.

3 studs per OSB panel, c¢/c 600mm.

Nail stiffness = 800.41 N/mm, c¢/c 100mm.

Angle backet stiffness = 13046 N/mm. 2 brackets at each panel.

Hold-down stiffness = 12177 N/mm. One at each end of the wall.

Loading:
- 10 kN horizontal
- 10 kN horizontal and 5 kN/m vertical.

Range 1 to 6 panels. One panel wxh = 1200x2400mm.

40



Table 3-3: Parameters for monolithic CLT shear wall when analysing total deflection.

Parameters for monolithic CLT shear wall

Panels:
- CLT100
- CLTI180

Timber quality: C24.

Angle backet stiffness = 13046 N/mm. 2 brackets at each panel.

Hold-down stiffness = 12177 N/mm. One at each end of the wall.

Loading:
- 10 kN horizontal
- 10 kN horizontal, 5 kN/m vertical.

Length 1200mm to 7200mm panel. 1200mm intervals.

Table 3-4: Parameters for segmented CLT shear wall when analysing total deflection.

Parameters for Segmented CLT shear wall

Panels:
- CLT100
- CLT180

Timber quality: C24.

Angle backet stiffness = 13046 N/mm. 2 brackets at each panel.

Hold-down stiffness = 12177 N/mm. One at each end of the wall.

Stiffness shear fasteners = 2388 N/mm

Loading:
- 10 kN horizontal
- 10 kN horizontal, 5 kN/m vertical.

Range 1 to 6 panels. One panel wxh = 1200x2400mm.
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Lateral Deflection due to In-plane Shear.

The analytical model presents the sheathing panels as the resisting element against the in-plane
shear for LTF shear walls, and the CLT panels as the resisting element for CLT shear walls.
Therefore, the main structural parameter changing for this analysis will be the sheathing panels
for LTF, and the cross section of the CLT walls. Table 3-5, Table 3-6 and Table 3-7 presents

the variable parameters for the analysis of elastic deflections due to in-plane shear.

Table 3-5: Parameters for LTF shear wall when analysing in-plane shear.

Parameter for LTF shear wall

Panel thickness:
- 9mm
- 15mm

- 22mm

Loading:
- 10 kN horizontal
- 20 kN horizontal
- 50 kN horizontal

Range 1 to 6 panels. One panel wxh = 1200x2400mm.
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Table 3-6: Parameters for monolithic CLT shear wall when analysing in-plane shear.

Parameters for monolithic CLT shear wall

Panels:
- CLT100s3 =[30,40,30]
- CLT120s5=[30,20,20,20,30]
- CLT160s5 = [40,20,40,20,40]
- CLT180s5 = [40,30,40,30,40]
Loading:
- 10 kN horizontal
- 20 kN horizontal

Length 1200mm to 7200mm panel. 1200mm intervals.

Table 3-7: Parameters for segmented CLT shear wall when analysing in-plane shear.

Parameters for Segmented CLT shear wall

Panels:
- CLT100s3 =[30,40,30]
- CLT120s5=[30,20,20,20,30]
- CLT160s5 = [40,20,40,20,40]
- CLT180s5 = [40,30,40,30,40]
loading:
- 10 kN horizontal
- 20 kN horizontal

Range 1 to 6 panels. One panel wxh = 1200x2400mm.
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Lateral Deflection due to In-plane Bending.

The analytical model presents the perimeter and trailing studs as the resisting element against

the in-plane bending for LTF shear walls, and the CLT panels as the resisting element for CLT

shear walls. Therefore, the main structural parameter changing for this analysis will be the

perimeter and trailing studs for LTF, and the cross section of the CLT walls. Table 3-8, Table

3-9 and Table 3-10 presents the variable parameters for the analysis of elastic deflections due

to in-plane bending.

Table 3-8: Parameters for LTF shear wall when analysing in-plane bending.

Parameter for LTF shear wall

Cross section perimeter and trailing studs:

- 148x96 mm
- 148x48 mm

Loading:
- 10 kN horizontal
- 20 kN horizontal

Range 1 to 6 panels. One panel wxh = 1200x2400mm.
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Table 3-9: Parameters for monolithic CLT shear wall when analysing in-plane bending.

Parameters for monolithic CLT shear wall

Panels:
- CLT100s3 =[30,40,30]
- CLT120s5=[30,20,20,20,30]
- CLT160s5 = [40,20,40,20,40]
- CLT180s5 =[40,30,40,30,40]
Loading:
- 10 kN horizontal
- 20 kN horizontal

Length 1200mm to 7200mm panel. 1200mm intervals.

Table 3-10: Parameters for segmented CLT shear wall when analysing in-plane bending.

Parameters for Segmented CLT shear wall

Panels:
- CLT100s3 =[30,40,30]
- CLT120s5=[30,20,20,20,30]
- CLT160s5 = [40,20,40,20,40]
- CLT180s5 = [40,30,40,30,40]
loading:
- 10 kN horizontal
- 20 kN horizontal

Range 1 to 6 panels. One panel bxh = 1200x2400mm.
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Lateral Displacement due to Rigid Body Sliding of the Shear Wall.

The analytical model presents the angle brackets as the resisting element against the rigid body
sliding for both LTF shear walls and CLT shear walls. Therefore, the main structural parameter
changing for this analysis will be the angle brackets. Table 3-11 presents the variable

parameters for the analysis of elastic deflections due to rigid body sliding.

Table 3-11: Parameters for all shear walls when analysing rigid body sliding.

Parameters for all shear walls

Stiffness Angle brackets:

- k=13046 N/mm
- k=26093 N/mm

Loading:
- 10 kN horizontal
- 20 kN horizontal
- 50 kN horizontal

Range 1 to 6 panels or 1200mm to 7200mm.
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Lateral Displacement due to Kinematic Rocking of the Shear Wall.

The analytical model presents the hold-down brackets as the resisting element against the

kinematic rocking for both LTF shear walls and CLT shear walls. Therefore, the main structural

parameter changing for this analysis will be the hold-down brackets. Furthermore, the shear

fasteners in segmented CLT shear walls will also contribute to the kinematic rocking. However,

this parameter will stay unchanged to make the analysis less comprehensive. Table 3-12

presents the variable parameters for the analysis of elastic deflections due to kinematic rocking.

Table 3-12: Parameters for all shear walls when analysing kinematic rocking.

Parameters for all shear walls

Stiffness Hold-down brackets:

k=12177 N/mm
k =17395 N/mm
k = 19080 N/mm
k = 30442 N/mm

Loading:

10 kN horizontal

20 kN horizontal

10 kN horizontal + 5 kN/m vertical
10 kN horizontal + 10 kN/m vertical
20 kN horizontal + 5 kN/m vertical
20 kN horizontal + 10 kN/m vertical

Range 1 to 6 panels or 1200mm to 7200mm.
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Lateral Displacement due to Deformation of Sheathing-to-framing Connections.

The analytical model presents the fastening as the resisting element against lateral displacement
due to deformation of the sheathing-to-framing connections. Therefore, the main structural
parameter changing for this analysis will be the fastening. Table 3-13 presents the variable
parameters for the analysis of elastic deflections due the deformation of the sheathing-to-

framing connections.

Table 3-13: Parameters for LTF shear walls when analysing sheathing-to-framing connections.

Parameters for LTF shear walls

Fastening:

- Ringnail: d =2,8 mm
- Ringnail: d = 3,4 mm

- Screw: d =5 mm
Spacing between nails:

- 75mm

- 100 mm
- 120 mm
- 150 mm

Loading:
- 10 kN horizontal
- 20 kN horizontal
- 50 kN horizontal

Range 1 to 6 panel. One panel wxh = 1200x2400mm.

48



Lateral Displacement due to Deformation of the Bottom Rail Perpendicular to the Grain

under the Trailing Stud.

The analytical model presents the bottom rail as the resisting element against lateral

displacement due to deformation of the bottom rail perpendicular to the grain under the trailing

stud. Therefore, the main structural parameter changing for this analysis will be the bottom rail.

Table 3-14 presents the variable parameters for the analysis of elastic deflections due to the

deformation of the bottom rail perpendicular to the grain under the trailing stud.

Table 3-14: Parameters for LTF shear walls when analysing deformation of the bottom rail.

Parameters for LTF shear walls

Cross section of the bottom rail:

148x96 mm
148x48 mm

Loading:

10 kN horizontal

20 kN horizontal

10 kN horizontal + 5 kN/m vertical
10 kN horizontal + 10 kN/m vertical
20 kN horizontal + 5 kN/m vertical
20 kN horizontal + 10 kN/m vertical

Range 1 to 6 panel. One panel wxh = 1200x2400mm.
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3.5 Setup FE models of Shear walls

As mentioned in chapter 2.4.1, SAP2000 is a finite element modelling software, and is going
to be the software used to model the numerical models and run numerical analyses. The setup
of the FE model needs to be done with considerations to the different parameters presented in

chapter 3.4, as well as the input needed in the analytical models presented chapter 2.3.

All the modelling of the parametric part is done using OAPI in conjunction with Python and
can be found in Appendix B and C. The modelling is done in a way that gives opportunities to

create many different wall configurations using the same procedure and changing the input.

3.5.1 LTF Shear Walls

The LTF model in SAP2000 consists of shell, frame and link elements defined in a way that
simulate the behaviour of a LTF shear wall. The framing is hinged so it cannot distribute any
rotational forces, and connections between the frame and the sheathing are defined as link
elements resisting in-plane deformation. Sheathing elements are defined as membrane
elements. To simulate hold-downs, angle brackets and compressive support, links are placed
between bottom of the framing and restraints. Angle brackets are defined to only resist base
shear forces as a linear link, and hold-downs are defined as hook link, so they only resist tensile
forces. Also, gap links are used to withstand compressive forces under every stud without
constraining tensile motion. Horizontal loading of the frame is applied in a point in the upper
left corner while the vertical loads are applied on the top of the frame. A schematic visualization

of the SAP2000 model is illustrated in Figure 3-1.

To avoid transfer of stress between the sheathing elements, a gap is set between the
neighbouring sheets. At the meeting edges of the sheathing elements, a problem occurs for the
in-plane resisting links. The links need to stay perpendicular to the sheathing elements to
behave in the correct manner and the problem is solved by creating a body constraint between

the ends of the pairing links and a node on the cohering stud. This is illustrated in Figure 3-2.
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To simulate the different contributions of the analytical calculations described in chapter 2.3,
the parametric control of the numerical model needs to be able to manipulate the behaviour of

individual components in the model.

For simulating lateral deflection due to in-plane shear, all links are set to act as rigid
connections, the framing is set to be infinitely stiff, and the sheathing panels is modified to not
be able to bend, so the only contributing factor in the simulations are the in-plane shear of the

sheathing.

For simulating lateral deflection due to in-plane bending, all links are set to act as rigid
connections, the framing is set to be infinitely stiff against shear, and the sheathing panels is
modified to not be able to deform due to shear, so the only contributing factor in the simulations

are the in-plane bending of the sheathing and framing.

For simulating lateral displacement due to rigid body sliding of the shear wall, sheathing panels
are set to not deform due to both bending and shear forces, the framing elements are modified
to not contribute to deflection and the sheathing-to-framing, hold-downs and compression links

are modified to not contribute to the deflection.

Lateral displacement due to kinematic rocking of the shear wall is simulated by modifying
sheathing panels to not deform due to both bending and shear forces, the framing elements are
modified to not contribute to deflection and the sheathing-to-framing, angle brackets and

compression links are modified to not contribute to the deflection.

Lateral displacement due to deformation of the sheathing-to-framing connections is modeled
by modifying sheathing panels to not deform due to both bending and shear forces and the
hold-downs, angle brackets and compression links are modified to not contribute to the

deflection.

For lateral displacement due to the deformation of the bottom rail perpendicular to the grain
under the trailing stud, sheathing panels are modified to not deform due to both bending and
shear forces, the framing elements are modified to not contribute to deflection and the hold-
downs, angle brackets and sheathing to framing links are modified to not contribute to the

deflection.
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3.5.2 CLT Shear Walls

The CLT model in SAP2000 consists of thin shell elements and link elements. The monolithic
model consists of only one shell, and the segmented is put together by several shells connected
by linear links and body constraints, to simulate the shear connectors between the panels and
the resistance obtained by contact between the panels. The constraint stops deformation in the
forced direction, and the link resists deformation due to sliding between the segments.
Restraining of the model is done by placing links between the restraints and the bottom of the
CLT panels. Hook links that only resist tensile forces are used to simulate the function of hold-
downs, linear links are used to simulate angle brackets, and gap links that only resist motion

due to compressive forces are used to restrain movement downwards.

Shear connector
and body constraint
e e N

CLT Panel | |
\\ M

|

|

|

|

| [

|

|

|

\
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Hold down — T Hold down
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Compression hnk Compresswn link
Angle Bracket Angle Bracket

Compression link

Figure 3-3: Schematic visualization of CLT in SAP2000.
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To simulate the different contributions of the analytical calculations described in chapter 2.3,
the parametric control of the numerical model needs to be able to manipulate the behaviour of

individual components in the model.

For simulating lateral deflection due to in-plane shear, angle brackets, hold-downs and shear
connectors between the panels are set to not deform, and the CLT panels is modified to not be
able to bend, so the only contributing factor in the simulations are the in-plane shear of the

panels.

For simulating lateral deflection due to in-plane bending, all links are set to act as rigid
connections, and the CLT panels is modified to not be able to deform due to bending, so the

only contributing factor in the simulations are the in-plane shear of the panels.

For simulating lateral displacement due to the rigid body sliding of the shear wall, CLT panels
are set to not deform due to both bending and shear forces and the hold-downs, compression

links and shear connectors between panels are modified to not contribute to the deflection.

Lateral displacement due to kinematic rocking of the shear wall is simulated by modifying CLT
panels to not deform due to both bending and shear forces and the angle brackets and

compression links are modified to not contribute to the deflection.

3.6 Modal Analysis of Building

After the static analysis of the different shear walls, the next step in analysing the reliability of
the calculation models in Serviceability Limit State will be to do a modal analysis of a multi
storey building. The modal analysis will be performed using SAP2000 in conjunction with
Python by the help of the OAPI. The InnoRenew CoE research institute’s new headquarters,

located in Isola, Slovenia, will be analysed.
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3.6.1 Model

The InnoRenew building is a hybrid structure of CLT, steel and concrete elements. The main
structural elements at the second, third and fourth floor of the building are CLT shear walls,
while the walls on the first floor consists of concrete. A concrete slab is placed between the
first and second floor, while the rest of the floors consists of CLT panels. In the core of the
building there is a steel frame to support the floors in the third and fourth floor as well as the
roof, this is visualized in Figure 3-5 a). A concrete shaft is placed in one of the corners of the
building from the ground all the way to the roof, visualized in Figure 3-5 a). Furthermore, there
are some timber frame elements around the perimeter of the building to support the CLT floor
elements between the column-like structure of the outer walls, as shown in Figure 3-5 b). A

visualization of the structure in its whole can be found in Figure 3-4.

Figure 3-4: SAP2000 model of building.
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a) b)

Figure 3-5: Structural elements in the building.

The geometry of the FE model is based on a 3D-model of the actual structure provided by the
InnoRenew CoE. CLT panels are defined as thin shell sections with a specific orthotropic
material, which gives the area section one E-modulus and one shear modulus for each direction
as given by the material. Concrete walls are defined as thin shell sections with the same
isotropic material for every section. The wood and steel framing are modelled as frame

elements with cross section and material properties for the given elements.

SAP2000 has a limitation where meeting area elements does not connect to each other unless
the two areas share at least two nodes. This problem has been taken care of by assigning edge
constraints to all area elements, making them connect to each other without sharing corner

nodes.

To restrain the bottom of the concrete walls in the basement, restraints are placed at every node
created by the meshing at the base of the wall elements on the first floor. This makes the model
restrained at the ground level with a consistent distance that is the same as the meshing size.
All restraints stop movement in the three translational degrees of freedom and are free to rotate.
It is also important to note that the building is surrounded by lower raised buildings; however,

these are not included in the model stiffness.
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3.6.2 Meshing

To create an accurate model, the mesh needs to be fine enough to give accurate results without
making the model too complicated for the computer to run. To test this, several runs of the
same model with different meshing sizes are run and compared. The results will be considered

in choosing the mesh size for further analysis.

3.7 Experimental Campaign

The experimental tests have been executed by InnoRenew CoE between March 2021 to April
2022. During this time, the building has been through several stages of completion, from only
structural elements to finished building. Also, some of the tests are executed with forced input,
using a shaker in the locations showed in Figure 3-8 and Figure 3-9. The experimental
measurements are extracted using five sensors in three different setups. The setup and locations
off all sensors in the building are presented in Figure 3-6, Figure 3-7, Figure 3-8 and Figure
3-9. The first setup is sensors 1, 2, 3, 4 and 5, second setup is sensors 1°, 2, 3°, 4’ and 5, and
the third setup is sensors 1°°, 2°°, 3°’, 4* and 5. The three setups share sensor 5, which is a

reference sensor.

The dataset used in this thesis is from a forced vibration test executed on 30.03.2022, from the
sensors 1, 2, 3,4 and 5. Response was recorded while a shaker sweeps across frequencies from
2 to 22 Hz, at a rate of 5 Hz/h. The data from the tests has been interpreted and normalized
using SSI analysis before provided to the authors to be compared to the FE model for model

updating.
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3.8 Finite Element Model Updating

Updating of the SAP2000 model is done using advanced programming tools in Python. The
technique used is a differential evolution function, explained in chapter 2.7.2. To compare the
experimental and the numerical results, equation (2.34) for CCi, as presented in chapter 2.7.1,

is used.
For the updating process, the parameters used in the differential evolution is:

e Population size: 60
e Mutation constant: 0.9

e Recombination constant: 0.8

For this single set of experimental data, it is only possible to update the building for eighter
mass or stiffness, and the mass is chosen for the updating. The parameters used in the updating
are uniformly distributed load on the roof, uniformly distributed load on each internal floor and
line load along the perimeter of the building to simulate facades. The loading is included into
the mass source of the modal analysis and will behave like an additional mass. The range of
loading on the roof is 0 kN/m? to 2 kN/m?, the range of loading on the internal floors are 0
kN/m? to 2 kN/m? and the loading from the facades ranges from 0 kN/m to 4 kN/m. The initial
additional mass parameter utilized in the identification of the modal analysis are 0 kN/m?
additional mass from the roof, 0 kN/m? additional mass from the internal floors and 0 kN/m

additional mass from the facades, making self-weight the only mass contribution.
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4 Results

Presented in this chapter are the results both from the parametric analysis and the modal
analysis with the model updating. Chapter 4.1 includes the results from the parametric analysis
conducted on LTF shear walls. Chapter 4.2 and 4.3 includes the results from the parametric
analysis conducted on CLT shear walls, respectively monolithic and segmented CLT shear
walls. A summary of the extensive parametric analysis is presented in chapter 4.4. Lastly the

results from modal analysis and model updating are presented in chapter 4.5.

4.1 Parametric Analysis of LTF Shear Walls

A selection of the result from the parametric analyses on the LTF shear walls are presented in
this chapter. The most relevant results are presented, while all results can be found in Appendix

A.

4.1.1 Total Deflection
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Figure 4-1: In-plane shear when calculating total deflection of LTF.
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In-plane bending
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Figure 4-2: In-plane bending when calculating total deflection of LTF.
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Figure 4-3: Rigid body sliding when calculating total deflection of LTF.
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Figure 4-4: Kinematic rocking when calculating total deflection of LTF.
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Figure 4-5: Sheathing-to-framing deflection when calculating total deflection of LTF.
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Figure 4-6: Bottom rail compression when calculating total deflection of LTF.
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Figure 4-7: Total deflection of LTF.



The figures above illustrate results of lateral deflection of LTF shear walls. Lateral deflections
in millimeter [mm] are shown in the vertical axes. Wall length is shown in mm at the horizontal
axes as number of consecutive sheathing panels multiplied by length of one panel. Both results
from analytical and numerical calculations are illustrated in order to present a comparison
between the two models. The numerical results are plotted as continuous curves, whereas the
analytical are plotted as dashed curves. Different parameters are plotted with colors, in this
case different loading. H10VO0 represents a horizontal load of 10 kN and zero vertical load,

whereas H10VS5 represents a horizontal load of 10 kN and a vertical load of 5 kN/m.

e From Figure 4-1, in-plane shear matches up almost perfectly, and there is no difference
with or without vertical loading.

e From Figure 4-2, analytical calculations of in-plane bending seems to be somewhat
conservative in comparison to the numerical calculations, and there is almost no
difference with or without vertical loading.

e From Figure 4-3, rigid body sliding match up perfectly, and there is no difference with
or without vertical loading.

e From Figure 4-4, the kinematic rocking does not match up, and a difference is observed
on the lateral deflection with the addition of vertical loading.

e For sheathing-to-framing, form Figure 4-5, there is a difference between the two models
where analytical seem to be conservative in comparison to the numerical. There can
also be seen no difference with or without vertical loading.

e Bottom rail compression is one of the smallest contributions. From Figure 4-6, the
analytical model also looks to be conservative in comparison to the numerical model.

e From Figure 4-7, it can be observed that the total deflection of analytical and numerical
calculations are generates similar results, where analytical is somewhat conservative in

comparison to the numerical.
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4.1.2 Lateral Deflection due to In-plane Shear
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Figure 4-8: Lateral deflection of LTF due to in-plane shear.

Figure 4-8 illustrates the results for the lateral deflection due to in-plane shear of a LTF shear

wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the thickness

of the sheathing panels. Increasing loading do not affect the difference between the two models.

Results from increasing loading can be found in Appendix A.

It can be observed that the analytical and numerical models match up almost perfect for all the

different parameters.

4.1.3 Lateral Deflection due to In-plane Bending
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Figure 4-9: Lateral deflection of LTF due to in-plane bending.
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Figure 4-9 illustrates the results for the lateral deflection due to in-plane bending of a LTF
shear wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the
cross sections of the external studs. Increasing loading does not affect the difference between

the two models. Results from increasing loading can be found in Appendix A.

It can be observed that the analytical and numerical models do not match up and the analytical
model seem to be conservative in comparison to the numerical model. Also, a smaller cross

section produces a bigger deviation between analytical and numerical calculations.

4.1.4 Lateral Displacement due to Rigid Body Sliding of the Shear Wall
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Figure 4-10: Lateral deflection of LTF due to rigid body sliding.

Figure 4-10 illustrates the results for the lateral deflection due to rigid body sliding of a LTF
shear wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the
different stiffnesses used for the angle brackets. Increasing loading do not affect the difference

between the two models. Results from increasing loading can be found in Appendix A.

It can be observed that the analytical and numerical models match up perfectly for all the
different parameters. When results are spot on, the dashed curve overlaps with the continuous

curve.
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4.1.5 Lateral Displacement due to Kinematic Rocking of the Shear Wall
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Figure 4-11: Lateral deflection of LTF loaded with H10V0 due to kinematic rocking.
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Figure 4-12: Lateral deflection of LTF loaded with H20V5 due to kinematic rocking.
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Table 4-1: Difference for kinematic rocking of LTF with k = 12177 N/mm.

Difference between analytical and numerical models with hold-down stiffness, k = 12177
N/mm

Wall length [mm] H=10KkN, V=0KkN/m H=20KkN, V=5kN/m

1x1200 19,00 % 19,65 %
2x1200 18,98 % 22,31 %
3x1200 18,97 % 32,84 %
4x1200 18,95 % 0,00 %
5x1200 18,93 % 0,00 %
6x1200 18,91 % 0,00 %

Table 4-2: Difference for kinematic rocking of LTF with k = 17395 N/mm.

Difference between analytical and numerical models with hold-down stiffness, k = 17395
N/mm

Wall length [mm] H=10KkN, V=0KkN/m H=20KkN, V=5kN/m

1x1200 19,00 % 19,65 %
2x1200 18,98 % 22,31 %
3x1200 18,97 % 32,84 %
4x1200 18,95 % 0,00 %
5x1200 18,93 % 0,00 %
6x1200 18,91 % 0,00 %

Table 4-3: Difference for kinematic rocking of LTF with k = 30442 N/mm.

Difference between analytical and numerical models with hold-down stiffness, k = 30442

N/mm

Wall length [mm]

H=10kN, V=0 kN/m

H=20kN, V=5kN/m

1x1200 19,00 % 19,65 %
2x1200 18,97 % 22,29 %
3x1200 18,94 % 32,78 %
4x1200 18,91 % 0,00 %
5x1200 18,88 % 0,00 %
6x1200 18,85 % 0,00 %
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Figure 4-11 and Figure 4-12 illustrates the results for the lateral deflection due to kinematic
rocking a LTF shear wall. In Figure 4-11 the wall is loaded with a lateral load of 10 kN, whereas
in Figure 4-12 the wall is loaded with a lateral load of 20 kN and a vertical load of 5 kN/m.
The changed parameter represented by the colours are stiffnesses of the hold-down brackets.
Increasing loading do not affect the difference between the two models. Results from increased

load can be found in Appendix A.

It can be observed that the analytical and numerical models do not match up and the analytical
model seem to be conservative. The analytical model is consistently around 18-19 % larger
than the numerical model when the shear wall is only affected by lateral forces. When adding
vertical load there are still matching differences, however, the difference increases with the
length of the wall. The stiffness of the hold-down brackets makes a neglectable difference.
This is illustrated in Table 4-1, Table 4-2 and Table 4-3.

4.1.6 Lateral Displacement due to Deformation of Sheathing-to-framing
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Figure 4-13: Sheathing-to-framing deflection with 2,8mm ring nail diameter.
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Figure 4-14: Sheathing-to-framing deflection with 3,4mm ring nail diameter.
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Figure 4-15: Sheathing-to-framing deflection with Smm screw diameter.

Figure 4-13, Figure 4-14 and Figure 4-15 illustrates the results for the lateral deflection due to
the deformation of sheathing-to-framing connections for a LTF shear wall loaded with a lateral
load of 10 kN. Parameter represented by the colours are the different nail spacings. Increasing
load do not affect the difference between the two models. Results from increased loading can

be found in Appendix A.

It can be observed that the analytical and numerical models do not match up. Furthermore, all
the different parameters tested made an impact on the deviation between the analytical and
numerical calculations. The analytical model led to grater deflections compared to the
numerical model both when the stiffness of the fasteners reduces, and when the spacing

between the fasteners increases. As well as when the length of the wall increases.
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4.1.7 Lateral Displacement due to Deformation of the Bottom Rail Perpendicular
to the Grain under the Trailing Stud
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Figure 4-16: Bottom rail deflection loaded with H10V0.
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Figure 4-17: Bottom rail deflection loaded with HI0V10.

Figure 4-16 and Figure 4-17 illustrates the results of lateral deflection due to deformation of
the bottom rail perpendicular to the grain under the trailing stud. In Figure 4-16 the wall is
loaded with a lateral load of 10 kN, whereas in Figure 4-17 the wall is loaded with a lateral
load of 10 kN and a vertical load of 10 kN/m. Parameter represented by the colours are the
cross sections of the bottom rail. Increasing load do not affect the difference between the two

models. Results from increased loading can be found in Appendix A.

It can be observed that the analytical and numerical models do not match up and the analytical

model seem to be more conservative with decreased vertical loading. When only vertical load
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increases, the difference between the two model gets smaller. Also, a larger cross section

produces a larger difference between analytical and numerical calculations.

4.2 Parametric Analysis of Monolithic CLT Shear Walls

A selection of the result from the parametric analyses performed on the monolithic CLT shear

walls are presented in this chapter. Only the results of most relevance are presented, while all

results can be found in Appendix A.

4.2.1 Total Deflection

Deflection [mm]
=] (=] (=] (=] (=]
o [ P [¥1) [¥1)
(% (=] i (=] w

=
=
=

0.05

In-plane Shear

CLT100

—— FEM H10VO

=== Analytical H10V0
FEM H10VS
Analytical H10VS

1200

2400

3-6:‘.]0 4860 EOIUD ?ZICID
Wall length [mm]

Figure 4-18: In-plane shear when calculating total deflection of monolithic CLT100.
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Figure 4-19: In-plane bending when calculating total deflection of monolithic CLT100.
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In-plane bending CLT180
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Figure 4-20 In-plane bending when calculating total deflection of monolithic CLT180.
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Figure 4-21: Rigid body sliding when calculating total deflection of monolithic CLT00.
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Figure 4-22 Kinematic rocking when calculating total deflection of monolithic CLT100.
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Figure 4-23: Total deflection of monolithic CLT100.
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Figure 4-24: Total deflection of monolithic CLT180.

In-plane shear match up perfectly, as shown in Figure 4-18. There is no difference with
or without vertical loading.

From Figure 4-19 and Figure 4-20, In-plane bending calculated by the numerical model
generated larger deflections then analytical calculations. Also, there is a very small
difference with or without vertical loading which the analytical model does not
consider.

Rigid body sliding match up perfectly, as shown in Figure 4-21. Also, there is no
difference with or without vertical loading.

From Figure 4-22, the kinematic rocking does not match up. Addition of vertical
loading make a difference.

From Figure 4-23 and Figure 4-24, it can be observed that the total deflection of

analytical and numerical calculations are generates similar results.
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4.2.2 Lateral Deflection due to In-plane Shear

In-plane Shear H1O0VO
040 4
— FEM CLT100s3
=== Analytical CLT100s3
035 FEM CLT120s5
N Analytical CLT120s5
030 \-__ —— FEM CLT160s5

—=~ Analytical CLTL&0s5
—— FEM CLT180s5
=== Analytical CLT180s5

Deflection [mm]
(=]
[ )
(=]

T T T T T T
1200 2400 3600 4800 6000 7200
Wall length [mm]

Figure 4-25: Lateral deflection of monolithic CLT due to in-plane shear.

Figure 4-25 illustrates the results for the lateral deflection due to in-plane shear of a CLT shear
wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the different
dimensions of CLT panels. Different loading does not affect the difference between the two

models. Results from different loading can be found in Appendix A.

It can be observed that the analytical and numerical models perfectly match for all different

parameters. When results are spot on, the dashed curve overlaps with the continuous curve.

4.2.3 Lateral Deflection due to In-plane Bending.
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Figure 4-26: Lateral deflection of monolithic CLT due to in-plane bending.
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Figure 4-26 illustrates the results for the lateral deflection due to in-plane bending of a CLT
shear wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the
different dimensions of CLT panels. Different loading does not affect the difference between

the two models. Results from different loading can be found in Appendix A.

It can be observed that the analytical and numerical models do not match up and analytical
model seem to be radical. Larger panel cross sections produce an increase in difference between
analytical and numerical calculations. The numerical model also produces very similar results

for the different panels, except for CLT180s5, whereas the analytical has a linear difference.

4.2.4 Lateral Displacement due to Rigid Body Sliding of the Shear Wall
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Figure 4-27. Lateral deflection of monolithic CLT due to rigid body sliding.

Figure 4-27 illustrates the results for the lateral deflection due to rigid body sliding of a CLT
shear wall loaded with a lateral load of 10 kN. Parameter represented by the colours are the
different stiffness used for the angle brackets. Increasing load does not affect the difference

between the two models. Results from increased loading can be found in Appendix A.

It can be observed that the analytical and numerical models match up perfectly for all the

different parameters. When results are spot on, the dotted line overlaps with the consecutive

line.
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4.2.5 Lateral Displacement due to Kinematic Rocking of the Shear Wall
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Figure 4-28: Lateral deflection of monolithic CLT with HI0V0 due to kinematic rocking.
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Figure 4-29: Lateral deflection of monolithic CLT with H20V5 due to kinematic rocking.

Table 4-4: Difference for kinematic rocking of monolithic CLT with k = 12177 N/mm.

Difference between analytical and numerical models with hold-down stiffness, k = 12177

N/mm

Wall length [mm)]

H=10kN, V=0kN/m

H=20kN, V=5kN/m

1x1200 18,99 % 19,64 %
2x1200 18,99 % 19,64 %
3x1200 18,99 % 19,65 %
4x1200 19,00 % 22,32 %
5x1200 19,00 % 0%
6x1200 19,00 % 0 %
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Figure 4-28 and Figure 4-29 illustrates the results for lateral deflection due to kinematic
rocking of a monolithic CLT shear wall. In Figure 4-28 the wall is loaded with a lateral load
of 10 kN, whereas in Figure 4-29 the wall is loaded with a lateral load of 20 kN and a vertical
load of 5 kN/m. Parameter represented by the colours are the stiffness of the hold-down
brackets. Increasing load does not affect the difference between the two models. Results from

increased loading can be found in Appendix A.

It can be observed that the analytical and numerical models do not match up. The analytical
model consistently generates around 18-19 % larger results than the numerical model when the
shear wall is only affected by lateral forces. This is shown in Table 4-4. When adding vertical
load there are still matching differences, however, the difference increases with the length of
the wall. The variation of the hold-down stiffnesses made a neglectable difference in deviation

between the calculation models.

4.3 Parametric Analysis of Segmented CLT Shear Walls

A selection of the results from the parametric analysis performed on the segmented CLT shear
walls are presented in this chapter. Only the results of most relevance are presented, while all

results can be found in Appendix A.
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Figure 4-30: In-plane shear when calculating total deflection of segmented CLT100.
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Figure 4-31: In-plane bending when calculating total deflection of segmented CLT100.
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Figure 4-32: In-plane bending when calculating total deflection of segmented CLT180.
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Figure 4-33: Rigid body sliding when calculating total deflection of segmented CLT100.
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Figure 4-34: Kinematic rocking when calculating total deflection of segmented CLT100.
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Figure 4-35: Total deflection of segmented CLT100.
Total deflection CLT180
—— FEM HIOVO
175 4 ——- Analytical H1OVO
FEM H10VS
150 Analytical H10VS
- 125 4
E
E
5 100 1
2
o
% 075 1
0.50 - e TR M‘“‘m__ -----------
025 | TRy,  TRTEa B L
: . . : .
21200 1200 41200 5x1200 1200

Wall length [mm]

Figure 4-36: Total deflection of segmented CLT180.
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Figure 4-37: Total deflection summed by contributions of segmented CLTI00.
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Figure 4-38: Total deflection summed by contributions of segmented CLT180.

In-plane shear match up almost perfectly, as illustrated in Figure 4-30. There can be
seen no difference with or without vertical loading.

From Figure 4-31 and Figure 4-32, it can be observed that the analytical model
generates smaller deflections than the numerical model for in-plane bending. There is
no difference with or without vertical loading.

Rigid body sliding match up perfectly, as shown in Figure 4-33. There can be seen no
difference with or without vertical loading.

Showing in Figure 4-34, kinematic rocking match up perfectly when only exposed to

horizontal load, but when exposed to both horizontal and vertical load the models differ.
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e The total deflections generated in the two models are close to each other. However,
there is a significant difference when looking at the total deflection given by SAP2000
in Figure 4-35 and Figure 4-36, and the total deflection found by summing up the
contributions given by SAP2000 in Figure 4-37 and Figure 4-38.

4.3.2 Lateral Deflection due to In-plane Shear
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Figure 4-39: Lateral deflection of segmented CLT due to in-plane shear.

Figure 4-39 illustrates the results for the lateral deflection due to in plane-shear of a segmented
CLT shear wall loaded with a lateral load of 10 kN. Parameter represented by the colours are
the different dimensions of CLT panels. Different loading does not affect the difference

between the two models. Results from different loading can be found in Appendix A.

From the analysis it can be seen that the analytical and numerical models match up very close

to perfect for all the different parameters.
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4.3.3 Lateral Deflection due to In-plane Bending
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Figure 4-40: Lateral deflection of segmented CLT due to in-plane bending.

Figure 4-40 illustrates the results for the lateral deflection due to in-plane bending of a
segmented CLT shear wall loaded with a lateral load of 10 kN. Parameter represented by the
colours are the different dimensions of CLT panels. Altering the loading does not affect the

difference between the two models. Results from different loading can be found in Appendix

A.

It can be observed that the analytical and numerical models do not match up and the analytical

model seems to generate smaller deflections than the numerical model. The total thickness of

the vertical layers for CLT180s5 and CLT160s5 are the same, and therefore the analytical

calculations for the two different panels match up, and the dashed red and green curves are

overlapping.
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4.3.4 Lateral Displacement due to Rigid Body Sliding of the Shear Wall
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Figure 4-41: Lateral deflection of segmented CLT due to rigid body sliding.

Figure 4-41 illustrates the results for the lateral deflection due to ridged body sliding of a
segmented CLT shear wall loaded with a lateral load of 10 kN. Parameter represented by the
colours are the different stiffness used for the angle brackets. Increasing load do not affect the

difference between the two models. Results from increased loading can be found in Appendix
A.

It can be observed that the analytical and numerical models match up perfectly for all the
different parameters. When results are spot on, the dashed curve overlaps with the continuous

curve
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4.3.5 Lateral Displacement due to Kinematic Rocking of the Shear Wall
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Figure 4-42: Lateral deflection of segmented CLT with HI0V0 due to kinematic rocking.
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Figure 4-43: Lateral deflection of segmented CLT with HIOVS due to kinematic rocking.
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Figure 4-44: Lateral deflection with modified equations of segmented CLT with HI10VS due to kinematic rocking.



Figure 4-42, Figure 4-43 and Figure 4-44 illustrates the results for the lateral deflection due to
kinematic rocking a segmented CLT shear wall. In Figure 4-42 the wall is loaded with a lateral
load of 10 kN, whereas in Figure 4-43 and Figure 4-44 the wall is loaded with a lateral load of
10 kN and a vertical load of 5 kN/m. Figure 4-44 represents the results from the modified
equations presented in chapter 3.2. Parameter represented by the colours are the stiffness of
the hold-down brackets. Increasing load does not affect the difference between the two models.

Results from increased loading can be found in Appendix A.

The analytical equations presented in the upcoming Eurocode 5 is perfectly matching the
numerical model when subjected only to lateral forces. However, when including vertical load,

the equations are way off. The modified equations on the other hand, match up almost perfectly.

4.4 Summary of the Results from the Parametric Analysis

Many of the analytical equations match up close to the numerical calculations from SAP2000.
For all the shear wall technologies comparison of the in-plane shear between numerical and
analytical models matches eighter perfect or very close to perfect, and rigid body sliding

comparison gives results that is indistinguishable.

The analytical equation for kinematic rocking is somewhat conservative for both LTF and
monolithic CLT shear wall with a difference of about 18-19 % between analytical and
numerical models. As for segmented CLT shear wall, the analytical equations presented in the
upcoming Eurocode 5 is perfectly matching the numerical model when only subjected to lateral
forces. However, when including vertical load, the equations are way off. On the other hand,

the modified equations presented in chapter 3.2 almost match up perfectly.

Results from both LTF and the two CLT shear walls for lateral deflection due to in-plane
bending indicate that the numerical and analytical calculations do not match up. There can be
seen no consistency in the results, where the analytical equation looks to be conservative when

analysing the LTF, and radical when analysing the CLT shear walls.

Both lateral deflection due to deformation of sheathing-to-framing connections and lateral
deflection due to deformation of the bottom rail perpendicular to the grain under the trailing

stud only apply to LTF. The analytical equation for the sheathing-to-framing deflection do not
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match up to the numerical. Furthermore, all the different parameters tested made an impact on
the deviation between the analytical and numerical calculations. The analytical model led to
greater deflections compared to the numerical model both when the stiffness of the fasteners
reduces, when the spacing between the fasteners increases, as well as when the length of the
wall increases. The analytical equation for deflection due to compression perpendicular to the
grain seem to be conservative when inflicted with less vertical load. When only vertical load
increases, the deviation between the two model gets smaller. Furthermore, cross section seems

to have an impact on difference between analytical and numerical models.

4.5 Modal Analysis and Finite Element Model Updating

4.5.1 Meshing Sensitivity

The range analysed is from 2000mm to 100mm with increments of 100mm, and it is limited
by the capacity of the software and the computers running the analysis. The densest mesh gives
an execution time of just over 3000 seconds on the hardware that is used, while the all the mesh
sizes larger than 800mm gives around 14 seconds of calculation. The goal of an analysis like
this is to find a threshold where the result from the changing mesh converges. However, results
from meshing density analysis do not converge in the range that is possible to analyse with the
tools available. Furthermore, it can be observed in Figure 4-45 that the calculated
eigenfrequency declines with denser mesh. This makes the choice of mesh hard, however, to
keep execution time in a sensible range a maximum 500mm mesh in all directions are chosen

for the modal analysis.
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Figure 4-45: Result of mesh density analysis.

4.5.2 Finite Element Model Updating

The updating procedure gave additional masses presented in Table 4-5 for the roof, internal

floors, and facades. All the updated results are extracted using the values in Table 4-5.

Table 4-5: Additional mass after FE updating.

Additional Mass

Floors [kN/m?] Roof [kN/m?] Facades [kN/m]

0.054 1.880 0.000




The finite element model generated initial frequencies and frequencies after updating shown in
Table 4-6 along with the experimental frequencies. The analysis provided the mode shapes for
the three modes explored in this thesis. Using the mode shapes, a value of MAC is found, and
presented alongside the error contribution of the frequency and lastly the CCio of both the
initial and updated models in Table 4-7 and Table 4-8.

Table 4-6: Experimental, Initial and Updated frequencies

Frequencies from modal identification

Mode. Experimental Initial frequency. Updated frequency.
frequency. [Hz] [Hz] [Hz]
1 4,630 5,199 4,024
2 5,566 7,014 5,566
3 6,363 7,286 7,121

Table 4-7: Initial Error Calculation

Initial Error Calculation

Mode M MAC CCiot
Jexp
1 0,123 0,954
2 0,260 0,849 1,277
3 0,145 0,448
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Table 4-8: Updated Error Calculation

Updated Error Calculation

Mode M MAC CCot
fexp
1 0,131 0,967
2 0,000 0,850 0,705
3 0,119 0,728

The mode shapes generated in the initial and updated modal analysis of the InnoRenew CoE
headquarters are visualized as columns in Figure 4-46, Figure 4-47 and Figure 4-48, along with
the mode shapes from the experimental campaign for the three modes evaluated. The figures
present normalized displacement for each of the five locations of sensors (S1 to S5), in X, Y
and Z direction. It is worth noting the similarities between the three result sets for the first and

the second mode, while there are little similarities in mode three.
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Figure 4-46: Comparison of mode shapes, mode 1.
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Figure 4-47: Comparison of mode shapes, mode 2.
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Figure 4-48: Comparison of mode shapes, mode 3.
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5 Discussions

In this chapter, a discussion and evaluation of the results for both the parametric and the modal
analyses are presented. The parametric analysis is discussed and evaluated in chapter 5.1, and

the modal analysis in chapter 5.2. Further works are presented in chapter 5.3.

5.1 Parametric Analysis

The parametric analysis of the elastic lateral deflection of the different timber shear walls
provided a broad spectrum of results giving a possibility to discuss the strengths and
weaknesses of the analytical equations suggested for the upcoming Eurocode 5. The layout of
this chapter is divided into subchapters, one for each deflection contribution, as well as a

subchapter with an overall discussion of the analysis.

Lateral Deflection due to In-plane Shear.

The lateral deflection due to in-plane shear provided almost identical results from the analytical
and numerical calculations both for the LTF and CLT shear wall technologies. As such the

reliability of the analytical equations seem to be acceptable.

The similarities begin with the shear modulus given to the shell elements used for CLT panels
and the sheathing for the LTF in the numerical calculation are the same as the one used in the
analytical calculations. As the deflections of the shear walls are elastic, the analytical
calculation of the deflection, as mentioned in chapter 2.3, are based on Hooke’s law with linear
elastic behaviour, and the stress-strain ratio defining the shearing. This relates to the numerical
model which also, as mentioned in chapter 2.4.1, computes shearing from the stress-strain

relationship.

Because the shear resistance of the sheathing exceeds the rest of the structure in the LTF
technology by significant amount, it looks to be adequate only to calculate the shearing
deflection based on the sheathing and neglect the framing as a contributing factor. As the shear
resistance of the CLT panels is the only resistance against shear in the CLT technology, the

analytical equations are adequate to the model tested. Furthermore, as the CLT panels are

92



modelled as a thin shell in this thesis, the correlation between shear modulus and panel
thickness in the analytical and numerical calculations will be identical. In reality, this approach
may not be exact, and a layered model which account for lamellas in the CLT panel might be
more accurate as it includes longitudinal and perpendicular layers. However, the approach of
thin shell is adequate in this thesis as the deflections does not surpass the elastic range and will
not reach failure modes such as failure from torsional and un-directional shear stresses in the

transfer of shear forces between adjacent layers.

Lateral Deflection due to In-plane Bending.

The analysis of this contribution provided little consistency in the results. The analytical
equation seemed to be conservative when analysing the LTF, and radical when analysing the
CLT shear walls in comparison to the numerical model. Furthermore, the results gave a lot of

variation when cross sections, both for LTF and CLT walls were changed up.

As mentioned in chapter 2.3, the analytical equations are equal to the Euler-Bernoulli deflection
for a cantilever beam. One can ponder on the transferability of calculation models from Euler-
Bernoulli beam theory to the deflection of shear walls. If the knowledge of the effective
bending stiffness, based on modulus of elasticity and the moment of inertia of the shear wall
are correct, the Euler-Bernoulli theory might be a correct approach for the deflection due to in-
plane bending. However, in the analytical equations, the calculation of the effective moment

of inertia is considerably simplified.

In the analytical calculations of bending stiffness for the LTF shear walls, only the cross
sections of the perimeter studs and the wall length are accounted for. For CLT shear walls, only
the thickness of the vertical layers and the wall length are accounted for. This arranges for a
dissimilarity to the numerical approach, where the complete framing resist the bending

deflection for LTF, and the complete shell for CLT shear wall technologies.

It is worth noticing that the contribution of lateral deflection due to in-plane bending is
relatively small in relation to the total deflection of the shear wall. Thus, the deviation between
numerical and analytical calculation might be insignificant relative to the end result and can

arguably be neglected.
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Lateral Displacement due to Rigid Body Sliding of the Shear Wall.

Throughout the parametric analysis, this contribution has unsurprisingly been the most
consistent. With the angle brackets being alike for all shear wall technologies, and the shear

wall considered a rigid body, the result match up for all the shear wall technologies.

In the numerical calculations of this contribution in SAP2000, the angle brackets are modelled
as linear links, giving deflections in the linear elastic range. This corresponds to the analytical
calculation which, as mentioned in chapter 2.3, also are based on linear elastic theory. Both the
stiffness and the lateral force are the same in both the numerical and analytical calculations,
hence equal deflections. As such the reliability of the analytical equations seem to be

acceptable.

Lateral Displacement due to Kinematic Rocking of the Shear Wall.

The analytical model for the lateral displacement due to kinematic rocking is, as mentioned in
chapter 2.3, divided in to two different approaches. The first approach corresponds to LTF and

monolithic CLT shear walls, while the second corresponds to segmented CLT shear walls.

There is a lot of consistency in the calculations of lateral deflection due to kinematic rocking
for the LTF and monolithic CLT shear walls. As the shear walls are modified to be a rigid body
and the angle brackets fully stiff in the lateral direction, the lateral deflection caused by
kinematic rocking for LTF and monolithic CLT are equivalent. From the analytical calculation
as presented in chapter 4.1.5 and 4.2.5, the deflection consistently turned out to be around 18-
19% larger than the numerical calculations when subjected only to lateral force. The inclusion
of vertical load slightly increased the difference between numerical and analytical calculations.
This turned out to be the case for every parameter in the parametric analysis, suggesting the
possibility for a reduction factor in the analytical calculation model. Neither change in stiffness
of the hold-down brackets or magnitude in loading made any significant impact on the

deviation between the numerical and analytical calculations.

The analytical models presented for the lateral deflection due to kinematic rocking for
segmented CLT shear walls given in chapter 2.3, were conjected to be inaccurate. Therefore,
in chapter 3.2, a set of modified equations based on the initial equations were presented. From

the parametric analysis, the conjecture of the inaccuracy of the equations were indicated to be
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verified. When the shear wall only was subjected to lateral forces the equations both for coupled
panel kinematic mode and single-wall kinematic mode presented in chapter 2.3 were close to
perfectly matching the numerical models. It was the inclusion of vertical loading in the
parametric analysis which seemingly formed these inaccuracies, confirming the conjecture that
the second parts of the equations relating to the rocking resistance against vertical loading may

be inaccurate.

Both the equations for coupled panel kinematic mode and single-wall kinematic mode were
suspected to be inaccurate. However, as presented in chapter 3.2, the suspected inaccuracy in
the calculation model for coupled panel kinematic mode was of minor extent. A possible typing
error in the draft of the presented chapter 13.7 for the upcoming Eurocode 5 may be the
reasoning behind the suspected inaccuracy of this equation. As for the suspected inaccuracy in
the calculation model for single-wall kinematic mode, the extent may be greater. In the
analytical equations presented, only the stiffness of the hold-down bracket is considered when
including the effects of the vertical loading, whereas in the modified equations, the complete
rocking stiffness is considered. This includes both the hold-down brackets and the shear

connectors.

As presented in chapter 4.3.5, The modified equations matched up close to perfectly in the
parametric analysis, while the presented equations matched up when only subjected to lateral
force. All kinematic rocking modes, both coupled panel kinematic mode, Intermediate
kinematic mode and single-wall kinematic mode were included in the testing, showing the
analytical calculation models for all modes were matching numerical calculations. Neither
change in stiffness of the hold-down brackets or magnitude in loading made any significant

impact on the deviation between the numerical and analytical calculations.

Lateral Displacement due to Deformation of Sheathing-to-framing Connections.

The parametric analysis of this contribution induced very inconsistent results. All the
parameters tested, except magnitude of loading, made an impact on the deviation between the
analytical and numerical models. As mentioned in chapter 2.3 the analytical model is based on
the principle that the framing elements in the shear wall is fully flexible. This is thought to be
a conservative approach, and therefor one would expect the analytical model to provide higher
deflections than the numerical model. As shown in chapter 4.1.6, this is mostly the case,

however, when short walls, high stiffness of the fastener and short spacing between fasteners
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are implemented the numerical model generates greater deflections than the analytical model.
This may be due to the relation between stiffness of the framing and fastening. As the numerical
model allows deflections of the framing, which, as mentioned in chapter 2.3, the analytical
model does not, the larger deflection of the numerical model may be due to the framing. When
stiffness is high and spacing narrow, the deflections from the sheathing-to-framing connections
are minor. This allows the inclusion of framing deflection in the numerical model to have a
larger impact, making the numerical model generate larger deflections than the analytical

model.

Although all parameter in this test changed the deviation between numerical and analytical
models, the analytical calculations in most cases generated larger deflections than numerical
calculations. This facilitates a foundation for discussing the general reliability of this
contribution. As in most cases the analytical calculations are conservative in comparison to the
numerical calculations, the analytical equations may be sufficient with some reservations. A

note might be included to indicate when the equations are reliable.

Lateral Displacement due to Deformation of the Bottom Rail Perpendicular to the Grain

under the Trailing Stud.

Different loading had a big impact on this contribution. The accuracy of the analytical
calculations in relation to the numerical calculations seemed to increase when the ratio of
vertical loading relative to the lateral loading increased. This indicating equation (2.27),
presented in chapter 2.3, might not accurately transfer the lateral loading to the bottom trailing

edge of the shear wall.

Total Deflection

The total deflection of the different shear walls calculated by the analytical models matched
closely to the numerical model both for LTF and monolithic CLT shear walls. As for
Segmented CLT shear walls, the total deflection calculated by the analytical models matched
close to perfect to the numerical model when summing up the deflection from each
contribution. However, when the deflection is calculated directly, with an un-modified
SAP2000 model, there can be seen a deviation between the analytical and numerical

calculation.
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Although all the contributions for segmented CLT almost match up perfect between numerical
and analytical calculations, the total deflection does not. This indicates that there might be
something not accounted for in the analytical models, or the numerical calculation model in
SAP2000 provides inaccurate results when not modifying parameters. Furthermore, there is a
possibility that the model provides these larger deflections because of intertwining between all
contributions. When analytically calculating the total deflection, the result comes from linearly
summarizing every contribution, whereas in the numerical calculations, all contributions are

calculated at once.

Summary of the Parametric Analysis

A total of 1830 comparisons between analytical and numerical calculation models have been
conducted throughout the parametric analysis, where 594 on LTF, 564 on monolithic CLT and
672 on segmented CLT shear walls. In this comprehensive analysis, the analytical calculations
for the most part provided similar results to the numerical calculations. Furthermore, when the
results from the two calculation models deviated, the difference between the two models were
not substantial and sufficient foundation for discussing reasoning in the former subchapters

were available.
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5.2 Modal Analysis

The dynamic identification in this thesis is done on a complex and unregular building.
Therefore, the probability of an accurately result in relation to the experimental values in the
initial modal analysis of the finite element model were always minor. A complex model can

take a lot of time to calculate in an advanced solver like the modal calculations.
Assumptions were made to make the model ready for modal analysis:

e The material properties of CLT are modelled as a shell with monolithic and orthotropic
properties of stiffness, instead of layered shell elements to make the calculations less
comprehensive.

e The main stairs in the middle of the building are modelled as a frame element with the
same dimensions as the rails of the stair.

e Some minor geometrical corrections have been made to make the elements join in a

good way.

The stiffness that the adjacent buildings may employ on the lower levels of the structure is not
included. This simplification is done because there is insufficient data to make any assumptions
about the stiffness contribution that these buildings may impose on the main structure. One
solution could be to create structural elements to simulate the buildings, but the amount of extra
data in SAP2000 would make the analysis almost impossible to perform. The assumptions
about the structural models may be a contributor to the poor correlation between the

experimental data and the numerical data.

As presented in chapter 4.5.2, the error between the numerical and experimental results started
out with a convergence criterium of 1.277. This is mainly due to the low MAC values in the
initial test, at 0.954 for the first mode, 0.849 for the second mode and 0.448 for the third mode,
which shows that the mode shapes do not correspond very well, especially the third mode.
However, the difference is not as large for the calculated natural frequencies, where the
experimental values are [4.630, 5.566, 6.363] [Hz] and the numerical values are [5.199, 7.014,
7.286] [Hz].

After the updating procedure, there was a significant improvement in the convergence

criterium, reducing to 0.705. However, this is still not as low as desired. A convergence
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criterium close to 0 indicates a numerical model with perfect correlation to the experimental
values. Therefore, 0.705 indicated that the model is still a dissimilar to the experiment. This
can also be seen in the updated values, where there were only minor improvements to the MAC
values for mode 1 and 2 with an increasement to 0.967 and 0.850. Mode 3 provided greater
improvement with the increasement to 0.728. Natural frequencies also improved as an effect

of the updating procedure providing these frequencies, [4.024, 5.566, 7.121] [Hz].

The results of the updating process present some interesting phenomena. The additional mass
on the roof is the largest updated value, with 1.880 kN/m?, while the facades is calculated to
0.000 kN/m and the internal floors is updated to only 0.054 kN/m?. In a general case, it would
be natural for most the additional mass to be distributed on the internal floors, that contains a
heavier construction and can be subject to inventory mass, while roofs generally are lighter
constructions, and not as often subject to additional mass. There are several possible reasons
for the masses to distribute in this manner. One of the possibilities are that all the sensors that
is evaluated is located on the roof except sensor five which is on the third floor, and that the
mode shapes are mostly influenced by the additional mass on the roof. This can also be a result
of the range of the boundaries of parameter values chosen, and that a wider boundary of values

may return a more sensible result.

From Figure 4-48, we can draw that the mode shape of mode 3 looks quite inconsistent and
chaotic at first glance, however, it presents some interesting points, first of which is the fact
that the numerical calculation and the experimental campaign generates mostly inverse mode
shapes. The majority of the difference in the mode shapes for the third mode is the magnitudes
of deflection within the mode shape, not in the direction in which the deflection is occurring.
The second point is that the third numerical mode seems to differ too much to the experimental

values that it restricts the capability of the updating process for the two first modes.

In summery the updating process yielded large improvement on the validity of the finite
element model. However, due to a complex structure and simplifications in the modelling, the

Total Convergence Criterium cannot be said to validate the model sufficiently.
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5.3 Further Work

With background in the results and discussions, different issues for further studies are

presented.

From the parametric analysis:

Review the analytical equations for in-plane bending.

Study the possibility for reduction factors for the equations for lateral deflection due to
kinematic rocking for LTF and monolithic CLT shear walls.

Review the analytical equations for lateral deflection due to kinematic rocking for
segmented CLT shear walls, and possibly implement modified equations.

The significance of the different parameters in the calculations of lateral deflection due
to deformation of sheathing-to-framing connection could be further studied.

Review equations for lateral deflection due to compression of the bottom rail under the
trailing stud, focusing particularly on the applied compressive force perpendicular to

the grain.

From the modal analysis and model updating:

More CLT-buildings should be subjected to dynamic identification and model
updating, to provide sufficient foundation for reliability of modal analyses of these
buildings.

More advanced FE software should be utilized to execute finite element model updating

more accurately.

100



6 Conclusions

The conclusions to the research questions are answered below:

1. How does the new analytical calculation models for lateral deflection of timber shear walls

in the upcoming Eurocode 5 relate to Finite Element Analyses in SAP2000?

Overall, the new analytical equations provided deflections comparable to deflections calculated
numerically in SAP2000. In cases where analytical and numerical models deviated, sufficient
foundation for discussing reasoning were available. As such, it can be concluded that the FEM
analysis in SAP2000 relate good to the analytical calculation models for lateral deflection of

timber shear walls in the upcoming Eurocode 5.

2. How sensitive are each contribution to the variation of different parameters and wall

configurations?

In the case of lateral deflection due to in-plane shear and rigid body sliding, none of the
parametric input provided deviation in the analysis. As such, it can be concluded that these

contributions are not sensitive to variation of parametric input.

All parameters except magnitude of loading proved to be sensitive in the calculations of lateral
deflection due to in-plane bending and due to deformation of sheathing-to-framing

connections.

For the lateral deflection due to kinematic rocking, the only parameter that made somewhat of
a deviation in results for LTF and monolithic CLT was different combinations of lateral and
vertical loading. For the modified equations for segmented CLT shear walls none of the

parametric input proved to be sensitive to variation.

Lastly, the contribution of lateral deflection due to deformation of the bottom rail under the

trailing stud, was somewhat sensitive to all the different parametric input.
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3. How accurate is the modal analysis and model updating in SAP2000 compared to

experimental values in a complex building of CLT shear walls?

The initial dynamic identification in SAP2000 provided excessive differences to the
experimental values. As such, it can be concluded that the reliability of the modal analysis is
unsatisfactory. Furthermore, the Finite Element Model updating provided a significant
improvement to the Total Convergence Criteritum. However, improvements were not

satisfactory to confidently validate the updated model.

4. How reliable are the different calculation models in the identification of timber shear walls

subjected to different loading in the Serviceability Limit State?

Results generated in the thesis provides a good basis for evaluating the calculation models

presented.

The parametric analysis indicated good correlation between numerical calculations analytical
calculations. As such, the reliability of the analytical equations seems to generally be

acceptable in identifying the lateral deflection of timber shear walls.

As neither result from initial nor updated modal analyses in SAP2000 provided sufficient
similarities to the experimental campaign, foundation to validate this procedure are not

sufficient from the analyses in this thesis.
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Appendix

In this chapter the all the results from the parametric analysis are presented, as well as the
different Python scripts used to perform the different analyses. In Table A-1, a short description

of the Appendix is presented. All programming scripts are written in Python version 3.8.

Table A-1: Description of the Appendix.

Location Description
Appendix A All results from the parametric analysis.
Appendix B One of the scripts for performing the parametric analysis on the LTF shear

walls. The script open SAP2000 with the help of the OAPI and runs

multiple analyses, variating the different predefined parameters.

Appendix C One of the scripts for performing the parametric analysis on the monolithic
and segmented CLT shear walls. The script open SAP2000 with the help
of the OAPI and runs multiple analyses, variating the different predefined

parameters.

Appendix D A script with the algorithm to perform model updating. A pre-created
model in SAP2000 including defined groups and materials corresponding
to the definitions in the script is extracted and updated with the help of the
OAPL
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Appendix A — Results from parametric analysis.

Total deflection of LTF:
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Lateral deflection due to in-plane Shear of LTF:
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Lateral deflection due to in-plane Bending of LTF:
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Lateral deflection due to Rigid Body Sliding of LTF:
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Lateral displacement due to Kinematic Rocking of LTF:
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Lateral displacement due to deformation of the bottom rail perpendicular to

the grain under the trailing stud:

Bottom rail compression
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Total deflection of monolithic CLT:
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0
~— FEM H10VO0
-=-= Analytical H10VO
035 ~— FEM H10V5
~~~ Analytical H10V5
0.30
E
E 025
c
S
T
2 020
o
o
0.15
0.10
0.05 3 . - . . y
1200 2400 3600 4800 6000 7200
Wall length [mm]
In-plane bending CLT100
—— FEM H10V0
06 ~== Analytical H10VO
. ~— FEM H10V5
~~~ Analytical H10VS
05
T
E 04
s
S
T 03
L
&
W
a
0.2
01
00
1200 2400 3600 4800 6000 7200
Wall length [mm]
Rigid body sliding CLT100
—— FEM H10V0
-== Analytical H10V0
035 —— FEM H10V5
-~ Analytical H10V5
030
E
E 025
c
S
E 020
W
o
0.15
0.10
0.05

1200 2400 3600 4800
Wall length [mm]

6000 7200

13



Deflection [mm]
N
o

=
wn

05

00

w S

Deflection [mm]

~

Deflection [mm]

Kinematic rocking

CT100

—— FEM H10VO0
=== Analytical H10V0
~—— FEM H10V5
~ =~ Analytical H10V5

1200 2400

Total deflection

3500 4800 6000 7200
Wall length [mm]

cT1o0

~—— FEM H10VO0
-==- Analytical H10V0
~— FEM H10V5
~ =~ Analytical H10V5

1200 2400

In-plane Shear

3600 4800 6000 7200
Wall length [mm]

cTiso

—— FEM H10VO
=== Analytical H10V0
~— FEM H10V5
~ =~ Analytical H10V5

1200 2400

3500 4800 6000 7200

Wall length [mm]

14



In-plane bending cTiso
~—— FEM H10V0
04 ~~- Analytical H10VQ
~— FEM H10V5
~ -~ Analytical H10VS
03
E
E
s
2
£ 02
L
[
W
a
01
00
1200 2400 3600 4800 6000 7200
Wall length [mm]
Rigid body sliding CLT180
~— FEM H10V0
-=-= Analytical H10VO
033 —— FEM H10V5
-~~~ Analytical H10V5
030
E
E o025
c
S
g 0.20
o
a
015
0.10
0.05 T T T T T T
1200 2400 3600 4800 6000 7200
Wall length [mm]
Total deflection CiT180
5 —— FEM H10VO
——- Analytical H1OVO
—— FEM H1OVS
4] N, - == Analytical H10VS
E
E 3
£
g
T 2
[=}
14
o

lZlI]U 24‘0[) 36‘0[) -’JSIDU
Wall length [mm]

T T
000 7200

15



Lateral deflection due to in-plane Shear of monolithic CLT:

In-plane Shear H10V0
0

—— FEM CLT100s3
=== Analytical CLT100s3
~— FEM CLT120s5
~~- Analytical CLT120s5
—— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

Deflection [mm]
=)
o
=]

010
005
1200 2400 3600 4800 6000 7200
Wall length [mm]
In-plane Shear H10V5
040
—— FEMCLT100s3
-=-=- Analytical CLT100s3
035 —— FEM CLT120s5
~~- Analytical CLT120s5
030 —— FEM CLT160s5
--- Analytical CLT160s5
FEM CLT180s5

o
N
)

-== Analytical CLT180s5

Deflection [mm]
o
o
o

015
010
005
1200 2400 3500 4800 6000 7200
Wall length [mm]
In-plane Shear H10V10
0.40
—— FEM CLT100s3
-=- Analytical CLT100s3
035 —— FEMCLT120s5
~~ - Analytical CLT120s5
030 —— FEM CLT160s5
~ == Analytical CLT160s5
T o5 —— FEM CLT180s5
E Analytical CLT180s5
5
£ 020
L
&
W
9015
0.10
005

1200 2400 3600 4800 6000 7200
Wall length [mm]



Deflection [mm]

Deflection [mm]

Deflection [mm]

In-plane Shear H20V0
—— FEM CLT100s3
=== Analytical CLT100s3
07 ~— FEM CLT120s5
~~~ Analytical CLT120s5
06 —— FEM CLT160s5
=== Analytical CLT160s5
- —— FEM CLT180s5
. ==~ Analytical CLT180s5
04
03
02
01
1200 2400 3600 4800 6000 7200
Wall length [mm]
In-plane Shear H2OV5
8
—— FEM CLT100s3
=== Analytical CLT100s3
07 ~— FEM CLT120s5
~~~ Analytical CLT120s5
06 —— FEM CLT160s5
=== Analytical CLT160s5
- —— FEM CLT180s5
. === Analytical CLT180s5
04
03
02
01
1200 2400 3500 4800 6000 7200
Wall length [mm]
In-plane Shear H20V10
8
—— FEM CLT100s3
-== Analytical CLT100s3
07 ~— FEM CLT120s5
~ =~ Analytical CLT120s5
06 —— FEM CLT160s5
=== Analytical CLT160s5
- —— FEM CLT180s5
. ==~ Analytical CLT180s5
04
03
02
01

1200

2400

3600 4800
Wall length [mm]

6000

7200

17



Lateral deflection due to in-plane Bending of monolithic CLT:

Deflection [mm]

Deflection [mm]

Deflection [mm]

In-plane bending H10VO0
7
—— FEM CLT100s3
--- Analytical CLT100s3
06 —— FEM CLT120s5
~~- Analytical CLT120s5
05 —— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
04 ~-- Analytical CLT180s5
03
02
01
00
1200 2400 3600 4800 6000 7200
Wall length [mm]
In-plane bending H10V5
7
—— FEM CLT100s3
-=-=- Analytical CLT100s3
06 —— FEM CLT120s5
-~ Analytical CLT120s5
05 —— FEM CLT160s5
~== Analytical CLT160s5
—— FEM CLT180s5
04 ~-- Analytical CLT180s5
03
02
01
00
1200 2400 3500 4800 6000 7200
Wall length [mm]
In-plane bending H10V10
7
—— FEM CLT100s3
-=- Analytical CLT100s3
06 —— FEM CLT120s5
~~ - Analytical CLT120s5
05 —— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
04 --- Analytical CLT180s5
03
02
01
00

1200

3600 4800
Wall length [mm]

6000

7200

18



Deflection [mm]

Deflection [mm]

Deflection [mm]

In-plane bending H20V0
4
—— FEM CLT100s3
-~~~ Analytical CLT100s3
12 —— FEM CLT120s5
-~~~ Analytical CLT120s5
10 —— FEM CLT160s5
~-== Analytical CLT160s5
—— FEM CLT180s5
8 --- Analytical CLT180s5
06
04
02
00
1200 2400 3500 4800 6000 7200
Wall length [mm]
In-plane bending H20V5
14
—— FEM CLT100s3
--- Analytical CLT100s3
12 —— FEM CLT120s5
-~ Analytical CLT120s5
10 —— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
08 —-- Analytical CLT180s5
06
04
02
00
1200 2400 3600 4800 6000 7200
Wall length [mm]
In-plane bending H20V10
14
—— FEM CLT100s3
-=-=- Analytical CLT100s3
12 —— FEM CLT120s5
~ - Analytical CLT120s5
10 —— FEM CLT160s5
--- Analytical CLT160s5
—— FEM CLT180s5
08 —-- Analytical CLT180s5
06
04
02
00

1200

36500 4800
Wall length [mm]

6000

7200

19



Lateral deflection due to Rigid Body Sliding of monolithic CLT:

o Rigid body sliding H10V0
—— FEM 13046.44N/mm
035 ~==~ Analytical 13046.44N/mm
' —— FEM 26092.87N/mm
~ -~ Analytical 26092 87N/mm
0.30
E 025
E
s
£ 020
L
&
W
2015
0.10
0.05
1200 2400 3500 4800 6000 7200
Wall length [mm]
s Rigid body sliding H20V0
—— FEM 13046.44N/mm
o -=-=~ Analytical 13046.44N/mm
3 —— FEM 26092.87N/mm
~ -~ Analytical 26092 87N/mm
06
E 05
E
g
204
by
=
[
903
02
01
1200 2400 3500 4800 6000 7200

Wall length [mm]

20



Lateral deflection due to Kinematic Rocking of monolithic CLT:

Deflection [mm]

Deflection [mm]

Deflection [mm]

Kinematic rocking H10VO0
40 \ —— FEM 12177N/mm
\ -~-= Analytical 12177N/mm
35 N ~—— FEM 19080N/mm
\ -~~~ Analytical 19080N/mm
30 A —— FEM 30422N/mm
- == Analytical 30422N/mm
25
20
15
10
05
0.0
1200 2400 36500 4800 6000 7200
Wall length [mm]
Kinematic rocking H10V5
35 —— FEM 12177N/mm
-== Analytical 12177N/mm
30 ~— FEM 19080N/mm
-~ Analytical 19080N/mm
—— FEM 30422N/mm
25 - == Analytical 30422N/mm
20
15
10
05
0.0
1200 2400 3600 4800 6000 7200
Wall length [mm]
Kinematic rocking H10V10
30 —— FEM 12177N/mm
-== Analytical 12177N/mm
55 —— FEM 19080N/mm
= ~ -~ Analytical 19080N/mm
—— FEM 30422N/mm
20 - == Analytical 30422N/mm
15
10
05
0.0

1200 2400 3600 4800 6000 7200
Wall length [mm]

21



w

Deflection [mm]
w )

S w

Deflection [mm]
w

Deflection [mm]

Kinematic rocking H20V0

\ = FEM 12177N/mm
-y -=-= Analytical 12177N/mm
), ~—— FEM 19080N/mm
% ~ =~ Analytical 19080N/mm
¥ —— FEM 30422N/mm
& ~~- Analytical 30422N/mm

1200 2400 3500 4800 6000 7200
Wall length [mm]

Kinematic rocking H20V5

—— FEM 12177N/mm
--= Analytical 12177N/mm
~— FEM 19080N/mm
~ -~ Analytical 19080N/mm
~—— FEM 30422N/mm
- -~ Analytical 30422N/mm

1200 2400 3600 4800 6000 7200
Wall length [mm]

Kinematic rocking H20V10

—— FEM 12177N/mm
=== Analytical 12177N/mm
~ FEM 19080N/mm
-~~~ Analytical 19080N/mm
—— FEM 30422N/mm
- == Analytical 30422N/mm

1200 2400 3600 4800 6000 7200
Wall length [mm]
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Total deflection of segmented CLT:

018

016

=
-
B

Deflection [mm]
o
=
~

010

0.08

0.06

0.06

0.05

e
=3
B

003

Deflection [mm]
=
o
i~}

=)
=)
=1

0.00

Deflection [mm]
e
g
~

In-plane Shear CLT100
~— FEM H10V0
N - =~ Analytical H1OVO
3 —— FEM H10V5

-~~~ Analytical H10V5

21200 31200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane bending CLT100
~—— FEM H10V0
s ~=- Analytical HIOVO
b5 ~— FEM H10V5
X - =~ Analytical H10V5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

Rigid body sliding 100

~—— FEM H10VO0
-== Analytical H10V0
~—— FEM H10V5
==~ Analytical H1OV5

0.10
0.08
006 T T T T T
2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Kinematic rocking CLT100
4
~— FEM H10VO0
-== Analytical H10VO
12 —— FEM H10VS
~ -~ Analytical H10V5
10
E 08
s
S
T o6
=
o
a
04
02
0.0

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
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Total deflection CLT100

700 —— FEMH10VO
-== Analytical H10VO
% —— FEMH10VS
i D5 - Analytical H10VS
150
T
E125
=
]
£ 100
L)
&
4
075
050
025
2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Total deflection (Sum contributions) CLT100
175 — FEMHLOVO
~== Analytical H10VO0
—— FEM H10V5
150 ~ -~ Analytical H1OVS
125
3
E
§ 100
v}
L
Zors
050
025
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
In-plane Shear CLT180
011 — FEMH10VO
\ ~-- Analytical H10VO
010 —— FEM H10VS5
~ -~ Analytical HI0VS
009

=4
o
@

Deflection [mm]
o
o
~

006
005
004
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
In-plane bending CLT180
000 —— FEMH10V0
-=~ Analytical H10VO
0035 —— FEM H10VS
~-- Analytical HIOVS
0030
T 0025
E
§ 0020
g
o
T
& 0015
0010
0.005
0000

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]



Rigid body sliding CLT180
—— FEM H10V0
~-- Analytical H10VO
g —— FEM H10V5
~ -~ Analytical H10VS
016
Eoua
‘c
i~
o012
&
W
[=]
010
0.08
0.06 T T T T T
2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Kinematic rocking CLT180
14
—— FEM H10V0
~-- Analytical H10V0
12 —— FEM H10V5
~ - Analytical H10VS
10
£ 08
c
2
G 06
=
W
o
04
02
00
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Total deflection CLT180
—— FEM H10V0
175 X ~-- Analytical H10VO
SR —— FEM H10V5
150 e ~~~ Analytical H10V5
=125
3
E
5 100
B
L
& o075
050
025
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Total deflection (Sum contributions) CLT180
—— FEM H10V0
16 -~ Analytical HLOVO
—— FEM H10V5
14 ~ -~ Analytical HIOVS
12
3
E1o
<
S
T os
g 0.
&
W
o
06
04
02

2x1200 3x1200

4x1200 5x1200 6x1200
Wall length [mm]
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Lateral deflection due to in-plane Shear of segmented CLT:

o
N
=)

=)
—
@

=
=
o

=]
-
'S

012

Deflection [mm]
o
=
o

0.08

0.06

0.04

020

0.18

0.16

Deflection [mm]

0.08

0.06

0.04

020

018

o o o
I - -
~ N o

Deflection [mm]
=)
=
o

0.08

0.06

0.04

In-plane Shear H10VO0

~—— FEM CLT100s3
-=-=- Analytical CLT100s3
~— FEM CLT120s5
~ - Analytical CLT120s5
—— FEM CLT160s5
=== Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane Shear H10V5

—— FEM CLT100s3
-=- Analytical CLT100s3
~— FEM CLT120s5
~~« Analytical CLT120s5
—— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane Shear H10V10

~—— FEM CLT100s3
=== Analytical CLT100s3
- FEM CLT120s5
~~« Analytical CLT120s5
~—— FEM CLT160s5
=== Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 %1200
Wall length [mm]
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040

e e B
N w w
v =) ol

Deflection [mm]
=)
o
(=]

015

0.10

0.40

035

° ©
N w
v o

Deflection [mm]
o
~
o

015

0.10

040

035

030

S
N
wn

Deflection [mm]
o
o
o

015

010

In-plane Shear H20V0

—— FEM CLT100s3
=== Analytical CLT100s3
—— FEM CLT120s5
~~- Analytical CLT120s5
—— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane Shear H20V5

~—— FEM CLT100s3
=== Analytical CLT100s3
~— FEM CLT120s5
~ - Analytical CLT120s5
—— FEM CLT160s5
=== Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane Shear H20V10

—— FEM CLT100s3
~=-~ Analytical CLT100s3
~— FEM CLT120s5
~~ - Analytical CLT120s5
—— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
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Lateral deflection due to in-plane Bending of segmented CLT:

0.06

0.05

=4
o
B

0.03

Deflection [mm]

0.02

0.01

0.00

0.06

0.05

1=4
o
B

0.03

Deflection [mm]

0.02

001

0.00

0.06

0.05

o
o
B

Deflection [mm]
o
o
w

0.02

001

0.00

In-plane bending H10V0

FEM CLT100s3
Analytical CLT100s3
FEM CLT120s5
Analytical CLT120s5
FEM CLT160s5
Analytical CLT160s5
FEM CLT180s5
Analytical CLT180s5

2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

In-plane bending H10V5

FEM CLT100s3
Analytical CLT100s3
FEM CLT120s5
Analytical CLT120s5
FEM CLT160s5
Analytical CLT160s5
FEM CLT180s5
Analytical CLT180s5

Wall length [mm]

In-plane bending H10V10

~—— FEM CLT100s3
-=-=- Analytical CLT100s3
~— FEM CLT120s5
~ - Analytical CLT120s5
—— FEM CLT160s5
=== Analytical CLT160s5
~—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
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012

010

o
o
@

Deflection [mm]
=)
(=]
o

0.04

0.02

0.00

012

010

Deflection [mm]
= =3
o o
o @

o
=)
B

0.02

0.00

012

o010

Deflection [mm]
=4 [=d
o o
s o

)
o
~

0.00

In-plane bending

H20V0

—— FEM CLT100s3
-~~~ Analytical CLT100s3
~— FEM CLT120s5
~~« Analytical CLT120s5
—— FEM CLT160s5
~-== Analytical CLT160s5
—— FEM CLT180s5
=== Analytical CLT180s5

In-plane bending

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

H20V5

~— FEM CLT100s3
=== Analytical CLT100s3
- FEM CLT120s5
~~« Analytical CLT120s5
—— FEM CLT160s5
~ == Analytical CLT160s5
—— FEM CLT180s5
-~ Analytical CLT180s5

In-plane bending

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

H20V10

—— FEM CLT100s3
~=- Analytical CLT100s3
~— FEM CLT120s5
~~« Analytical CLT120s5
—— FEM CLT160s5
~== Analytical CLT160s5
—— FEM CLT180s5
Analytical CLT180s5

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
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Lateral deflection due to Rigid Body Sliding of segmented CLT:

=}
—
=

=]
—
o

S
-
s

o
-
~

010

Deflection [mm]

o o
o (=]
o =]

e
=3
B

Deflection [mm]
o
o
o

015

0.10

0.05

Rigid body sliding

H10VO0

—— FEM 13046.44N/mm
~==~ Analytical 13046.44N/mm
~ FEM 26092.87N/mm
~ -~ Analytical 26092 87N/mm

\

21200

Rigid body sliding

3x1200

4x1200 5x1200 6x1200
Wall length [mm]

H20v0

~— FEM 13046.44N/mm
-=~ Analytical 13046.44N/mm
~ FEM 26092.87N/mm
~ -~ Analytical 26092 87N/mm

\
R

2x1200

3x1200

4x1200 5x1200 6x1200
Wall length [mm]
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Lateral deflection due to Kinematic Rocking of segmented CLT:

Kinematic rocking H10VO0

= FEM 12177N/mm
~== Analytical 12177N/mm
12 ~—— FEM 19080N/mm
~ =~ Analytical 19080N/mm
~—— FEM 30422N/mm
¥ === Analytical 30422N/mm

Deflection [mm]
o
@

06
04
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Kinematic rocking H10V5
—— FEM 12177N/mm
N === Analytical 12177N/mm
08 2 —— FEM 19080N/mm
-~ Analytical 19080N/mm
—— FEM 30422N/mm
06 ~ -~ Analytical 30422N/mm
70
E
s
S
04
&
W
a
02
004 e
21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Kinematic rocking H10V10
—— FEM 12177N/mm
05 -—- Analytical 12177N/mm
—— FEM 19080N/mm
~ -~ Analytical 19080N/mm
04 —— FEM 30422N/mm
- == Analytical 30422N/mm
3
E o3
c
S
2
b}
T 02
[=]
01
00
21200 3x1200 4x1200 5x1200 %1200

Wall length [mm]



25

~
=)

Deflection [mm]
+
”

10

20

15

10

Deflection [mm]

05

00

Deflection [mm]

s o
N w
v o

o
=)
=)

Kinematic rocking

H20V0

—— FEM 12177N/mm
-=-= Analytical 12177N/mm
~—— FEM 19080N/mm
~~~ Analytical 19080N/mm
~—— FEM 30422N/mm
=== Analytical 30422N/mm

21200 3x1200 4x1200
Wall length [mm]

Kinematic rocking

5x1200 6x1200

H20V5

—— FEM 12177N/mm

--= Analytical 12177N/mm

~— FEM 19080N/mm

~ -~ Analytical 19080N/mm
FEM 30422N/mm

- -~ Analytical 30422N/mm

21200 3x1200 4x1200
Wall length [mm]

Kinematic rocking

H20V10

—— FEM 12177N/mm
=== Analytical 12177N/mm
~ FEM 19080N/mm
-~~~ Analytical 19080N/mm
—— FEM 30422N/mm
- == Analytical 30422N/mm

21200 3x1200 4x1200
Wall length [mm]

5x1200 %1200
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Kinematic rocking (Modified formulas)

H10VO0

12

Deflection [mm]
=] E
@ o

o
o

04

= FEM 12177N/mm
-== Analytical 12177N/mm
~—— FEM 19080N/mm
~ -~ Analytical 19080N/mm
~—— FEM 30422N/mm
- -~ Analytical 30422N/mm

2x1200 3x1200

4x1200 5x1200 6x1200
Wall length [mm]

Kinematic rocking (Modified formulas) H10V5
N —— FEM 12177N/mm
\ ~== Analytical 12177N/mm
- N ~— FEM 19080N/mm
& g ~~~ Analytical 19080N/mm
—— FEM 30422N/mm
=== Analytical 30422N/mm
T 06
E
c
S
g
S 04
a
02
00 T T T T T
2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
Kinematic rocking (Modified formulas) H10V10
—— FEM 12177N/mm
05 --= Analytical 12177N/mm
~— FEM 19080N/mm
-~ Analytical 19080N/mm
04 ~—— FEM 30422N/mm
- -~ Analytical 30422N/mm
3
=03
s
S
o
L
302
01
0.0
21200 3x1200 4x1200 5x1200 6x1200

Wall length [mm]
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25

~
=)

[
wn

Deflection [mm]

10

[ B [nd I
wn ~ o N
=] v =] w

Deflection [mm]
=
~
v

Deflection [mm]
o
=
v

050

025

Kinematic rocking (Modified formulas) H20V0

= FEM 12177N/mm
-== Analytical 12177N/mm
~— FEM 19080N/mm
~ -~ Analytical 19080N/mm
~—— FEM 30422N/mm
- -~ Analytical 30422N/mm

2x1200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

Kinematic rocking (Modified formulas) H20V5

A —— FEM 12177N/mm
\ -=-= Analytical 12177N/mm

i, ~—— FEM 19080N/mm
& ~~~ Analytical 19080N/mm

\. ~— FEM 30422N/mm
=== Analytical 30422N/mm

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]

Kinematic rocking (Modified formulas) H20V10
A —— FEM 12177N/mm
4 --= Analytical 12177N/mm
. —— FEM 19080N/mm
g, ~ -~ Analytical 19080N/mm

~—— FEM 30422N/mm
- -~ Analytical 30422N/mm

0.00

21200 3x1200 4x1200 5x1200 6x1200
Wall length [mm]
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Appendix B - LTF shear wall

Master Thesis
May 2022
Hakon @straat Savareid & Johan Bjgrkedal

import os

import sys

import comtypes.client

import math as m

import matplotlib.pylab as plt
import pandas as pd

Width of one sheet

Hight of wall

Number of sheets

Number of studs per sheet
Nail spacing

Offset stud to sheet
Number of angle brackets
= Altering parameter

- I W OUOTMwnI==
-UII n

def LTF(W, H, S, F, D, L, O, s, HD):

Filename = 'test’
APIPath = '*Path to main folder*'

AttachToInstance = False
SpecifyPath = False
if not os.path.exists(APIPath):
try:
os.makedirs(APIPath)

except OSError:
pass

ModelPath = APIPath + os.sep + Filename
helper = comtypes.client.CreateObject('SAP2000v1.Helper")
helper helper.QueryInterface(comtypes.gen.SAP2000v1.cHelper)

if AttachToInstance:
try:
mySapObject = helper.GetObject("CSI.SAP2000.API.SapObject")

except (OSError, comtypes.COMError):
print("No running instance of the program found or failed.")
sys.exit(-1)



else:
if SpecifyPath:
try:
mySapObject = helper.CreateObject(ProgramPath)

except (OSError, comtypes.COMError):
print("Cannot start a new instance of the program from
+ ProgramPath)
sys.exit(-1)

else:
try:
mySapObject = helper.CreateObjectProgID(
"CSI.SAP2000.API.SapObject")

except (OSError, comtypes.COMError):
print("Cannot start a new instance of the program.™)
sys.exit(-1)

mySapObject.ApplicationStart()

SapModel = mySapObject.SapModel
SapModel.InitializeNewModel()

ret = SapModel.File.NewBlank()
ret = SapModel.SetPresentUnits(9)

Fh = [10000]
Fv = [0,5]
ds =15
h_ps = 148
b ps = 96
h_ips = 148
b_ips = 48
h_is = 148
b _is = 48
h_ct = 148
b ct = 96
h_cb = 148
b_cb = 48

k_n = 800.41



k_AB

k_HD

ANUs
ANUB
ANUA
ANUR
ANUN
ANUC
ANU

= 26092.

= HD

=[]
=[]
=[]
=[]
=[]
=[]

[]

87

for i in range(len(Fh)):

ANA

ret
ret
ret

ANUs.

ANUB.

UA =

ANUA.

UR =

ANUR.

UN =

ANUN.

ANUC.

U =

for n in range(len(Fv)):

(Fh[i]*H)/((W*S)*(2*d_s*1080))
append(Us)

(Fh[1]*H**3)/(3*(11000*h_ps*b_ps*(W*S)**2)/2)
append(UB)

Fh[i]/(s*k_AB)
append(UA)

max((((Fh[i]*H)/(k_HD* (W*S-0.1*W*S)**2))- (((Fv[n]*S*W)*
(W*S-0.1*¥W*S) ) / (2% (k_HD* (W*S-0.1*W*S)**2))))*H,0)
append(UR)

(Fh[1]/(W*S)**2)/(2*(k_n/(D*((2*(S*W)+2*S*H)))))
append(UN)

(CC((b_cb)*(Fh[1]*(H/(W*S)) + (Fv[n]*S*W)/(S*(F-1)*2)))/
((2*¥h_cb*370)))*((1/b_ps)+(1/(b_ps + b_cb))))*(H/(W*S)))
append(UC)

Us + UB + UA + UR + UN + UC

ANU. append(U)

[ANUs , ANUB, ANUA, ANUR, ANUN, ANUC, ANU]

SapModel.PropMaterial.SetMaterial('0SB"', 3)
SapModel.PropMaterial.SetWeightAndMass("0SB",2, (550/10**9)*(1/9.81))
SapModel.PropMaterial.SetMPOrthotropic("0SB", [4390, 4390, 1989],

[0.3,0.3,0.3], [0 ,0 ,0],
[1080, 1080, ©])



ret
ret
ret

ret

ret

ret

ret

ret

ret

ret

ret

ret
ret

SapModel.
SapModel.
SapModel.

SapModel.

SapModel.

SapModel.

SapModel.

SapModel.

SapModel.

SapModel.

SapModel.

SapModel.
SapModel.

PropMaterial.SetMaterial('C24', 3)
PropMaterial.SetWeightAndMass("C24",2, (420/10**9)*(1/9.81))
PropMaterial.SetMPIsotropic("C24", 11000 , 0.1, 1.170E-05)

PropLink.SetLinear('Nail",
[True, True, True, False, False, False],
[True, False, False, False, False, False],
[GJ k_n: k_n: @, e: e]) [GJ e: e: @, e: e]:
0, 0, False, False)
PropLink.SetGap('Sheet"',
[True,False,False,False,False,False],
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[100000000,0,0,0,0,0], [0,0,0,0,0,0],
[100000000,0,0,0,0,0],[0,0,0,0,0,0],15,0)
PropLink.SetGap('Stud-Rail",
[True,False,False,False,False,False],
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[ 100000000000,0,0,0,0,0], [0,0,0,0,0,0],
[ 100000000,0,0,0,0,0],[0,0,0,0,0,0],0,0)
PropLink.SetGap('Compression-In",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_is*(b_is+ b_cb/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],
[((370*h_is*(b_is+ b_cb/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],24,24)
PropLink.SetGap('Compression-InPe",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_ips*(b_ips+ b_cb/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],
[((370*h_ips*(b_is/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],24,24)
PropLink.SetGap('Compression-Pe",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_ps*(b_ps+ b_cb/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],
[((370*h_ps*(b_ps/2))/b_cb),0,0,0,0,0],
[0,0,0,0,0,0],24,24)
PropLink.SetHook('HoldDown",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[k_HDJeJeJeJeJe]J [GJGJGJGJGJG]J
[k_HD,0,0,0,0,0],[0,0,0,0,0,0],0,0)
PropLink.SetLinear('AngleBracket’,
[False,True,False,False,False,False],
[False,False,False,False,False,False],
[6,k_AB,0,0,0,0],[0,0,0,0,0,0], 60, 60,
False, False)

PropFrame.SetRectangle('Perimeter', 'C24', b_ps, h_ps)
PropFrame.SetRectangle('Internal perimeter', 'C24°',
b_ips, h_ips)



ret
ret
ret
ret

W/ (F-1)

SapModel.PropFrame.SetRectangle('InnerStud’,
SapModel.PropFrame.SetRectangle('TopCord', 'C24"', b_ct, h_ct)
SapModel.PropFrame.SetRectangle('BottomCord’,
SapModel.PropArea.SetShell 1('A', 5, True,

[False, False, False, False, True, True]

n in range(S):

for i in range(F-1):

ret

eo

= SapModel.PointObj.AddCartesian(i*1+n*W,0,0,
"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+'p"+str(i)+'BR")
= SapModel.PointObj.AddCartesian(i*1+n*W,0,H,

if L ==

ret

ret

ret

ret

ret

else:

else:
ret

ret

ret

ret

ret

ret

0:
SapModel.PointObj.AddCartesian(i*1+n*W,0,D,

SapModel.FrameObj.AddByPoint(

'C24', b_is, h_is)

'C24', b_cb, h_cb)
'0SB', 0, d_s, d_s, 1)

'Fl4str(n)+'pl+str(i)+ TR', "F+str(n)+'p ' +str(i)+'TR")

F'+str(n)+'p'+str(i)+'BL', 'F'+str(n)+'p'+str(i)+'BL")
SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,
F'4str(n)+'p'+str(i)+'TL', '"F'+str(n)+'p'+str(i)+'TL")

"F'+str(n)+'p'+str(i)+'BL"', 'F'4+str(n)+'p'+str(i)+'TL",
"F'+str(n)+str(i), 'Perimeter', 'F'+str(n)+str(i))

= SapModel.LinkObj.AddByPoint(

"F'+str(n)+'p'+str(i)+'BR"', 'F'4+str(n)+'p'+str(i)+'BL",

"BL"+str(n)+str(i),False, 'Stud-Rail')
= SapModel.LinkObj.AddByPoint(

"F'+str(n)+'p'+str(i)+'TR", 'F'4+str(n)+'p'+str(i)+'TL",

"TL"+str(n)+str(i),False, 'Stud-Rail')

= SapModel.FrameObj.AddByPoint(

"F'+str(n)+'p'+str(i)+'BR"', 'F'4+str(n)+'p'+str(i)+'TR",

"F'+str(n)+str(i), 'Perimeter', 'F'+str(n)+str(i))

= SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,
[6,0,0,0,0,0], [0,0,0,0,0,0])

= SapModel.PointObj.AddCartesian(i*1+n*W,0,0,
"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+"'p'+str(i)+'BR")
= SapModel.PointObj.AddCartesian(i*1+n*W,0,H,
"F'+str(n)+'p'+str(i)+"'TR", "F'+str(n)+"'p"+str(i)+'TR")

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i-1)+'BR",

"F'+str(n)+'p'+str(i)+'BR"', 'BR"+str(n)+str(i),
"+str(n)+str(i))

'BR

'BottomCord"’,

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i-1)+'TR",

"F'+str(n)+'p'+str(i)+'TR", "TR"+str(n)+str(i),
TR

if L ==

ret

ret

ret

+str(n)+str(i))
0:
SapModel.PointObj.AddCartesian(i*1+n*W,0,D,

"TopCord"',

"F'+str(n)+'p'+str(i)+'BL"', 'F'+str(n)+'p'+str(i)+'BL")

"F'4str(n)+'p'+str(i)+'TL", "F'+str(n)+str(i),
"F'+str(n)+str(i))

SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,
F'4str(n)+'p'+str(i)+'TL', '"F'+str(n)+'p'+str(i)+'TL")
SapModel.FrameObj.AddByPoint ('F'+str(n)+'p'+str(i)+'BL",

'InnerStud’,



ret

ret

else:
ret

ret

elif n == S-1:

if i == 0:
ret

ret

ret

ret

if L ==
ret

ret

ret

ret

ret

else:
ret

ret

else:
ret

ret

ret

ret

= SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'BL"', 'BL'+str(n)+str(i),False,
'Stud-Rail')

= SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'TR",
"F'+str(n)+'p'+str(i)+'TL", 'TL'4+str(n)+str(i),False,
'Stud-Rail')

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",

"F'+str(n)+'p'+str(i)+'TR", "F'+str(n)+str(i), 'InnerStud’,

"F'+str(n)+str(i))

= SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,
[6,0,0,0,0,0], [0,0,0,0,0,0])

SapModel.PointObj.AddCartesian(i*1+n*W,0,0,

"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+'p"+str(i)+'BR")

SapModel.PointObj.AddCartesian(i*1+n*W,0,H,

"Flastr(n)+ piestr(i)+ TR, "Fl4str(n)+ p +str(i)+'TR")

SapModel.FrameObj.AddByPoint('F'+str(n-1)+'p'+str(F-2)+'BR",

"F'+str(n)+'p'+str(i)+'BR", 'BR"+str(n-1)+str(F-1),
'BottomCord', 'BR'+str(n-1)+str(F-1))

SapModel.FrameObj.AddByPoint('F'+str(n-1)+'p'+str(F-2)+'TR",

"F'+str(n)+'p'+str(i)+'TR", 'TR"+str(n-1)+str(F-1),
"TopCord', 'TR'+str(n-1)+str(F-1))

-1

SapModel.PointObj.AddCartesian(i*1+n*W,0,D,
F'+str(n)+'p'+str(i)+'BL', 'F'+str(n)+'p'+str(i)+'BL")

= SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,
"F'+str(n)+'p'+str(i)+'TL", 'F'+str(n)+'p'+str(i)+'TL")

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BL",
"F'4str(n)+'p'+str(i)+'TL", "F'+str(n)+str(i),
"Internal_perimeter', 'F'+str(n)+str(i))

= SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'BL"', 'BL'+str(n)+str(i),False,
'Stud-Rail')

= SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'TR",
"F'+str(n)+'p'+str(i)+'TL", 'TL'4+str(n)+str(i),False,
'Stud-Rail')

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",

"F'4str(n)+'p'+str(i)+'TR", "F'+str(n)+str(i),

"Internal_perimeter', 'F'4+str(n)+str(i))

= SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,
[6,0,0,0,0,0], [0,0,0,0,0,0])

SapModel.PointObj.AddCartesian(i*1+n*W,0,0,

"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+'p'+str(i)+'BR")

SapModel.PointObj.AddCartesian(i*1+n*W,0,H,

"Fl4str(n)+'p'+str(i)+ TR', "F'+str(n)+'p ' +str(i)+'TR")

SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i-1)+'BR",

"F'+str(n)+'p'+str(i)+'BR', 'BR"+str(n)+str(i),
"BottomCord', 'BR'+str(n)+str(i))

SapModel.FrameObj.AddByPoint ('F'+str(n)+'p'+str(i-1)+'TR",

"F'+str(n)+'p'+str(i)+'TR", "TR"+str(n)+str(i),
"TopCord', '"TR'#+str(n)+str(i))

SapModel.PointObj.AddCartesian(i*1+n*W,0,D,
F'+str(n)+'p'+str(i)+'BL"', 'F'+str(n)+'p'+str(i)+'BL")

-1 ®



ret SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,
"F'4str(n)+'p'+str(i)+'TL", "F'4+str(n)+'p'+str(i)+'TL")
ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BL",
"F'4str(n)+'p'+str(i)+'TL", "F'+str(n)+str(i),
"InnerStud', "F'+str(n)+str(i))

ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'BL"', 'BL'+str(n)+str(i),False,
'Stud-Rail')

ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'TR",
"F'+str(n)+'p'+str(i)+'TL", 'TL'4+str(n)+str(i),False,
'Stud-Rail')

else:

ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'TR", "F'+str(n)+str(i),
"InnerStud', 'F'+str(n)+str(i))

ret = SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,

[6,0,0,0,0,0], [0,0,0,0,0,0])

else:
if i == o:
ret = SapModel.PointObj.AddCartesian(i*1+n*W,0,0,
"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+"'p"+str(i)+'BR")
ret = SapModel.PointObj.AddCartesian(i*1+n*W,0,H,
"F'+str(n)+'p'+str(i)+'TR", "F'+str(n)+"'p"+str(i)+'TR")
ret = SapModel.FrameObj.AddByPoint('F'+str(n-1)+'p'+str(F-2)+'BR",
"F'+str(n)+'p'+str(i)+'BR', 'BR"+str(n-1)+str(F-1),
'BottomCord', 'BR'+str(n-1)+str(F-1))
ret = SapModel.FrameObj.AddByPoint('F'+str(n-1)+'p'+str(F-2)+'TR",
"F'+str(n)+'p'+str(i)+'TR", "TR"+str(n-1)+str(F-1),
"TopCord', '"TR'#str(n-1)+str(F-1))
if L == 0:
ret = SapModel.PointObj.AddCartesian(i*1l+n*W,0,D,
"F'+str(n)+'p'+str(i)+'BL"', 'F'+str(n)+'p'+str(i)+'BL")
ret = SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,
"F'+str(n)+'p'+str(i)+'TL", 'F'+str(n)+'p'+str(i)+'TL")
ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BL",
"F'4str(n)+'p'+str(i)+'TL", "F'+str(n)+str(i),
"Internal_perimeter', 'F'+str(n)+str(i))
ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'BL"', 'BL'+str(n)+str(i),False,
'Stud-Rail')
ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'TR",
"F'+str(n)+'p'+str(i)+'TL", 'TL'4+str(n)+str(i),False,
'Stud-Rail')
else:
ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'4str(n)+'p'+str(i)+'TR", "F'+str(n)+str(i),
"Internal_perimeter', 'F'+str(n)+str(i))
ret = SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,
[0,0,0,0,0,0], [0,0,0,0,0,0])
else:
ret = SapModel.PointObj.AddCartesian(i*1+n*W,0,0,
"F'+str(n)+'p'+str(i)+'BR"', "F'+str(n)+'p'+str(i)+'BR")
ret = SapModel.PointObj.AddCartesian(i*1+n*W,0,H,
"F'+str(n)+'p'+str(i)+'TR', "F'+str(n)+"'p '+str(i)+'TR")
ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i-1)+'BR",

"F'+str(n)+'p'+str(i)+'BR"', 'BR"+str(n)+str(i),
"BottomCord', 'BR'+str(n)+str(i))



ret

ret

if L ==
ret

ret

ret

ret

ret

else:
ret

ret

ret

ret

ret

if

= SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i-1)+'TR",

"F'+str(n)+'p'+str(i)+'TR', "TR"+str(n)+str(i),

"TopCord', "TR'#str(n)+str(i))

L == 0:

ret SapModel.PointObj.AddCartesian(i*1+n*W,0,D,

F'+str(n)+'p'+str(i)+'BL', "F'+str(n)+'p'+str(i)+'BL")

SapModel.PointObj.AddCartesian(i*1+n*W,0,H-D,

F'+str(n)+'p'+str(i)+'TL', "F'+str(n)+'p'+str(i)+'TL")

ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BL",
"F'+str(n)+"'p'+str(i)+'TL", "F'+str(n)+str(i),
"InnerStud', "F'+str(n)+str(i))

ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'BL", 'BL'4str(n)+str(i),False,
'Stud-Rail')

ret = SapModel.LinkObj.AddByPoint('F'+str(n)+'p'+str(i)+'TR",
"F'+str(n)+'p'+str(i)+'TL", 'TL'+str(n)+str(i),False,
'Stud-Rail')

-1 ®

ret

else:

e-

SapModel.
SapModel.

SapModel.
SapModel.

SapModel.

SapModel.

SapModel.

ret = SapModel.FrameObj.AddByPoint('F'+str(n)+'p'+str(i)+'BR",
"F'+str(n)+'p'+str(i)+'TR", "F'+str(n)+str(i),
"InnerStud', "F'+str(n)+str(i))
ret = SapModel.FrameObj.SetReleases('F'+str(n)+str(i), M, M,
[6,0,0,0,0,0], [0,0,0,0,0,0])

SapModel.PointObj.AddCartesian(S*W,0,0, 'F'+str(S-1)+'p'+str(F-1)+'BR",

"F'+str(S-1)+"'p"+str(F-1)+"'BR")

SapModel.PointObj.AddCartesian(S*W,0,H, 'F'+str(S-1)+"'p'+str(F-1)+'TR",

"F'+str(S-1)+"'p"+str(F-1)+"'TR")

PointObj.AddCartesian(S*W,0,04D, 'F'+str(S-1)+'p'+str(F-1)+'BL",
"F'+str(S-1)+'p'+str(F-1)+'BL")
PointObj.AddCartesian(S*W,0,H-D, 'F'+str(S-1)+'p'+str(F-1)+'TL",
"F'+str(S-1)+'p'+str(F-1)+'TL")
FrameObj.AddByPoint('F'+str(S-1)+'p'+str(F-1)+'BL",
"F'+str(S-1)+'p'+str(F-1)+'TL', '"F'+str(S-1)+str(F-1),
'Perimeter', 'F'+str(S-1)+str(F-1))
LinkObj.AddByPoint('F'+str(S-1)+'p'+str(F-1)+'BR",
"F'4+str(S-1)+'p'+str(F-1)+'BL"', 'BL'+str(S-1)+str(F-1),
False, 'Stud-Rail'")
LinkObj.AddByPoint('F'+str(S-1)+'p'+str(F-1)+'TR",
"F'+str(S-1)+'p"+str(F-1)+'TL"', 'TL'+str(S-1)+str(F-1),
False, 'Stud-Rail')

FrameObj.AddByPoint('F'+str(S-1)+'p'+str(F-1)+'BR",
"F'+str(S-1)+'p'+str(F-1)+'TR', '"F'+str(S-1)+str(F-1),
'"Perimeter', 'F'+str(S-1)+str(F-1))

FrameObj.SetReleases('F'+str(S-1)+str(F-1),

[False, False, False, False, True, True],
[False, False, False, False, True, True],
[0,0,0,0,0,0], [0,0,0,0,0,0])

SapModel.FrameObj.AddByPoint('F'+str(S-1)+'p"+str(F-2)+'BR",

"F'+str(S-1)+'p'+str(F-1)+'BR', 'BR"+str(S-1)+str(F-1),
'BottomCord', 'BR'+str(S-1)+str(F-1))

SapModel.FrameObj.AddByPoint('F'+str(S-1)+'p'+str(F-2)+'TR",

"F'+str(S-1)+'p'+str(F-1)+'TR", 'TR"+str(S-1)+str(F-1),
"TopCord', 'TR'+str(S-1)+str(F-1))



1 =Ww/(F-1)
for i in range(S):

for n in range(F-1):

if i 1= s-

ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

elif i I=
ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

ret =

1 and n == F-2:
SapModel.PointObj.AddCartesian(i*W+1*n,0,0,
"At+str(i)+'F'+str(n)+'pof', 'A'+str(i)+'F'+str(n)+'pof")
SapModel.PointObj.AddCartesian((i+1)*W-15,0,0,
"A'+str(i)+'F'4+str(n)+"plf',"A'+str(i)+ 'F'+str(n)+'plf")
SapModel.PointObj.AddCartesian((i+1)*W-15,0,H,
"At+str(i)+'F'4+str(n)+"p2f',"A'+str(i)+ ' F'+str(n)+'p2f")
SapModel.PointObj.AddCartesian(i*W+1*n,0,H,
"At+str(i)+ ' F'+str(n)+'p3f', 'A'+str(i)+'F'+str(n)+ 'p3f")
SapModel.AreaObj.AddByPoint(4, ['A'+str(i)+'F'+str(n)+'pof’,
"At+str(i)+'F'4+str(n)+"plf',"A'+str(i)+'F'+str(n)+'p2f’,
"A'+str(i)+'F'+str(n)+'p3f'], "A'+str(i)+'F'+str(n)+'f",
"OSB', "A'+str(i)+'F'+str(n)+'f")
SapModel.PointObj.AddCartesian(i*W+1*n,-0,0,
"At+str(i)+'F'+str(n)+'por', 'A'+str(i)+'F'+str(n)+'por")
SapModel.PointObj.AddCartesian((i+1)*W-15,-0,0,
"A'+str(i)+'F'4+str(n)+"plr', "A'+str(i)+ ' F'+str(n)+'plr")
SapModel.PointObj.AddCartesian((i+1)*W-15,-0,H,
"At+str(i)+'F'4+str(n)+'p2r', "A'+str(i)+ ' F'+str(n)+'p2r")
SapModel.PointObj.AddCartesian(i*W+1*n,-0,H,
"At+str(i)+'F'+str(n)+'p3r', 'A'+str(i)+'F'+str(n)+'p3r")
SapModel.AreaObj.AddByPoint(4, ['A'+str(i)+'F'+str(n)+'por’,
"At+str(i)+'F'+str(n)+'plr’,
"A'+str(i)+'F'+str(n)+'p2r',
"At+str(i)+'F'+str(n)+'p3r'],
"A'+str(i)+'F'+str(n)+'r', '0OSB',
"At+str(i)+'F'+str(n)+'r")

@ and n ==

SapModel.PointObj.AddCartesian(i*W+15,0,0,
"At+str(i)+'F'+str(n)+'pof', 'A'+str(i)+'F'+str(n)+'pof")

SapModel.PointObj.AddCartesian(i*W+1,0,0,
"At+str(i)+'F'4+str(n)+"plf',"A'+str(i)+ 'F'+str(n)+'plf")

SapModel.PointObj.AddCartesian(i*W+1,0,H,
"At+str(i)+'F'4+str(n)+"p2f',"A'+str(i)+ ' F'+str(n)+'p2f")

SapModel.PointObj.AddCartesian(i*W+15,0,H,
"At+str(i)+ ' F'+str(n)+'p3f', 'A'+str(i)+'F'+str(n)+ 'p3f")

SapModel.AreaObj.AddByPoint(4, ['A'+str(i)+'F'+str(n)+'pof’,
"At+str(i)+'F'4+str(n)+"plf',"A'+str(i)+'F'+str(n)+'p2f’,
"At+str(i)+'F'4+str(n)+'p3f'], "A'+str(i)+'F'+str(n)+'f",

"OSB', "A'+str(i)+'F'+str(n)+'f")

SapModel.PointObj.AddCartesian(i*W+15,-0,09,
"A'+str(i)+'F'+str(n)+'por', "A'+str(i)+'F'+str(n)+'por")
SapModel.PointObj.AddCartesian(i*W+1,-0,0,
"A'+str(i)+'F'4+str(n)+"'plr', "A'+str(i)+'F'+str(n)+'plr")
SapModel.PointObj.AddCartesian(i*W+1,-0,H,
"A't+str(i)+'F'4+str(n)+'p2r', "A'+str(i)+'F'+str(n)+'p2r")
SapModel.PointObj.AddCartesian(i*W+15,-0,H,
"A'+str(i)+'F'4+str(n)+"'p3r', "A'+str(i)+'F'+str(n)+'p3r")
SapModel.AreaObj.AddByPoint (4, ['A'+str(i)+'F'+str(n)+'por’,
"A'+str(i)+'F'+str(n)+'plr',
"At+str(i)+'F'+str(n)+'p2r’,
"A'+str(i)+'F'+str(n)+'p3r'],
"A'+str(i)+'F'+str(n)+'r', '0OSB',
"A'+str(i)+'F'+str(n)+'r")



else:
ret = SapModel.PointObj.AddCartesian(i*W+n*1,0,0,
"At+str(i)+'F'+str(n)+'pof', 'A'+str(i)+'F'+str(n)+'pof")
ret = SapModel.PointObj.AddCartesian(i*W+(n+1)*1,0,0,
"At+str(i)+'F'4+str(n)+"plf',"A'+str(i)+ 'F'+str(n)+'plf")
ret = SapModel.PointObj.AddCartesian(i*W+(n+1)*1,0,H,
"At+str(i)+'F'4+str(n)+'p2f',"A'+str(i)+ ' F'+str(n)+'p2f")
ret = SapModel.PointObj.AddCartesian(i*W+n*1,0,H,
"At+str(i)+ ' F'+str(n)+'p3f', 'A'+str(i)+'F'+str(n)+ 'p3f")
ret = SapModel.AreaObj.AddByPoint(4, ['A'+str(i)+'F'+str(n)+'pof’,
"At+str(i)+'F'+str(n)+'plf’,
"A'+str(i)+'F'+str(n)+'p2f',
"A'+str(i)+'F'+str(n)+'p3f'],
"A'+str(i)+'F'+str(n)+'f"', 'OSB',
"At+str(i)+'F'+str(n)+'f")

ret = SapModel.PointObj.AddCartesian(i*W+n*1,-0,0,
"A'+str(i)+'F'+str(n)+'por', "'A'+str(i)+'F'+str(n)+'por")
ret = SapModel.PointObj.AddCartesian(i*W+(n+1)*1,-0,0,
"A'+str(i)+'F'+str(n)+"'plr', "A'+str(i)+'F'+str(n)+'plr")
ret = SapModel.PointObj.AddCartesian(i*W+(n+1)*1,-0,H,
"A'+str(i)+'F'+str(n)+'p2r', "A'+str(i)+"'F'+str(n)+'p2r")
ret = SapModel.PointObj.AddCartesian(i*W+n*1,-0,H,
"A'+str(i)+'F'+str(n)+"'p3r', "A'+str(i)+'F'+str(n)+'p3r")
ret = SapModel.AreaObj.AddByPoint(4, ['A'+str(i)+'F'+str(n)+'pér’,
"A'+str(i)+'F'+str(n)+'plr',
"At+str(i)+'F'+str(n)+'p2r’,
"A'+str(i)+'F'+str(n)+'p3r'],
"A'+str(i)+'F'+str(n)+'r', '0OSB',
"A'+str(i)+'F'+str(n)+'r")

nl = m.ceil(H/D)
w = (H-(n1*D))/2

for i in range(S):
for n in range(F-1):
for k in range(nl+l):

if i == 0:
if n == 0:
if k =0 and k != nl:
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1, 0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'f', False,
"Nail', 'L_S'+#str(i)+' F'+str(n)+' N'+str(k)+'f")
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1,-0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'r', False,
"Nail', '"L_S'+#str(i)+' F'+str(n)+' N'+str(k)+'r")
else:

if k% 2 ==0 and k !=nl1 and k != 0:
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1l, 0, w+k*D,
"L_S'+str(i)+' _F'4+str(n)+' N'+str(k)+'f', False,
"Nail', "L_S'+4#str(i)+' F'+str(n)+' N'+str(k)+'f")
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ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1,-0, w+k*D,
"L_S'+str(i)+' _F'4+str(n)+' N'+str(k)+'r', False,
"Nail', '"L_S'+#str(i)+' F'+str(n)+' N'+str(k)+'r")

if k =0 and k != nl:
ret = SapModel.LinkObj.AddByCoord(i*W+n*1-15, O,
w+k*D, i*W+n*1-15, O, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'fl', False,
"Nail', "L _S'+4str(i)+' F'+str(n)+' N'+str(k)+'fl")
ret = SapModel.LinkObj.AddByCoord(i*W+n*1-15, O,
w+k*D, i*W+n*1-15,-0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'rl', False,
"Nail', 'L _S'+4str(i)+' F'+str(n)+' N'+str(k)+'rl")
ret = SapModel.LinkObj.AddByCoord(i*W+n*1+15, O,
w+k*D, i*W+n*1+15, O, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'fr', False,
"Nail', 'L _S'+#str(i)+' F'+str(n)+' N'+str(k)+'fr")
ret = SapModel.LinkObj.AddByCoord(i*W+n*1+15, O,
w+k*D, i*W+n*1+15,-0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'rr', False,
"Nail', 'L _S'+4str(i)+' F'+str(n)+' N'+str(k)+'rr")
ret = SapModel.PointObj.AddCartesian(i*W+n*1, O,
w+k*D, 'PL_S'+str(i)+' N'+str(k),
"PL_S'+str(i)+' N'+str(k))
ret = SapModel.PointObj.AddCartesian(i*W+n*1-15, @,
w+k*D, "PL_S'+str(i)+' N'+str(k)+'1l",
"PL_S"+str(i)+" N'+str(k)+'1")
ret = SapModel.PointObj.AddCartesian(i*W+n*1+15, 0,
w+k*D, 'PL_S'4#str(i)+' N'+str(k)+'r’',
"PL_S'+str(i)+' N'+str(k)+'r")
ret = SapModel.ConstraintDef.SetBody(
"CONS_S'+str(i)+' N'+str(k),
[True, True, True, True, True, True])
ret = SapModel.PointObj.SetConstraint(
"PL_S'+str(i)+"' N'+str(k),
"CONS_S'+str(i)+' N'+str(k))
ret = SapModel.PointObj.SetConstraint(
"PL_S'+str(i)+' N'+str(k)+'r',
"CONS_S'"+str(i)+" N'+str(k))
ret = SapModel.PointObj.SetConstraint(
"PL_S"+str(i)+"' N'+str(k)+'1l",
"CONS_S'+str(i)+' N'+str(k))

else:
if k% 2 ==0 and k !=nl1 and k != 0:
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1l, 0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'f', False,
"Nail', "L_S'+#str(i)+' F'+str(n)+' N'+str(k)+'f")
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, w+k*D,
i*W+n*1,-0, w+k*D,
"L S'+str(i)+' _F'4+str(n)+' N'+str(k)+'r', False,
"Nail', '"L_S'+#str(i)+' F'+str(n)+' N'+str(k)+'r")
if i == S-1 and n == F-2 and k !=nl1 and k != 0:
ret = SapModel.LinkObj.AddByCoord((S-1)*W+(F-1)*1, 0, w+k*D,
(S-1)*W+(F-1)*1, 0O, w+k*D,
"L_S'+str(S-1)+"' F'+str(F-1)+"' N'+str(k)+'f', False,
"Nail', "L_S'+str(S-1)+'_F'+str(F-1)+"_ N'+str(k)+'f")
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ret = SapModel.LinkObj.AddByCoord((S-1)*W+(F-1)*1, 0, w+k*D,
(S-1)*W+(F-1)*1,-0, w+k*D,
"L_S"+str(S-1)+"'_F'+str(F-1)+"' N'+4+str(k)+'r', False,
"Nail', 'L_S'+4str(S-1)+' F'+str(F-1)+" N'+str(k)+'r")

for n in range(m. cell(S*W/D))
if D*n % W != 0 or n == O:
ret = SapModel.LlnkObj.AddByCoord(D*n, 0, 0, D*n, 0, O,
"L N"+str(n)+'fb', False, 'Nail', 'L _N'+str(n)+'fb")
ret = SapModel.LinkObj.AddByCoord(D*n, ©, H, D*n, O, H,
"L N"+str(n)+'ft', False, 'Nail', 'L _N'+str(n)+'ft")
ret = SapModel.LinkObj.AddByCoord(D*n, ©, ©, D*n,-0, O,
"L N"+str(n)+'rb', False, 'Nail', 'L _N'+str(n)+'rb")
ret = SapModel.LinkObj.AddByCoord(D*n, ©, H, D*n,-0, H,
"L N"+str(n)+'rt', False, 'Nail', 'L _N'+str(n)+'rt")
else:
ret = SapModel.LinkObj.AddByCoord(D*n+15, @, @, D*n+15, O,
"L_N"+str(n)+'fb"', False, 'Nail', "L_N'4+str(n)+'fb
ret = SapModel.LinkObj.AddByCoord(D*n+15, @, H, D*n+15, O,
"L_N"+str(n)+'ft"', False, 'Nail', 'L_N'+4str(n)+'ft
ret = SapModel.LinkObj.AddByCoord(D*n+15, @, @, D*n+15, -0,
"L_N"+str(n)+'rb", False, 'Nail', "L_N'4+str(n)+'rb
ret = SapModel.LinkObj.AddByCoord(D*n+15, @, H, D*n+15, -0,
"L_N"+str(n)+'rt', False, 'Nail', 'L_N'+4str(n)+'rt
ret = SapModel.LinkObj.AddByCoord(D*n-15, @, @, D*n-15, O,
"L_N"+str(n)+'fb"', False, 'Nail', "L_N'4+str(n)+'fb
ret = SapModel.LinkObj.AddByCoord(D*n-15, @, H, D*n-15, O,
"L_N"+str(n)+'ft"', False, 'Nail', 'L_N'+4str(n)+'ft
ret = SapModel.LinkObj.AddByCoord(D*n-15, @, @, D*n-15, -0,
"L_N"+str(n)+'rb"', False, 'Nail', "L_N'4+str(n)+'rb

-

~ O~ T~ 0O~ I —w O~ I—0O
-

-

-

-

-

-

ret = SapModel.LinkObj.AddByCoord(D*n-15, ©, H, D*n-15,-0, H,

"L N"+str(n)+'rt', False, 'Nail', 'L _N'+str(n)+'rt")
SapModel.LinkObj.AddByCoord(S*W, @, @, S*W, 0, O,

"L N"+str(m.ceil(S*W/D))+'fb', False, 'Nail',

"L N"+str(m.ceil(S*W/D))+"'fb")
SapModel.LinkObj.AddByCoord(S*W, ©, H, S*W, O, H,

"L_N"+str(m.ceil(S*W/D))+'ft', False, 'Nail',

"L N"+str(m.ceil(S*W/D))+"'ft")
SapModel.LinkObj.AddByCoord(S*W, @, @, S*W,-0, 0,

"L N"+str(m.ceil(S*W/D))+'rb', False, 'Nail',

"L N"+str(m.ceil(S*W/D))+'rb")
SapModel.LinkObj.AddByCoord(S*W, ©, H, S*W,-0, H,

"L N"+str(m.ceil(S*W/D))+'rt', False, 'Nail',

"L N"+str(m.ceil(S*W/D))+'rt")

ret

ret

ret

ret

nl = m.ceil(H/D)
w = (H-(n1*D))/2

if L == 0:
for i in range(S):
for k in range(nil+l):
if i =0 and k ==

ret = SapModel.LinkObj.AddByCoord(i*W-15, 0, @, i*W+15, O, O,
"L_SS'"+str(i)+' N'+str(k)+'f', False, 'Sheet’,
"L_SS"+str(i)+" N'+str(k)+'f")

ret = SapModel.LinkObj.AddByCoord(i*W-15, -0, ©, i*W+15,-0, O,
"L_SS'+str(i)+' N'+str(k)+'r', False, 'Sheet',
"L_SS'+str(i)+' N'+str(k)+'r")
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elif 1 I= @ and k == n1l:
ret = SapModel.lLinkObj.AddByCoord(i*W-15, O, H, i*W+15, O, H,
"L_SS'+str(i)+"' N'+str(k)+'f', False, 'Sheet’,
"L_SS"+str(i)+" N'+str(k)+'f")
ret = SapModel.LinkObj.AddByCoord(i*W-15, -0, H, i*W+15,-0, H,
"L_SS'+str(i)+' N'+str(k)+'r', False, 'Sheet',
"L_SS'+str(i)+' N'+str(k)+'r")
elif i I= o:
ret SapModel.LinkObj.AddByCoord(i*W-15, O, w+k*D, i*W+15,
O, w+k*D, 'L _SS'+str(i)+' N'+str(k)+'f', False, 'Sheet’,
"L_SS'+str(i)+' N'+str(k)+'f")
ret = SapModel.LinkObj.AddByCoord(i*W-15, -0, w+k*D, i*W+15,
-0, w+k*D, 'L _SS'+4str(i)+' N'+str(k)+'r', False, 'Sheet’,
"L_SS"+str(i)+" N'+str(k)+'r")

a = (W*S)/(s+1)

for i in range(S+1):
if i =0o0or i==2S:
ret = SapModel.LinkObj.AddByCoord(i*W, @, @, i*W, 0, -60,
"LH_S'+str(i), False, 'HoldDown', 'LH_S'+str(i))
for n in range(F-1):
ifi<Sandn !l=0:

ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, 0, i*W+n*1, @, -60,
"LC_S'+str(i)+'_F'+str(n), False, 'Compression-In',
"LC_S'+str(i)+"' _F'+str(n))

ret = SapModel.PointObj.AddCartesian(i*W+n*1, @, -60,
"PRC_S'"+str(i)+' F'+str(n),'PRC_S'+str(i)+' F'+str(n))

ret = SapModel.PointObj.SetRestraint('PRC_S'+str(i)+' F'+str(n),

[True,True,True,True,True,True])
elif i < Sand n==0 and i != 0:
ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, ©, i*W+n*1l, @, -60,
"LC_S'+str(i)+' F'+str(n), False, 'Compression-InPe’,
"LC_S'+str(i)+' F'+str(n))

ret = SapModel.PointObj.AddCartesian(i*W+n*1, 0, -60,
"PRC_S'"+str(i)+' _F'+str(n), 'PRC_S'+str(i)+'_F'+str(n))
ret = SapModel.PointObj.SetRestraint('PRC_S'+str(i)+' F'+str(n),

[True,True,True,True,True,True])
elif i == @ and n ==

ret = SapModel.LinkObj.AddByCoord(i*W+n*1, @, ©, i*W+n*1l, @, -60,
"LC_S'+str(i)+' F'+str(n), False, 'Compression-Pe',
"LC_S'+str(i)+' F'+str(n))

ret = SapModel.PointObj.AddCartesian(i*W+n*1, 0, -60,
"PRC_S'"+str(i)+' _F'+str(n), 'PRC_S'+str(i)+'_F'+str(n))

ret = SapModel.PointObj.SetRestraint('PRC_S'+str(i)+' F'+str(n),

[True,True,True,True,True,True])
else:

if n == 0:

ret = SapModel.LinkObj.AddByCoord(i*W, @, @, i*W, 0, -60,
"LC_S'+str(i)+'_F'+str(n), False, 'Compression-Pe',
"LC_S'+str(i)+"' _F'+str(n))

ret = SapModel.PointObj.AddCartesian(i*W, 0, -60,
"PRC_S'"+str(i)+' F'+str(n),'PRC_S'+str(i)+' F'+str(n))

ret = SapModel.PointObj.SetRestraint(

"PRC_S'+str(i)+' F'+str(n), [True,True,True,True,True,True])
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for i in range(s):
if D% a< 5:
ret = SapModel.LinkObj.AddByCoord(a*(i+1)+10, 0, 0, a*(i+l1)+30,
0, -10, 'LAB S'+str(i), False, 'AngleBracket',
"LAB_S'+str(i))

ret = SapModel.PointObj.AddCartesian(a*(i+1)+10, 0, -60,
"PAB_S'+str(i), 'PAB_S'+str(i))

ret = SapModel.PointObj.SetRestraint('PAB_S'+str(i),
[True,True,True,True,True,True])

else:

ret = SapModel.LinkObj.AddByCoord(a*(i+1), @, 0, a*(i+l), 0, -60,
"LAB_S'+str(i), False, 'AngleBracket’,
"LAB_S'+str(i))

ret = SapModel.PointObj.AddCartesian(a*(i+l1), 0, -60,
"PAB_S'+str(i), 'PAB_S'+str(i))

ret = SapModel.PointObj.SetRestraint('PAB_S'+str(i),

[True,True,True,True,True,True])

ret = SapModel.View.RefreshView(@, False)

ret = SapModel.GroupDef.SetGroup("GroupOSB-first™)

ret = SapModel.SelectObj.PropertyMaterial("0SB")

ret = SapModel.AreaObj.SetGroupAssign("", "GroupOSB-first", False, 2)

SapModel.SelectObj.All()
SapModel.SelectObj.InvertSelection()

numobj=0

obtype=[]

shellnamesfirst=[]

[numobj, obtype, shellnamesfirst, ret] = SapModel.GroupDef.GetAssignments(
"GroupOSB-first", numobj, obtype, shellnamesfirst)

for s in shellnamesfirst:
areanames=[ ]
numberareas=0
SapModel.SelectObj.All()
ret=SapModel.EditArea.Divide(str(s), 3, numberareas, areanames,
PointOnEdgeFromPoint=True)

ret = SapModel.AreaObj.SetAutoMesh("GroupOSB-first", 2, MaxSizel = 580,
MaxSize2 =50, ItemType = 1 )

for i in range(len(Fh)):
ret = SapModel.LoadPatterns.Add("Fh"+str(i+l), 3, @, False)
ret = SapModel.PointObj.SetLoadForce("FOpOTR", 'Fh'+str(i+l),
[Fh[i],90,0,0,0,0])
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for i in range(len(Fv)):
ret = SapModel.LoadPatterns.Add("Fv"+str(i+l), 3, @, False)

for n in range(S):
for i in range(F):
for g in range(len(Fv)):
if n == S-1 and i == F-1:

ret = SapModel.PointObj.SetLoadForce('F'+str(S-1)+'p'+str(F-1)+'TR",

"Fv'+str(g+1),[90,0,-Fv[q]*S*W/(S*(F-1)*2),0,0,0])

elif n == 0 and 1 ==
ret = SapModel.PointObj.SetLoadForce("FOpOTR",
"Fv'+str(qg+1),[0,0,-Fv[q]*S*W/(S*(F-1)*2),0,0,0])
else:
ret = SapModel.PointObj.SetLoadForce('F'+str(n)+'p'+str(i)+'TR",

"Fv'+str(g+1),[90,0,-Fv[q]*S*W/(S*(F-1)),0,0,0])

for i in range(len(Fh)):
for n in range(len(Fv)):
ret = SapModel.LoadCases.StaticNonlinear.SetCase(
"H'+str(int(Fh[i]/1000))+ 'V '+str(Fv[n]))
ret = SapModel.LoadCases.StaticNonlinear.SetLoads(
"H'+str(int(Fh[i]/1000))+('V'+str(Fv[n])),2,["Load","Load"],
["Fv'+str(n+l),"Fh"+str(i+1)],[1,1])

ret = SapModel.File.Save(ModelPath)
ret = SapModel.Analyze.SetActiveDOF([True, False, True, False, True, False])
ret = SapModel.Analyze.SetRunCaseFlag('', False, True)

Combinations = []
for i in range(len(Fh)):
for n in range(len(Fv)):
ret = SapModel.Analyze.SetRunCaseFlag(
"H'+str(int(Fh[i]/1000))+ 'V '+str(int(Fv[n])), True, False)
Combinations.append('H'+str(int(Fh[i]/1000))+ 'V '+str(Fv[n]))

Mod = 10**7

ModShear = [1, Mod, Mod, Mod, Mod, Mod,1]

ModShear2 = [Mod, 1, 1, 1, 1, 1, 1]

ModBend = [Mod, 1, Mod, Mod, 1, Mod, 1]

ModBend2 = [Mod, 1, 1, Mod, 1, Mod, 1]

ModBend3 = [Mod, 1, Mod, Mod, Mod, Mod, 1]

ModAB = [Mod, Mod, 1, Mod, Mod, Mod, 1]

ModHD = [Mod, Mod, Mod, 1, Mod, Mod, 1]

ModSTF = [Mod, Mod, Mod, Mod, 1, Mod, 1]

ModC = [Mod, Mod, Mod, Mod, Mod, 1, 1]

Cont = ['In-plane Shear','In-plane bending', 'Rigid body sliding’,
'Kinematic rocking', 'Sheathing to-framing', 'Bottom rail compression’,
"Total deflection']

Displa = []
Contributions = []
Analytical = []
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for i in range(len(ModShear)):

ret SapModel.PropLink.SetLinear('Nail’,
[False, True, True, False, False, False],
[False, False, False, False, False, False],
[0, k n*ModSTF[i], k_n*ModSTF[i], ©, ©, 0],
[e, o, 0, 0, 0, 0], 10, 10, False, False)
ret = SapModel.PropLink.SetGap('Compression-In',
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_is*(b_is+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G:G:G:GJG]:
[((370*h_is*(b_is+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G)G)G)GJG]:G)G)
ret = SapModel.PropLink.SetGap('Compression-InPe’,
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_ips*(b_ips+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G:G:G:GJG]:
[((370*h_ips*(b_ips+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G)G)G)GJG]:G)G)
ret = SapModel.PropLink.SetGap('Compression-Pe’,
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[((370*h_ps*(b_ps+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G:G:G:GJG]:
[((370*h_ps*(b_ps+ b_cb/2))/b_cb)*ModC[i],0,0,0,0,0],
[G)G)G)G)GJG]:G)G)
ret = SapModel.PropLink.SetHook( 'HoldDown",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[k_HD*ModHD[i],9,0,0,0,0], [0,0,0,0,0,0],
[k_HD*ModHD[i],9,0,0,0,0],[0,0,0,0,0,0],0,0)
ret = SapModel.PropLink.SetLinear('AngleBracket",
[False,True,False,False,False,False],
[False,False,False,False,False,False],
[0,k _AB*ModAB[i],?,0,0,0],[0,0,0,0,0,0],
60, 60, False, False)

ret = SapModel.PropFrame.SetModifiers('Perimeter’,
[ModBend[i],1,1,1,ModBend[i],ModBend[i],1,1])
ret = SapModel.PropFrame.SetModifiers('Internal perimeter',
[ModBend[i],1,1,1,ModBend[i],ModBend[i],1,1])
ret = SapModel.PropFrame.SetModifiers('InnerStud"’,
[ModBend[i],1,1,1,ModBend[i],ModBend[i],1,1])
ret = SapModel.PropFrame.SetModifiers('TopCord",
[ModBend[i],1,1,1,ModBend[i],ModBend[i],1,1])
ret = SapModel.PropFrame.SetModifiers('BottomCord",
[ModBend[i],1,1,1,ModBend[i],ModBend[i],1,1])
ret = SapModel.PropArea.SetModifiers('A', [ModBend3[i], ModBend3[i],
ModShear[i],ModBend2[i],
ModBend2[i], ModShear2[i],
ModShear2[i], 1, 1, 1])

ret = SapModel.Analyze.RunAnalysis()
Dis = []
Analytical.append(ANA[i])



for n in Combinations:

SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput()
SapModel.Results.Setup.SetCaseSelectedForOutput(n)

ret
ret

NumberResults = 0

Obj = []

Elm = []

Name = 'F'+4str(S-1)+'p'+str(F-2)+'TR'
ACase = []
StepType = []
StepNum = []
Ui = []

u2 =[]

Us =[]

R1 =[]

R2 = []

R3 =[]

ObjectElm = ©

[NumberResults, Obj, Elm, ACase, StepType, StepNum, U1, U2, U3, R1,
R2, R3, ret] = SapModel.Results.JointDispl(Name, ObjectElm,
NumberResults, Obj, Elm, ACase, StepType, StepNum, Ul, U2, U3, R1, R2, R3)

Dis.append(U1l[Q])
SapModel.SetModelIsLocked(False)
Displa.append(Dis)
Contributions.append(Cont[i])

ret = mySapObject.ApplicationExit(False)
SapModel = None
mySapObject = None

return Displa, Analytical, Combinations, Contributions

Sheats = [1,2,3,4,5,6]
HoldDown = [12177]
Name = []

Call = []

for i in range(len(Sheats)):
Name.append(str(Sheats[i])+'x1200")
for n in range(len(HoldDown)):
Call.append(eval(str(Sheats[i])+"'_ '"+str(HoldDown[n])))
Call[-1]= LTF(1200, 2400, Sheats[i], 3, 100, 1, 70, Sheats[i]*2,

HoldDown[n])
Combinations = Call[@][2]
FigName = Call[@][3]
colours = ['tab:blue', 'tab:orange', 'tab:green', 'tab:pink"', 'tab:purple’,

"tab:cyan','tab:olive','tab:gray', 'tab:red', 'tab:brown’]
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for n in range(len(FigName)):

GR1 = []
GR2 = []
GR3 =[]

plt.figure(figsize=[10,5])
for t in range(len(Combinations)):
GR1.append([])
GR2.append([])
for i in range(len(Sheats)):
GR1[t].append(Call[i][@][n][t])
GR2[t].append(Call[i][2][n][t])
GR3.append('FEM '+Combinations[t])
GR3.append('Analytical '+Combinations[t])
plt.plot(Name,GR1[t],color = colours[t],1ls = "'-")
plt.plot(Name,GR2[t],color = colours[t], 1ls = '--'
plt.title(FigName[n])
plt.ylabel('Deflection [mm]', size = 10)
plt.xlabel('Wall length [mm]', size = 10)
plt.legend(GR3)
plt.savefig(FigName[n]+'.jpg")
plt.show()

initial_data = {'Contributions': FigName}

x1lWriter = pd.ExcelWriter('Total.xlsx")

df = pd.DataFrame(initial_data, columns = ['Contributions'])
for t in range(len(Combinations)):

r=1[]

s =[]

for i in range (len(Sheats)):
FEM = []

Analytical = []

for n in range(len(FigName)):
FEM.append(Call[i][@][n][t])
Analytical.append(Call[i][1][n][t])

r.append(FEM)

s.append(Analytical)

df[ 'FEM_"+str(Sheats[i])+'x1200'] = r[i]

df['Analytical '+str(Sheats[i])+'x1200'] = s[i]

df.to_excel(xlWriter, sheet_name = Combinations[t] , index=False)

x1Writer.close()

file = open('Call.txt"', 'w")
file.write('Call=")
file.write('{}"'.format(Call))
file.close()

file = open('Calli@@.txt"', 'w')
file.write('Call=")
file.write('{}"'.format(Call))

file.close()



Appendix C - CLT Shear wall

Master Thesis
May 2022
Hakon @straat Szvareid & Johan Bjgrkedal

import os

import sys

import comtypes.client

import numpy as np

import math as m

import matplotlib.pylab as plt
import pandas as pd

def E(layers):

EQ = 11*10**3

E90 = 0.370*10**3
Go 690*10%**3
El
E2 =
E3

Q.
(4]
Q
(4]

for i in range(len(layers)):

ifi%2==a0:
El = E1 + layers[i]*E@
E2 = E2 + layers[i]*E90
elif i % 2 != @:
El = E1 + layers[i]*E9@

E2 = E2 + layers[i]*E@
E1l = E1 / sum(layers)
E2 = E2 / sum(layers)
E3 = E90
G1l2 = GO*0.75
G23 = G12 /10
G13 = G12 /10

return E1 ,E2 ,E3 , G12 , G23 , G13, E0,

= Width Of Wall

= Hight

= Segments

= Layers(as Array)

= Number of shear connectors (segmented CLT)
= Number Of AngleBrackets

- Z2runIT =
1

def CLT(W, H, S, L, N, s, X ):

Filename = 'test’
APIPath = '*Path to main folder*’



AttachToInstance = False

SpecifyPath = False

if not os.path.exists(APIPath):

try:
os.makedirs(APIPath)

except OSError:
pass

ModelPath = APIPath + os.sep + Filename
helper = comtypes.client.CreateObject('SAP2000v1.Helper")

helper

helper.QueryInterface(comtypes.gen.SAP2000v1.cHelper)

if AttachToInstance:

try:
mySapObject = helper.GetObject("CSI.SAP2000.API.SapObject")

except (OSError, comtypes.COMError):
print("No running instance of the program found or failed.")
sys.exit(-1)

else:

if SpecifyPath:
try:
mySapObject = helper.CreateObject(ProgramPath)

except (OSError, comtypes.COMError):
print("Cannot start a new instance of the program from
+ ProgramPath)
sys.exit(-1)

else:
try:
mySapObject = helper.CreateObjectProgID(
"CSI.SAP2000.API.SapObject")

except (OSError, comtypes.COMError):
print("Cannot start a new instance of the program.™)

sys.exit(-1)

mySapObject.ApplicationStart()

SapModel = mySapObject.SapModel
SapModel.InitializeNewModel()

ret
ret

Fh

Fv

k_AB

= SapModel.File.NewBlank()

= SapModel.SetPresentUnits(9)

[10]

[0,5]

= 13046.44



k_ HD = X
k_SH = 2387.63
ANUs = []
ANUB = []
ANUA = []
ANUR = []
ANU = []

for i in range(len(Fh)):
for n in range(len(Fv)):

Us = (Fh[1]*1000*H)/((W*S)*sum(L)*E(L)[3])

ANUs . append(Us)

11 =0
for t in range(len(L)):
if t % 2 == 0:
11 = 11+ L[t]
UB = (Fh[i]*1@@@*H**3)/(3*(((E(L)[6]*11*((S*W)**3))/12)))

ANUB. append(UB)

UA = Fh[i]*1000/ (s*k_AB)
ANUA. append (UA)

if S ==
UR = max((((Fh[1]*1000%H)/(k_HD* (W*S-0.1*W*S)**2)) -
(((FV[N]*S*W)* (W*S-0.1*W*S) )/ (2* (k_HD* (W*S-0.1*W*S)**2))))*H,0)
ANUR . append(UR)

else:
Ni = (Fv[n]*(S*W))/(2*Fh[1]*1000*H)
ak = (k_HD/(k_SH*N))
bk = (1-(Ni)*((3*S)-2)/(S**2))/(1-(Ni)*(S-2)/(5**2))
ck = (1-(Ni))/(1+(Ni)*(S-2))

Kep = ((K_HD+(S-1)*(k_SH*N))/(S**2))*((S*W)**2)
Ksw = (((1/k_HD)+((S-1)/(k_SH*N)))**(-1))*((S*W)**2)

URb
URC

max( (((Fh[i]*1000*H)/Kcp)-((Fv[n]*S*W*W*S)/(2*Kcp)))*H,0)
max( (((Fh[1]*1000*H)/Ksw) - ((FV[n]*S*W)/(2*k_HD*S*W)))*H,0)

if ak >= bk:
UR = URb
ANUR . append(UR)
print(1)



ANA

ret
ret
ret

ret

ret

ret

ret

ret

ret

ret
ret
ret

ret

if

elif ak <= ck:
UR = URc
ANUR . append(UR)
print(2)
else:
UR = (((ak-bk)*(URc-URb))/(ck-bk))+URb
ANUR . append(UR)
print(3)

U=Us + UB + UA + UR
ANU. append(U)

[ANUs , ANUB, ANUA, ANUR , ANU ]

SapModel.PropMaterial.SetMaterial ('CLT", 3)

SapModel.PropMaterial.SetWeightAndMass('CLT', 2, (420/10**9)*(1/9.81))

SapModel.PropMaterial.SetMPOrthotropic('CLT", [E(L)[©], E(L)[1], E(L)[2]]
, [0.3,0.3,0.3], [0 ,0 ,0],[E(L)[3], E(L)[4], E(L)[51])

SapModel.PropLink.SetLinear('Shear', [False,True,False,False,False,False],
[False,False,False,False,False,False],[0,k _SH,0,0,0,0],[0,0,0,0,0,0],
30, 30, False, False)
= SapModel.PropLink.SetGap('Compression’, [True,False,False,False,False,False]
,[False,False,False,False,False,False],[True,False,False,False,False,False],
[100000000000,0,0,0,0,0], [0,0,0,0,0,0],[100000000000,0,0,0,0,0],
[0,0,0,0,0,0],10,10)
= SapModel.PropLink.SetHook( 'HoldDown', [True,False,False,False,False,False]
,[False,False,False,False,False,False],[True,False,False,False,False,False],
[k_HD,0,0,0,0,0], [0,0,0,0,0,0],[k_HD,0,0,0,0,0],[0,0,0,0,0,0],10,10)
= SapModel.PropLink.SetLinear('AngleBracket', [False,True,False,False,False,False]
,[False,False,False,False,False,False],[0,k_AB,0,0,0,0],[0,0,0,0,0,0],
10, 10, False, False)
= SapModel.PropLink.SetGap('B', [True,False,False,False,False,False],
[False,False,False,False,False,False],[True,False,False,False,False,False],
[100000000000,0,0,0,0,0],[0,0,0,0,0,0],[100000000000,0,0,0,0,0],
[0,0,0,0,0,0],10,10)

SapModel.PropArea.SetShell 1('A', 5, True, 'CLT', @, sum(L), sum(L), -1)

SapModel.PropMaterial.SetMaterial('L", 3)
SapModel.PropMaterial.SetWeightAndMass("L", 2, (1/10**10))
SapModel.PropMaterial.SetMPOrthotropic("L", [10**7, 10**7, 10**7],
[0.3,0.3,0.3], [0 ,0 ,0],[10**7, 10%**7, 10**7])

= SapModel.PropFrame.SetRectangle('Load', 'L', 50, sum(L))

== 1:
ret = SapModel.AreaObj.AddByCoord(4, [0,W,W,0], [0,0,0,0], [0,0,H,H],
's', 'A', 'S', "Global")
ret = SapModel.FrameObj.AddByCoord(®, ©, H, W, ©, H, 'FF@', 'Load', 'FFO")
ret = SapModel.FrameObj.AddByCoord(®, ©, @, W, 0, @, 'FBO', 'Load', 'FBO")



else:

for i in range(S):

if i == 0:
ret =

ret =

ret =

elif i ==
ret =

ret =

ret =

else:
ret =

ret =

ret =

SapModel.AreaObj.AddByCoord(4, [i*W,i*W+W-15,i*W+W-15,i*W],
[0,0,0,0],[0,0,H,H], 'S "+str(i), A", 'S_'+str(i), "Global")
SapModel.FrameObj.AddByCoord(i*W, ©, H, i*W+W-15, @, H,
"FF'+str(i), 'Load’, "FF'+str(i))
SapModel.FrameObj.AddByCoord(i*W, ©, @, i*W+W-15, 0, O,
"FB'+str(i), 'Load’, 'FB'+str(i))

S-1:

SapModel.AreaObj.AddByCoord(4, [i*W+15,i*W+W,i*W+W,i*W+15],
[0,0,0,0],[0,0,H,H], 'S '+str(i), A", 'S '+str(i), "Global")
SapModel.FrameObj.AddByCoord(i*W+15, @, H, i*W+W, O, H,
"FF'+str(i), 'Load', "FF'+str(i))
SapModel.FrameObj.AddByCoord(i*W+15, @, @, i*W+W, 0, O,
"FB'+str(i), 'Load', 'FB'+str(i))

SapModel.AreaObj.AddByCoord (4, [1*W+15, i *W+W-15, i*W+W-15, i*W+15],

[0,0,0,0],[0,0,H,H], 'S "+str(i), 'A','S "+str(i),"Global™)
SapModel.FrameObj.AddByCoord (i*W+15, @, H, i*W+W-15, @, H,
"FF'+str(i), 'Load’, "FF'+str(i))
SapModel.FrameObj.AddByCoord(i*W+15, @, 0, i*W+W-15,0,0,
"FB'+str(i), 'Load’', 'FB'+str(i))

for i in range(S):

for n in r
if i !

ange(N+2):
=0 and n !=0 and n != (N+1):

ret = SapModel.LinkObj.AddByCoord(i*W-15, @, n * H/(N+1),

i*W+15, @, n * H/(N+1), 'SH_'+str(i)+'_'+str(n),
False, 'Shear','SH_'+str(i) +' '+str(n))

ret = SapModel.PointObj.AddCartesian(i*W-15, @,n*H/((N+2)-1),

"PL_S"4+str(i)+"' N'4str(n)+'1l"', 'PL_S'+4+str(i)+' N'
+str(n)+'1")

ret = SapModel.PointObj.AddCartesian(i*W+15, ©,n*H/((N+2)-1),

"PL_S"+str(i)+' _N'+str(n)+'r"', "PL_S'+str(i)
+' N'+str(n)+'r")

ret = SapModel.ConstraintDef.SetBody( 'CONS_S'+str(i)+' N'

+str(n),[True,False,False,False,False,False])

ret = SapModel.PointObj.SetConstraint('PL_S'+str(i)+' N’

+str(n)+'r', "CONS_S'+str(i)+' N'+str(n))

ret = SapModel.PointObj.SetConstraint('PL_S'+str(i)+' N’

+str(n)+'1", "CONS_S'+str(i)+' N'+str(n))

elif i !=0:

ret = SapModel.PointObj.AddCartesian(i*W-15, @, n * H/((N+2)-1),
"PL_S'+str(i)+' N'+str(n)+'1','PL_S'+str(i)+' N'+4+str(n)+'1l")

ret = SapModel.PointObj.AddCartesian(i*W+15, @, n * H/((N+2)-1),
"PL_S'+str(i)+' N'+str(n)+'r','PL_S'+str(i)+' N'+str(n)+'r")

ret = SapModel.ConstraintDef.SetBody('CONS S'+str(i)+' N'+str(n),
[True, False, False, False, False, False])

ret = SapModel.PointObj.SetConstraint('PL_S'+str(i)+' N’
+str(n)+'r', "CONS_S'+str(i)+' N'+str(n))

ret = SapModel.PointObj.SetConstraint('PL_S'+str(i)+' N’

+str(n)+'1", "CONS_S'+str(i)+' N'+str(n))



a = (W*S)/(s+1)
if S == 1:
ret = SapModel.LinkObj.AddByCoord(0,0,0,0,0,-10, 'LH SL_ ',False,
'HoldDown', 'LH_SL_")
ret = SapModel.LinkObj.AddByCoord(0,0,0,0,0,-10, 'LC_SL_ ',False,
‘Compression', 'LC_SL_")
ret = SapModel.LinkObj.AddByCoord(0,0,0,0,0,-10, 'LBL',False, 'B', "LBL_")
ret = SapModel.PointObj.AddCartesian(®, 0, -10,'PC_SL_','PC_SL ")
ret = SapModel.PointObj.SetRestraint('PC_SL_',[True,True,True,True,True,True])
ret = SapModel.LinkObj.AddByCoord(W, ©, 0, W, 0, -10, 'LC_ST_ ', False,
'Compression', 'LC_ST_ ")
ret = SapModel.LinkObj.AddByCoord(W, ©, 0, W, 0, -10, 'LC HT_ ', False,
"HoldDown', 'LH_ST_ ")
ret = SapModel.LinkObj.AddByCoord(W, ©, 0, W, ©, -10, 'LBT_', False,
'B', 'LBT_'")
ret = SapModel.PointObj.AddCartesian(W, @, -10,'PC_ST_ ','PC_ST ')
ret = SapModel.PointObj.SetRestraint('PC_ST ',
[True,True,True,True,True,True])

else:
for i in range(S):
if i == o:

ret = SapModel.LinkObj.AddByCoord(0, 0, 0, 0, 0, -10,
"LH_SL_"+4str(i), False, 'HoldDown', 'LH SL_ '"+str(i))

ret = SapModel.LinkObj.AddByCoord(0, 0, 0, 0, 0, -10,
"LC_SL_"+4str(i), False, 'Compression', 'LC_SL '+str(i))

ret = SapModel.LinkObj.AddByCoord(0, 0, 0, 0, 0, -10,
"LBL_"+4str(i), False, 'B', 'LBL_'"+str(i))

ret = SapModel.PointObj.AddCartesian(@, 0, -10,
"PC_SL_"#str(i),'PC_SL_ "+str(i))

ret = SapModel.PointObj.SetRestraint('PC_SL_'+str(i),
[True,True,True,True,True,True])

ret = SapModel.LinkObj.AddByCoord(W-15, @, ©, W-15, 0, -10,
"LC_ST '"#str(i), False, 'Compression', 'LC_ST '+4str(i))

ret = SapModel.LinkObj.AddByCoord(W-15, @, ©, W-15, 0, -10,
"LBT_'"+4str(i), False, 'B', 'LBT '+str(i))

ret = SapModel.PointObj.AddCartesian(W-15, 0, -10,
"PC_ST "#str(i),'PC_ST '+str(i))

ret = SapModel.PointObj.SetRestraint('PC_ST_ '+str(i),
[True,True,True,True,True,True])

elif 1 == S-1:

ret = SapModel.LinkObj.AddByCoord(i*W+15, @, @, i*W+15, @, -10,
"LC_SL_"+4str(i), False, 'Compression', '"LC_SL_ "+str(i))

ret = SapModel.LinkObj.AddByCoord(i*W+15, @, @, i*W+15, @, -10,
"LBL_"+4str(i), False, 'B', 'LBL_"+str(i))

ret = SapModel.PointObj.AddCartesian(i*W+15, 0, -10,
"PC_SL_"+4str(i),'PC_SL_"+str(i))

ret = SapModel.PointObj.SetRestraint('PC_SL "+str(i),
[True,True,True,True,True,True])

ret = SapModel.LinkObj.AddByCoord((i+1)*W, @, 0, (i+l1l)*W, O,
"LC_ST_ "+4str(i), False, 'Compression', '"LC_ST '"+str(i))

ret = SapModel.LinkObj.AddByCoord((i+1)*W, @, 0, (i+l)*W, 0, -10,
"LBT_"+4str(i), False, 'B', 'LBT_ '+str(i))

ret = SapModel.LinkObj.AddByCoord((i+1)*W, @, 0, (i+l1l)*W, O,
"LH_ST_ "+4str(i), False, 'HoldDown', 'LH_ST '"+str(i))

ret = SapModel.PointObj.AddCartesian((i+1)*W, o, -10,
"PC_ST_ "+4str(i), 'PC_ST '"+str(i))

ret = SapModel.PointObj.SetRestraint('PC_ST '+str(i),
[True,True,True,True,True,True])

10,

10,



else:
ret

SapModel.LinkObj.AddByCoord(i*W+15, @, @, i*W+15, o, -10,
"LC_SL_"+4str(i), False, 'Compression', 'LC_SL_ "+str(i))

ret = SapModel.LinkObj.AddByCoord(i*W+15, @, @, i*W+15, @, -10,
"LBL_"+4str(i), False, 'B', 'LBL_"+str(i))

ret = SapModel.PointObj.AddCartesian(i*W+15, 0, -10,
"PC_SL_"4str(i),'PC_SL_"+str(i))

ret = SapModel.PointObj.SetRestraint('PC_SL '+str(i),
[True,True,True,True,True,True])

ret = SapModel.LinkObj.AddByCoord((i+1)*W-15, 0, @, (i+1)*W-15,
0, -10, 'LC_ST '+str(i), False, 'Compression', 'LC_ST '+str(i))

ret = SapModel.LinkObj.AddByCoord((i+1)*W-15, @0, 0, (i+1)*W-15,
0, -10, 'LBT_'+str(i), False, 'B', 'LBT_'+str(i))

ret = SapModel.PointObj.AddCartesian((i+1)*W-15, 0, -10,
"PC_ST_"+4str(i),'PC_ST '"+str(i))

ret = SapModel.PointObj.SetRestraint('PC_ST '+str(i),
[True,True,True,True,True,True])

for i in range(s):

ret = SapModel.LinkObj.AddByCoord(a*(i+1), @, 0, a*(i+l), o0, -10,
"LAB_S'+str(i), False, 'AngleBracket', 'LAB_S'+str(i))

ret = SapModel.PointObj.AddCartesian(a*(i+1), 0, -10,
"PAB_S'+str (i), 'PAB_S'+str(i))

ret = SapModel.PointObj.SetRestraint('PAB_S'+str(i),

[True,True,True,True,True,True])

for i in range (int((S*W)/200)):
if i*200 % W != 0o:

ret = SapModel.LinkObj.AddByCoord(i*200, 0, 0, i*200, 0, -10,
"LC_S'+str(i), False, 'B', 'LC_S'+str(i))

ret = SapModel.PointObj.AddCartesian(i*200, 0, -10,
"LC_S'"+str(i), " 'LC_S'+str(i))

ret = SapModel.PointObj.SetRestraint('LC_S'+str(i),

[True,True,True,True,True,True])
ret = SapModel.View.RefreshView(@, False)

ret = SapModel.GroupDef.SetGroup("GroupCLT")

ret = SapModel.SelectObj.ClearSelection()

ret = SapModel.SelectObj.PropertyMaterial('CLT")

ret = SapModel.AreaObj.SetGroupAssign("", "GroupCLT", False, 2)
ret = SapModel.SelectObj.ClearSelection()

numobj=0

obtype=[]

shellnamesfirst=[]

[numobj, obtype, shellnamesfirst, ret] = SapModel.GroupDef.GetAssignments(
"GroupCLT", numobj, obtype, shellnamesfirst)

for s in shellnamesfirst:
areanames=[]
numberareas=0
SapModel.SelectObj.All()
ret=SapModel.EditArea.Divide(str(s), 3, numberareas, areanames,
PointOnEdgeFromPoint=True)

ret = SapModel.AreaObj.SetAutoMesh("GroupCLT", 2, MaxSizel = 580,
MaxSize2 =50, ItemType = 1 )



ret = SapModel.PointObj.AddCartesian(@, ©, H, 'PF', 'PF")
for i in range(len(Fh)):
ret = SapModel.LoadPatterns.Add("Fh"+str(i+l), 3, @, False)
ret = SapModel.PointObj.SetLoadForce('PF', 'Fh'+str(i+l),
[Fh[i]*1000,0,0,0,0,0])

for i in range(len(Fv)):
ret = SapModel.LoadPatterns.Add("Fv"+str(i+l), 3, @, False)
for n in range(S):
ret = SapModel.FrameObj.SetLoadDistributed('FF'+str(n), "Fv"+str(i+l),
1, 10, 0, 1, Fv[i], Fv[i],
"Global", True, False)

for i in range(len(Fh)):
for n in range(len(Fv)):
ret = SapModel.LoadCases.StaticNonlinear.SetCase(
"H'+str(Fh[i])+'V'+str(Fv[n]))
ret = SapModel.LoadCases.StaticNonlinear.SetLoads(
"H'+str(Fh[i])+'V'+str(Fv[n]),2,["Load","Load"],
['"Fh'+str(i+1), 'Fv'+str(n+1)]1,[1,1])

ret = SapModel.File.Save(ModelPath)

ret SapModel.Analyze.SetActiveDOF([True, False, True, False, True, False])

ret = SapModel.Analyze.SetRunCaseFlag('', False, True)

Combinations = []

for i in range(len(Fh)):

for n in range(len(Fv)):
ret = SapModel.Analyze.SetRunCaseFlag('H'+str(Fh[i])+'V'+str(Fv[n]),
True, False)

Combinations.append('H"+str(Fh[i])+ 'V '+str(Fv[n]))

Mod = 10**7

ModShear = [1, Mod, Mod, Mod, 1]

Modshear3 =[ True, True, True, False, False]

ModBend3 =[False, True, False, False, False]

ModBend = [Mod, 1, Mod, Mod, 1]

ModAB = [Mod, Mod, 1, Mod, 1]

ModHD [Mod, Mod, Mod, 1, 1]

Cont = ['In-plane Shear','In-plane bending', 'Rigid body sliding’,
'Kinematic rocking', 'Total deflection']

Displa = []

Contributions = []

Analytical = []

ret = SapModel.PointObj.AddCartesian(S*W, @, H, 'PA','PA")
for i in range(len(ModShear)):

ret = SapModel.PropLink.SetLinear('Shear’,
[False,True,False,False,False,False],
[False,False,False,False,False,False],
[0,ModHD[i]*k_SH,0,0,0,0],[0,0,0,0,0,0],
20, 20, False, False)



ret SapModel.PropLink.SetGap('B",
[True,ModBend3[i],False,False,False,False],
[ModBend3[i],ModBend3[i],False,False,False,False],
[True,False,False,False,False,False],
[ 100000000000,0,0,0,0,0], [0,0,0,0,0,0],
[ 100000000000,0,0,0,0,0],[0,0,0,0,0,0],10,10)

ret

SapModel.PropLink.SetHook('HoldDown",
[True,False,False,False,False,False],
[False,False,False,False,False,False],
[True,False,False,False,False,False],
[ModHD[1]*k_HD,9,0,0,0,0], [0,0,0,0,0,0],
[ModHD[i]*k_HD,0,0,0,0,0],[0,0,0,0,0,0],0,0)

SapModel.PropLink.SetLinear('AngleBracket',
[False,True,False,False,False,False],
[False,False,False,False,False,False],
[6,ModAB[i]*k_AB,0,0,0,0],[0,0,0,0,0,0],
10, 10, False, False)

SapModel.PropArea.SetModifiers('A', [ModBend[i], ModBend[i],
ModShear[i],1, 1, 1, 1, 1, 1, 1])

ret

ret

for 1 in range(S):
for n in range(N):
if 1 1= o:
ret = SapModel.ConstraintDef.SetBody('CONS_S'+str(l)+'_N'+str(n),
[True, False, Modshear3[i], False, False, False])

ret = SapModel.Analyze.RunAnalysis()
Analytical.append(ANA[i])
Dis = []

for n in Combinations:
ret = SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput()
ret = SapModel.Results.Setup.SetCaseSelectedForOutput(n)

NumberResults = 0

Obj = []

Elm = []
Name = 'PA’
ACase = []
StepType = []
StepNum = []
Ui = []

u2 =[]

Us =[]

R1 =[]

R2 = []

R3 =[]

ObjectElm = ©

[NumberResults, Obj, Elm, ACase, StepType, StepNum, U1, U2, U3,
R1, R2, R3, ret] = SapModel.Results.JointDispl(Name, ObjectElm,
NumberResults, Obj, Elm, ACase, StepType, StepNum, Ul, U2, U3, R1l, R2, R3)

Dis.append(U1l[Q])
SapModel.SetModelIsLocked(False)
Displa.append(Dis)
Contributions.append(Cont[i])

ret = mySapObject.ApplicationExit(False)
SapModel = None



mySapObject = None

return Displa, Analytical, Combinations, Contributions

CLT100s3 = [30,40,30]

CLT120s3 = [40,40,40]

CLT100s5 = [20,20,20,20,20]
CLT120s5 = [30,20,20,20,30]
CLT140s5 = [40,20,20,20,40]
CLT160s5 = [40,20,40,20,40]
CLT180s5 = [40,30,40,30,40]
CLT200s5 = [40,40,40,40,40]

Panels = [2,3,4, 5, 6]
X = [CLT1e0s3]

x = [12177]
Name = []
Call = []

for i in range(len(Panels)):
Name.append(str(Panels[i])+'x1200")
for n in range(len(X)):
Call.append(eval(str(i+1)+"'_ "+str(n+l1)))
Call[-1] = CLT(1200, 2400, Panels[i], X[n], 8 , Panels[i]*2, x[@])
Combinations = Call[@][2]
FigName = Call[@][3]

colours = ['tab:blue’, 'tab:orange’', 'tab:green', 'tab:red', 'tab:purple’,
"tab:cyan', 'tab:olive', 'tab:gray', 'tab:pink','tab:brown’]

for n in range(len(FigName)):

GR1 = []
GR2 = []
GR3 = []

plt.figure(figsize=[10,5])
for t in range(len(Combinations)):
GR1.append([])
GR2.append([])
for i in range(len(Panels)):
GR1[t].append(Call[i][@][n][t])
GR2[t].append(Call[i][2][n][t])
GR3.append('FEM '+Combinations[t])
GR3.append('Analytical '+Combinations[t])
plt.plot(Name,GR1[t],color = colours[t],1ls = "'-")
plt.plot(Name,GR2[t],color = colours[t], 1s = '--")
plt.title(FigName[n], loc = 'Left')
plt.title('CLT100', loc = 'Right')
plt.ylabel('Deflection [mm]', size = 10)
plt.xlabel('Wall length [mm]', size = 10)
plt.legend(GR3)
plt.savefig(FigName[n]+'CLT100.jpg")
plt.show()



plt.figure(figsize=[10,5])
for t in range(len(Combinations)):
GR1 = []
GR2 = []
for i in range(len(Panels)):
GR = 0
GR2.append(Call[i][2][4]1[t])
for n in range(len(FigName)-1):
GR = GR + (Call[i][e][n][t])
GR1.append(GR)
plt.plot(Name,GR1,color = colours[t],1ls = "'-")
plt.plot(Name,GR2,color = colours[t], 1ls = '--")
GR3.append('FEM '+Combinations[t])
GR3.append('Analytical '+Combinations[t])
plt.title('Total deflection (Sum contributions)', loc = 'Left')
plt.title('CLT100', loc = 'Right")
plt.ylabel('Deflection [mm]', size = 10)
plt.xlabel('Wall length [mm]', size = 10)
plt.legend(GR3)
plt.savefig('Total deflection (Sum contributions)'+'CLT100.7jpg")
plt.show()

initial_data = {'Contributions': FigName}

x1lWriter = pd.ExcelWriter('TotalCLT100.x1sx")

df = pd.DataFrame(initial_data, columns = ['Contributions'])
for t in range(len(Combinations)):

r=1[]

s =[]

for i in range (len(Panels)):
FEM = []

Analytical = []

for n in range(len(FigName)):
FEM.append(Call[i][@][n][t])
Analytical.append(Call[i][1][n][t])

r.append(FEM)

s.append(Analytical)

df[ 'FEM_"+str(Panels[i])+'x1200'] = r[i]

df['Analytical '"+4str(Panels[i])+'x1200'] = s[i]

df.to_excel(xlWriter, sheet_name = Combinations[t] , index=False)

x1Writer.close()
file = open('Calliee.txt"', 'w')
file.write('Call=")

file.write('{}"'.format(Call))

file.close()
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import sys

import os

import time

import comtypes.client

import numpy as np

import pandas as pd
import scipy.optimize as opt

_Main_Folder = r"*Insert Main Folder Path*"
_Save_Path = Main_Folder + os.sep + 'temp' + os.sep + 'SIMULATION'
_ModelPath = _Main_Folder + os.sep + r'Model.sdb’

os.chdir(_Main_Folder)

def MaC(Fil,Fi2):
MAC = np.abs(Fil.T @ Fi2)**2 / \
((Fil.T @ Fi1)*(Fi2.T @ Fi2))
return MAC

def Mod(par, SAPObj, SapModel, path):
SapModel.SetModelIsLocked(False)

_unit =6
ret = SapModel.SetPresentUnits(_unit)

x1l _filepath = r'*Insert Path To desired Excel Source File*'

CH = ['CH1','CH1','CH1','CH2','CH2','CH2',
'CH3','CH3','CH3','CH4','CH4','CH4', 'CH5', 'CH5"', 'CH5"]
DOF = ['U1','U2','U3",'Ul",'U2", 'U3", UL, 'U2"," U3",
'u1','uU2','U3", U1, 'U2",'U3"]

arrays [CH,DOF]
tuples = list(zip(*arrays))
index = pd.MultiIndex.from_tuples(tuples, names=["Channels", "Dof"])



ModeNames = ['Mode 1', 'Mode 2', 'Mode 3']

df = pd.read_excel(xl filepath,skiprows=1,names=ModeNames,
usecols=[2,3,4],sheet_name="Val')

M1 = list(df[ 'Mode 1'])

M2 = list(df[ 'Mode 2'])

M3 = list(df[ 'Mode 3'])

Def_Exp = pd.DataFrame({1:M1,2:M2,3:M3},index=1index)

Def Exp = Def Exp.sort_index()

df = pd.read_excel(xl filepath,names=ModeNames,
usecols=[2,3,4],nrows=1,sheet_name='Val')
Freq_Exp = [float(df[ 'Mode 1']),float(df[ 'Mode 2']),float(df[ 'Mode 3'])]

SapModel.AreaObj.SetLoadUniform("Concrete floor","SuperDeadArea",
par[0] ,10 , True , "GLOBAL" ,1)

SapModel.AreaObj.SetLoadUniform('Internal Floors',"SuperDeadArea",
par[@] ,10 , True , "GLOBAL" ,1)

SapModel.AreaObj.SetLoadUniform('Roof',"SuperDeadArea",
par[2] ,10 , True , "GLOBAL" ,1)

SapModel.FrameObj.SetLoadDistributed('Line_fasade_roof', "SuperDeadlLine",
1, 1e, o, 1, par[1]/2, par[1]/2,
"GLOBAL", True, True, 1)

SapModel.FrameObj.SetLoadDistributed('Line_fasade_internal",
"SuperDeadLine", 1, 10, 0, 1, par[1],
par[1],"GLOBAL", True, True, 1)

_Ss =
_As =
_Mts = 2

| |
= o

_Auto = 0

_GUI =1

_SP =2

_F32 = False

SapModel.Analyze.SetSolverOption_1(_Mts, _Auto, _F32, "MODAL")

N_Modes = 15
SapModel.lLoadCases.ModalEigen.SetNumberModes("MODAL", N_Modes, 2)

ESF = ©
_ECO = 0
_ETol = 1E-09

_AAFS = 1



SapModel.lLoadCases.ModalEigen.SetParameters("MODAL", _ESF, _ECO,
_ETol, _AAFS)
ret = SapModel.Analyze.SetRunCaseFlag("MODAL", True)

SapModel.Analyze.RunAnalysis()

SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput()
SapModel.Results.Setup.SetCaseSelectedForOutput(“MODAL")

NumberResults = ©

Obj = []

Elm = []

ACase = []

StepType = []

StepNum = []

Period = []

Freq = []

CircFreq = []

EigenValue = []

Anal = SapModel.Results.ModalPeriod(NumberResults, ACase, StepType,
StepNum, Period, Freq, CircFreq,
EigenValue)

StepNum = Anal[3]

Freq = Anal[5]

F = pd.DataFrame({ Freq':1list(Freq)},index=[int(i) for i in list(StepNum)])
F = F.sort_index()
NR = 0

Obj = []

Elm = []

Name = 'Channels’
ACase = []
StepType = []
StepNum = []

Ui = []

u2 = []

us = []

R1 = []

R2 = []

R3 =[]

ObjectElm = 2

Ana2 = SapModel.Results.JointDispl(Name, ObjectElm, NumberResults,
Obj, Elm, ACase, StepType, StepNum,
Ul, U2, U3, R1, R2, R3)

Elm = Ana2[2]

StepNum = Ana2[5]

Ul = Ana2[6]
U2 = Ana2[7]
U3 = Ana2[8]



arrays = [list(Elm),[int(i) for i in list(StepNum)]]

tuples = list(zip(*arrays))

I = pd.MultiIndex.from_tuples(tuples, names=["Channels", "Modes"])

Def_Num = pd.DataFrame({'U1':1list(Ul1l),'U2":1ist(U2), 'U3":1ist(U3)},index=I)
Def Num = Def Num.sort_index()

Def_Num_Norm = Def_Num.stack().unstack(level=1)

for i in StepNum:
if Def_Num_Norm[i].abs().max() > Def_Num_Norm[i].max():
Def Num_Norm[i] = Def Num_Norm[i] /Def Num_Norm[i].min()
else:
Def Num_Norm[i] = Def Num_Norm[i] /Def Num_Norm[i].max()

C_Def Num = []
C_Fregq_Num = []

C_Mode = []
for i in range(len(Freq_Exp)):
Err = []

_freq_exp = Freq_Exp[i]
_def_exp = Def_Exp[i+1]

for j in range(len(list(Def_Num_Norm.loc[('CH1','U1"')]))):
_freg_num = F.loc[j+1]
_def_num = Def_Num_Norm[int(j+1)]
_Macche = MaC(_def_num, _def_exp)
E = ((_freq_exp - _freq_num)/_freq_exp)**2 + np.real(l-_Macche)
Err.append(E)

correct = np.min(Err)

c_index = np.argmin(Err)

C_Freq_Num.append(float(F.loc[c_index+1]))
C_Def Num.append(Def Num Norm[int(c_index+1)])
C_Mode.append(c_index)

diagMacORD = []

for i in range(len(Freq_Exp)):
_freq_exp = Freq_Exp[i]
_def_exp = Def_Exp[i+1]

_freq_num = C_Freq_Num
_def_num = C_Def_Num[i]

diagMacORD.append(np.real(MaC(_def_exp,_def _num)))

Freq_NUM = np.array(C_Freq_Num)
Freq_EXP = np.array(Freq_Exp)
diagMacORD = np.array(diagMacORD)

El = np.sum(1*((abs(Freq_EXP - Freq_NUM))/Freq_EXP))
E2 = 1*(np.sum((1-diagMacORD)))
err = E1 + E2

return err



Filename = r'Model’
APIPath = r"*Insert API Folder Path*"

AttachToInstance = True
SpecifyPath = False

if not os.path.exists(APIPath):
try:
os.makedirs(APIPath)

except OSError:
pass

ModelPath

= APIPath + os.sep + Filename
ProgramPath =

r"C:\Program Files\Computers and Structures\SAP2000 23\SAP2000"

helper
helper

comtypes.client.CreateObject('SAP2000v1.Helper")
helper.QueryInterface(comtypes.gen.SAP2000v1.cHelper)

if AttachToInstance:
try:
mySapObject = helper.GetObject("CSI.SAP2000.API.SapObject")

except (OSError, comtypes.COMError):
print("No running instance of the program found or failed to attach.™)
sys.exit(-1)
else:
if SpecifyPath:
try:

mySapObject = helper.CreateObject(ProgramPath)
except (OSError, comtypes.COMError):

print("Cannot start a new instance of the program from
+ProgramPath)

sys.exit(-1)
else:
try:
mySapObject= helper.CreateObjectProgID("CSI.SAP2000.API.SapObject™)
except (OSError, comtypes.COMError):
print("Cannot start a new instance of the program.™)
sys.exit(-1)
mySapObject.ApplicationStart()
SapModel = mySapObject.SapModel

_unit =6
ret = SapModel.SetPresentUnits(_unit)



bounds = [(0., 2.),
(0., 4.),
(0., 2.)]

_strategies=['bestlbin', 'bestlexp’, 'randlexp', 'randtobestlexp’,
"currenttobestlexp', 'best2exp’, 'rand2exp', 'randtobestlbin’,
"currenttobestlbin', 'best2bin’', 'rand2bin', 'randlbin’]

_start = time.time()

Updating = opt.differential_evolution(func=Mod, bounds=bounds,
args=(mySapObject, SapModel, _ModelPath),
strategy="bestlexp’,
maxiter=30,
popsize=60,
mutation=0.8,
recombination=0.9,
disp=True,
polish=True,
init="latinhypercube')

_end = time.time()
print(_end - _start)
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