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Abstract

A parameter study is carried out to investigate the applicability of Light Frame Timber Walls
(LETWsS) in regions of low to moderate seicmicity. LFTWs sheathed with Gypsum Fibreboard
(GFB) and Oriented Strand Board (OSB) are considered. The investigation is based on exper-
imental results and numerical material and structural models. A parameter study is performed
by means of performance-based seismic design, using nonlinear static pushover analyses and non-
linear time history analyses for seismic hazard zones characterized by design values of ground
accelerations of 0.6, 1.0, 1.3 and 1.6 [m/s?]. For this purpose, the response of a single fastener,
either a nail or a staple, to cyclic loading is first estimated. The hystereses estimated for indi-
vidual fasteners are then used to model a LFTW element within the MatLab-based computer
program, MCASHEW developed by Folz and Filiatrault (2002) . The analysis is performed for
different wall lengths of 2.4, 3.0, 3.6, 4.2 and 4.8 [m]. Stewart’s 10-parameter hysteresis, obtained
for each single wall length, is used to define the SAWS-material (Seismic Analysis of Woodframe
Structures) incorporated in the Open Source Software OPENSEES. Then, multi-storey struc-
tures are modeled within OPENSEES and analyzed by pushover analysis and Nonlinear Time
History Analysis (NLTHA).

For the NLTHA, 10 earthquakes from a Pacific Earthquake Engineering Research Center
(PEER) database, referred to as the Next Generation Attenuation (NGA) database containing
3551 real ground motion records are selected and scaled to the required hazard levels. The
results of the modal, pushover and NLTH analyses provide information about all degrees of
freedom, the magnitude of the inter-storey drift ratios (IDR), roof displacements, vibration
periods, mode shapes and hold-down (HD) forces. The parameters relevant for design are fixed
in advance, as follows: the maximum inelastic vibration period is assumed to be T* < 1.7[s]; the
ductility demand is assumed to be p < 3.0. Based on the deformability of one-storey LFTWs
sheathed with GFB and OSB, IDR < 0.8 and IDR < 2.5, are chosen, respectively. Based on
analysis of the elastic behaviour, the maximum force in the HD devices is limited to 725[kN].
The damage analysis leads to limits of damage index ratios (DI) of DI < 0.8 and DI < 0.7
for LFTWs sheathed with GFB and OSB, respectively. The outcomes of the analyses were
admissible masses for the given number of storeys and the corresponding hazard zone, when one
of the limiting criteria is reached. The serviceability criteria is checked by the condition that

Fy

the wind load should not exceed 55% = 1% of the yielding force of the LEFTW element under

consideration.

In the thesis, it is shown that, in European regions with low to moderate seismicity, the
LFTWs can efficiently be used as components of multi-storey structures of up to 8 storeys. The
earthquake excitation considered is represented by ground accelerations of 0.6, 1.0, 1.3 and 1.6
[m/ 82], covering most of the European regions. The results of the pushover study are verified
independently by NLTHA and Incremental Dynamic Analysis (IDA). Only the models which

pass both analyses are adopted as decisive.
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The procedure for estimation of the force-displacement relationship, and thus for estimation
of the capacity curve based on the McCutcheon energy approach, suitable for hand calculations,
is introduced. This enables a closer look at the problem as well as the estimation of the data,

which were not the outcome of the more sophisticated methods used within this thesis.



Kurzfassung

Im Rahmen eines Forschungsprojekts werden, basierend auf verhaltensorientierten Bemessungs-
methoden (Performance Based Design), die Grenzen der Anwendbarkeit von Holzrahmenwénden
(HRW), beplankt mit OSB-Panels sowie Gipsfaserplatten als Aussteifung von mehrgeschossigen
Holzbauten bei niedriger bis moderater Seismizitéat aufgezeigt. Die Analyse wird fiir vier Inten-
sitaten der Erdbebeneinwirkung, charakterisiert durch die Bemessungswerte der horizontalen
Bodenbeschleunigung von 0.6, 1.0, 1.3 und 1.6 [m/s?], durchgefiihrt.

Bei der Analyse der HRW wurde vom Verhalten eines einzelnen Verbindungsmittels (VM)
(Nagel bzw. Klammer) ausgegangen. Die Antwort der VM einer Holzverbindung auf zyklis-
che Beanspruchung wurde anhand von Versuchen ermittelt. Die dabei ermittelten Hysteresen
der einzelnen VM wurden in das Computer-Programm MCASHEW- (ein MatLab-basiertes Pro-
gramm), entwickelt durch Folt und Filiatrault (2002) eingegeben. Eine 10-parametrige Stewart-
Hysterese fiir das jeweilige VM und fiir die jeweilige Wandkonfiguration wurden generiert.

Im néachsten Schritt wurden fiir jede untersuchte Wandlange von 2.4, 3.0, 3.6, 4.2 und 4.8
[m] die auf den Stewart-Hysteresen basierten SAWS-Materialeigenschaften (Seismic Analysis of
Woodframe Structures) in der Open Source Software OPENSEES modelliert und eine komplette
modale, Pushover sowie Nonlinear Time History Analysis (NLTHA) durchgefiihrt.

Als Input fiir die NLTHA wurden 10 von 3551 realen Erdbebenaufzeichnungen vom Pacific
Earthquake Research Center (PEER), genannt Next Generation Attenuation (NGA) Daten-
bank ausgesucht und nach bestimmten Kriterien auf die erforderlichen, den Gefdhrdungsstufen
entsprechenden Antwortspektren-Niveaus skaliert. Die Ergebnisse der Pushover und der NLUTHA-
Analyse beinhalten sdmtliche Bewegungsgrossen fiir alle Freiheitsgrade, gegenseitige Stockw-
erksverschiebungen (Interstory Drift Ratios (IDR)), verschiedene Niveaus des Duktilitétsbe-
darfs, Grundschwing- zeiten, Schwingungsformen sowie Verankerungskrafte in den Zugankern.
Als ergebnisbestimmende Parameter wurden Grundschwingzeiten T < 1.7[s], ein Duktilitats-
bedarf p < 3, eine maximale gegenseitige Stockwerkverschiebung IDR < 0.8%, fiir HRW be-
plankt mit Gipsfaserplatten sowie IDR < 2.5% fiir HRW beplankt mit OSB-Panels und eine
Kraft in der Verankerung Fyp < 725[kN] gewéahlt. Dartiber hinaus wurden im Rahmen der
Schadensanalyse die Schadensindexe DI < 0.8 fiir HRW beplankt mit Gipsfaserplatten bzw.
DI < 0.7 fir HRW beplankt mit OSB Panels als limitierende Grossen festgelegt. Das Ergeb-
nis der Analyse sind zulédssige Massen und eine zuldssige Anzahl Geschosse von Holzbauten fiir
die untersuchten Gefahrdungsstufen, wobei fiir jede untersuchte Konfiguration eine der oben
genannten Parametergrenzen erreicht wurde. Gleichzeitig wird die Gebrauchstauglichkeit unter
Windeinwirkung kontrolliert. Fiir die Erfiillung des Kriteriums der Gebrauchstauglichkeit wurde
der Ausnutzungsgrad des Tragwerks infolge Windeinwirkung auf 55% = % der Fliesskraft F,
begrenzt.

Dieser Beitrag geht auf die Frage der Anwendbarkeitsgrenzen fiir aussteifende Standard- Holzrah-
menwéande (HRW) als Teil mehrgeschossiger Holzbauten in européischen Regionen mit niedriger

bis moderater Seismizitat ein. Es wird gezeigt, dass die hier untersuchten HRW, dank deren
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hervorragenden Eigenschaften, in bis zu 8-stockigen Holzbauten als aussteifende Elemente aus-
reichenden Schutz gegen Erdbebeneinwirkung bieten und in mehrgeschossigen Holzbauten weit-
erhin erfolgreich eingesetzt werden kénnen. Die Erdbebeneinwirkung wird fiir jede Stufe der
Erdbebengefahrdung, charakterisiert durch Bemessungswerte der horizontalen Bodenbeschleu-
nigungen von 0.6, 1.0, 1.3 und 1.6 [m/s?], durch entsprechende Antwortspektren repriisentiert.
Die Bandbreite der in dieser Arbeit beriicksichtigten Bodenbeschleunigungen deckt geméss [89]
weite Teile Europas beziiglich der dort herrschenden Erdbebengefahrdung ab. Die Ergebnisse
der Pushover Analyse werden mittels einer Nonlinear Time History Analysis (NLTH) verifiziert.
Die hier vorgestellte Parameterstudie stiitzt sich auf das im Rahmen des Programms des Con-
sortium of Universities for Research in Earthquake Engineering (CUREE), 2002 von Folz und
Filiatrault [32] und [30] entwickelte MatLab basierte Programm MCASHEW (Cyclic Analysis
of Shear Walls). Es handelt sich dabei um ein Programm fiir die Analyse von HRW unter mono-
toner und zyklischer Beanspruchung von ein- und mehrstéckigen Strukturen. Im Rahmen dieser
Arbeit wurde das Programm lediglich fiir die Evaluation des 10-parametrischen, mechanischen
Modells eines einstockigen HRW-Elementes verwendet.

Die Ergebnisse der auf dem mechanischen MCASHEW-Modell basierenden parametrischen Studie
wurden zusétzlich mit einem unabhéngigen Wekzeug namlich der Incremental Dynamic Anal-
ysis (IDA) tiberpriift. Schliesslich wurden lediglich diejenigen Ergebnisse, die beide Analysen
bestanden haben, als solche anerkannt.

Im Vorfeld wurde ein fiir die Handrechnung geeignetes, auf dem energetischen Ansatz von Mc-
Cutcheon basierendes Verfahren fiir die Ermittlung der nichtlinearen Kraft-Verformungsbeziehung
einer HRW vorgestellt. Das letztere Verfahren kann auf mehrgeschossige Bauten im Rahmen
einer Erdbebenanalyse angewandt werden. Die Handrechnung dient der Ermittlung der nicht-
linearen F-A-Beziehung, ermdglicht den Vergleich mit den Ergebnissen der Computergestiitzten
Analyse sowie der Ermittlung weiterer, fiir die Analyse der HRW wichtigen Parameter, die durch

die oben genannte Software nicht direkt ermittelt werden kénnen.
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Chapter 1

Introduction

The motivation for investigating the behaviour of light frame timber walls (LFTWSs) under seis-
mic loading will be addressed in this chapter. LEFTWs;, traditionally used as a part of the lateral
load resisting system in timber structures, will be introduced. The configuration of a typical
LFTW element with its constitutive elements will be presented and briefly described. The major
assumptions and limitations related to the future parameter study will be outlined. An overview
of the engineering and scientific methods used in this thesis will be described. The chapter will

end with a sketch of the thesis organization.

1.1 Motivation

Until January 2015, fire protection provisions unfavourably affected the use of timber structures
in Switzerland. According to these provisions, the timber structures were limited to a height
of up to five storeys. Following the adoption of the new fire protection code in January 2015,
the height of timber structures is governed mainly by their inherent mechanical and structural
characteristics rather than by fire protection requirements. These new regulations enable the
construction of middle- and high-rise timber structures, which will require appropriate lateral
load resisting systems.

Lateral load resisting systems of timber structures used in Switzerland traditionally comprise of
one- or two sided sheathed light frame timber walls (LFTWs). The sheathing material is either
a Gypsum Fiberboard (GFB) or an Oriented Strand Board (OSB) panel. Staples or nails are
used as connectors between the frame and the sheathing material.

To date the traditional LFTW lateral load resisting system has been applied to low- and mid-rise
buildings in regions with low and moderate seismicity. The question which arose after the fire
protection code changed is for which seismic hazard zones and up to how many storeys is the
LFTW still suitable as a lateral load resisting system. The feasibility range for the use of a
LFTW in terms of both seismicity hazard level and height of the structure should be estimated
more precisely by means of Performance Based Seismic Design (PBD) and Nonlinear Time His-
tory Analysis (NLTHA).
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To do so, a reliable prediction of wall element behaviour under monotonic and cyclic loading is
of central importance. The highly nonlinear behaviour of each wall element must be described

in terms of its characteristic bearing capacity using effective mechanical material properties.

1.2 Scope of the investigation

The main aims of this thesis are to reliably estimate the bearing capacity of traditionally used
light frame timber walls for resisting ground accelerations. The focus is placed on seismic hazard
zones and typical construction in Switzerland in terms of both the admissible mass subjected to
the single wall element and the number of storeys in the structure. In this way, the efficiency
and the potential of existing lateral load resisting systems will be evaluated. The results are
design diagrams that will enable the engineer to easily read out which mass may be assigned to
a single wall element for a certain seismic hazard level and a corresponding number of stories.
It is recognized that an abundant number of parameters affect such an analysis. In order to
establish a straightforward procedure, some limitations and simplifications were necessary. The

following parameters have been considered:

the type of sheathing material is either an oriented strand board (OSB) or a Gypsum
Fiberboard (GFB) panel

e the thickness of the sheathing material is assumed to be 15[mm]

e the diameters of the fasteners used as connectors are d = 2.87[mm] and d = 1.53[mm], for

nails and staples, respectively

e the distance between the panel-to-frame connectors is assumed to be 30[mm] and 35[mm]

for OSB and GFB sheathing material, respectively
e the wall length is equal to 2.4, 3.0,3.6,4.2 or 4.8[m]
e the height of the structure is represented by the number of storeys, running from 1 to 8.
e the mass in tonnes [t] acts on a single wall element at each storey level

e the design values of horizontal ground accelerations in the Swiss seismic zones Z1, 72,
Z3a and Z3b, correspond to azq=0.6 [m/s?]; aga=1.0 [m/s?]; agq=1.3 [m/s?] and agq=1.6

[m/ 52] , respectively
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1.3

Assumptions and limitations related to LFTWs

This thesis does not aim to cover all potential design scenarios for a certain wall element, but

instead intends to determine the best performance that a wall element can exhibit. The ca-

pacity of a wall element subjected to an earthquake excitation, is estimated using the following

assumptions and simplifications:

The force-displacement relationship of each single wall element is estimated based on a

design using minimal distance between fasteners.
Each wall element is sheathed on both sides with the same material.

The spacing of the fasteners remains constant along the edges of the sheathing panel on
both sides.

A LFTW element represents one inelastic shear spring.

The building is a simple sum of single, vertically stacked wall elements.

The storey height remains constant over the height of the building.

The storey masses are evenly distributed over the model height.

Hold-Down devices are designed to remain elastic.

Hold-Down devices do not affect the nonlinear response of the wall or the entire building.

In order to obtain conservative results, no vertical loads are applied to the walls.

These simplifications lead to the following limitations:

There is no variation in storey height.

There is no variation in storey mass.

The torsion effects are not considered in the model.
The wall elements contain no openings.

P — A effects are not considered.
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1.4 Standard configuration of LFTWs

LFTWs are typically used in timber structures as the elements that carry the vertical gravity
loads and provide the lateral stability of the building. A standard configuration of a LETW

consists of the following components, see Figure 1.1:

e Internal and external rails

Top and bottom frame plates

A sheathing panel on one or both sides

Fasteners connecting the sheathing panels to the frame at a certain spacing

Hold-down devices

Shear keys, which could also be a part of robust hold down devices

All of these components combined constitute the composite structural element, which pro-

vides a considerable racking stiffness. The uplift and base shear forces are resisted by the
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hold-down devices, which are designed to be robust having one, two or three slotted-in steel
plates. The sheathing panels (OSB or GFB) are produced in various standard sizes. Thus, the
standard panel width determines the distances between the vertical edge and the internal studs.
Fasteners are driven through the sheathing material into the timber frame using different spac-
ings. The dimensions of the timber frame depends on the loading level. In this thesis the studs
and rails with a strength class of GL24h are considered to have dimensions of 200 - 200[mm)],
240 - 240[mm] or 300 - 300[mm]. The distances between the fasteners in the external studs for
the walls analyzed within this thesis are chosen to be 30 or 35 [mm] for the OSB or GFB panels,
respectively. The size of the panel, which defines the distances between the studs, is a multiple
of the standardly used panel width, so that, for the wall lengths between 2.4 and 4.8 [m], there
is no unnecessary waste of panel material. For multi-storey buildings, the wall elements are

vertically stacked, and they are connected using inter-storey steel connectors.

1.4.1 Utilization of LFTWs in the building assembly

Timber structures have been successfully used in Europe for centuries. Over time, various con-
struction solutions have been established, aiming to become standards in the field of timber
structures. Although certain similarity in design of timber buildings exists worldwide, some in-
herently different structural concepts have been developed in the last few decades in Switzerland
(see e.g. Figures 1.6, 1.4 and 6.23). Those concepts are a result of increasing technical demands.
In order to fulfill different physical requirements, standard timber ceilings with closed box cross
sections became composite structures consisting of a timber and a concrete layer. The concrete
layer can be added to the timber layer during prefabrication at the factory or it can be poured
on-site. Relevant for this thesis is the fact that the slabs with a concrete layer can be considered
as rigid bodies able to distribute the lateral loads evenly to the lateral load resisting system. The
building presented in Figure 1.2 will be used as prototype building for different purposes. In this
Chapter the prototype building is used to introduce all components a typical timber structure
consists of. In Chapter 6 the prototype building will be used to enable the derivation of some
basic dynamic parameters needed for the parameter study, whereby in Chapter 9 the prototype
building will be used to compare force based seismic design (FBD) with the performance based
engineering (PBE) approach, as proposed in this thesis.

The typical construction of a LE'TW is shown in 2D view and 3D view in Figures 1.1 and 1.3,
respectively. From Figure 1.2 it can be seen, that the slabs are conceived as rigid diaphragms.
As in the case of traditional timber structures, composite slabs also carry gravity loads mono-
directionally. The LFTWs themselves can be constructed as elements which carry both gravity
and lateral loads or as elements which exclusively carry lateral loads, see also Figure 1.5. In order
to clarify the connection details between the different building elements wall-wall, slab-wall, wall-
external beam and anchorage of the wall and columns in the basement, the details are extracted
from the structure and the design principles are shown in Figure 1.2 in a 3D view. A solution to
how the composite slab could be connected to the load bearing as well as to the load non-bearing

walls is presented in Figures 1.6, 1.4, 6.22 and 6.23 . Again, there are a number of possible
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solutions for each of those details. Some of them are developed specifically for this certain case
and some of them are generally accepted by practitioners. The alternative construction details
related to the connection of the slabs to the walls as well as design possibilities of hold-down

devices and inter-storey connectors are presented in Chapter 6 in more detail.
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Fig. 1.3: Exploded view of a LFTW
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Fig. 1.4: Common composite slab to bearing wall connections using a support surface comprised of a

timber layer and a concrete layer 1.4(a): using a support surface comprised of only a timber layer 1.4(b)
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A possible arrangement of the LFTWs are displayed in Figure 1.5.
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Fig. 1.6: Composite slab to bearing wall connections using a steel corbel 1.6(a): using glued-in studs
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1.5 Scientific and engineering methodology used in the study

The reliable estimation of the applicability of LFTWs in regions of low to moderate seismic-
ity requires a combination of a powerful mechanical model and an appropriate seismic design
philosophy. The mechanical model of the LETWs used herein is derived using MATLAB-based
MCASHEW application developed by Folz and Filiatrault (2002) within the CUREE Project.
The mechanical model of a shear wall element is based on the experimental response of a single
fastener to cyclic loading. The tests are conducted on fasteners commonly used in standard
OSB-timber connections. The established mechanical model, applied to LFTWSs, accounts for
the strength and stiffness degradation as well as for the pinching effects during the cyclic loading-
reloading processes. Due to the difficulties with using a non-linear mechanical model within force
based seismic design, the displacement based seismic design philosophy has been selected. More-
over, an extension of the performance based design toward performance based engineering (PBE)
has been considered. The damage index (DI) is chosen to be the central performance indica-
tor within PBE. This parameter is assessed using a non-linear time history analysis (NLTHA)

within the parameter study performed herein. This approach has been divided into three steps:
e pre-processing to establish the hysteretic rules
e processing to performe the NLTHA, and
e post-processing to asses the fulfillment of the performance objectives.

The procedure used in this thesis is presented in Figures 1.7, 1.8 and 1.9. Finally, the results

of the parameter study for the given performance objectives are checked and verified using an
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independent, probability-based Incremental Dynamic Analysis approach, presented in Figure
1.10. More details related to the DI and IDA analyses are given in Chapter 4.

SINGLE FASTENER

Testing using Loading

protocols
/ (e.g. Mergos-Beyer)
Mechanical model of the

Single fastener Testing fastener presented by the Hy3t9fe§i3 used to
10- Parametric Hysteresis model single wall

SINGLE WALL ELEMENT

Testing or analysing ==
wall element using ’
Loading protocols

= ““"WW\N = :> &

Single wall element Testing or analysing Monotonic response Hysteretic response

Fig. 1.7: Pre-processing analysis performed within this thesis to estimate cyclic material properties for
NLTHA

1.6 Organization of the thesis

The thesis is organized in 10 Chapters.
Chapter 1 describes the motivation, the scope of the investigation as well as the main assump-

tions and simplifications made for the parameter study.

In Chapter 2, the historical review of the research related to the overall behaviour of the
LFTWs under lateral loading is reported. It covers the testing of single fasteners as well as the
testing of entire LF'TW elements of different configurations under monotonic and reversed cyclic
loading, the development of the analytical and numerical models as well as the influence of the
type of the loading protocol on the results obtained from the testing of the shear wall elements.
Moreover, the state of the art in design of LFTWs exposed to earthquake loading related to the
current practice and regulations in the actual Eurocode 5 and Eurocode 8 has been surveyed.
The limitations of the current procedures, adopted from Eurocode 8, referred to as force- and
displacement-based design have been outlined. The need for improvement of these procedures
has been pointed out and commented on. The features of performance based engineering as an

alternative to the currently used design practice have been introduced.
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The development of the mechanical model of the LFTW element based on simple elastic
shear field theory is part of Chapter 3, where the diversity in the functioning principals of the
LFTWs is presented. After the functionality of all components of a LFTW has been described,
the force-displacement relationship estimated by use of the energy based McCutcheon’s approach
is introduced. The application of the energy-based approach for estimation of the capacity curve
of single and multi-storey structures is shown by means of a simple example calculated by hand.
Furthermore, within Chapter 3, the experimental response of the single fasteners, nails and sta-
ples, to the cyclic loading is presented. The experimentally estimated, 10-parametric Stewart
hysteresis has been fitted in the Matalb-based MCASHEW program and stored in the program
library. Using the experimentally derived mechanical model of the single fastener defined by the
Stewart hysteresis all LFTW elements have been modelled and analyzed under monotonic and
cyclic loading. The numerically obtained response of the LETW within MCASHEW again was
a 10-parametric hysteresis, presented as a mechanical model of the shear wall element used for
definition of the SAWS material within the pushover and NLTH analyses. The accuracy of the
adopted mechanical model of the single fastener and thus of the entire wall element has been
validated with tests on LE'TWs sheathed with GFB, and by recalculating the tests carried out
in the course of the NRP66 project studying the behaviour of LFTW sheathed with OSB. The
mechanical models for nail and staple connectors as well as for LFTW elements with length of
2.4, 3.0, 3.6, 4.2 and 4.8 [m] have been derived and summarized in Chapter 3 for both OSB and
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GFB sheathing material. These have been used in the parameter study presented within this

thesis.

An overview of the methods which are used in this thesis are discussed in Chapter 4. In
particular, the link between the methods and the results they provide are specifically indicated.
The techniques of selection and scaling of ground motion records, the modelling and the use of
NLTHA are addressed.

Since the limit states are not clearly defined in Eurocode 8, a proposal for suitable perfor-
mance limits for LFTWs sheathed with GFB and OSB panels is made, as presented in Chapter
4. The performance limits within performance based engineering are given in terms of the dam-
age index (DI) analysis. Here, the life safety (LS) limit state damage indexes of DI < 0.8 and
DI < 0.7 are proposed for LFTWs sheathed with GFB and OSB, respectively. The proposed
immediate occupancy (10), life safety (LS) and collapse prevention (CP) limit states have been
verified by combining the results from the incremental dynamic analysis with the seismic demand
given by the elastic Response Spectra (RS) for the corresponding hazard level in accordance with

the probability of exceedance of 50%, 10% and 2% in 50 years and associated return periods of
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72, 475 and 2475 years, respectively.

In Chapter 5, an overview of the seismic analysis of the multi-degree-of-freedom system used
in this thesis is given. The modal and pushover analyses, the capacity spectra concept and the
time history analysis are introduced. Finally, the key aspects of Incremental Dynamic Analysis
(IDA) are demonstrated.

In Chapter 6, the fundamentals of the parameter study are given. The geometry of the
LFTWs and the hold-down devices considered in the parameter study are presented. Further-
more, the handling of the P — A effects, gravity loads, mass distribution, damping, limiting
periods of vibration and ductility are demonstrated and justified using the five-storey prototype

building as an example.

In Chapter 7 and Chapter 8, the parameter study based on the mechanical model developed
and presented in Chapter 3 is described for LETWs sheathed with OSB and GFB panels, re-
spectively. Within the parameter study, modal, pushover, NLTHA and Incremental Dynamic
Analysis (IDA) have been performed. The results are summarized, presented and commented

on in a tabular and graphical form.

The efficiency of the PBE used in the parameter study presented in this work is shown in
Chapter 9. For this purpose, the wall elements designed with the force-based seismic design

method have been re-analyzed applying the PBE- approach. The results are compared and
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commented on in Chapter 9.

In Chapter 10, the main contributions of this work have been specified. For the performance
of the parametric study, some mechanical models have been estimated by testing, while others
have been derived from the work of other researchers. Some topics have not been treated within
this thesis. Chapter 10 gives an overview of the topics which could be the subject of a future

investigations.

The structure of the thesis is presented in Figure 1.11.

1.7 Summary

In this chapter, the motivation for the investigation related to the behaviour of LFTWs under
seismic excitation has been presented. The light frame timber wall (LETW) as the main subject
of the future investigation has been described as a single element and as a part of a building
structure. The scientific and engineering methods, intended to be used aside the well known and
well established seismic design methods are briefly invoked. Additionally, the main assumptions
and limitations of the further parameter study are listed. At the end the organization of the

thesis has been shown.
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Chapter 2

State of the Art

The review of the state of the art presented herein focuses on the lateral load resting systems in
timber structures in terms of their mechanical and dynamic characteristics, numerical modeling
and the design practices in Europe.

In this chapter, the historical review related to the development of the analytical asymptotic
function for single fasteners in timber connections as well as the efforts to analytically describe
the behaviour of LFTWs subjected to lateral loading are presented. The importance of different
types of loading protocols to assess the response of a shear wall is discussed. The current seismic
design practices using force-based and displacement-based seismic design are reviewed. Finally,
the drawbacks of the current design practice, as well as the need for reliable mechanical models

combined with an appropriate seismic design philosophy for design of LF'T'Ws are highlighted.

2.1 Mechanical Characteristics

Light frame timber walls (LFTWs), also known as timber shear walls, are the main structural
elements in timber structures to resist lateral loads induced by wind and earthquakes. When
discussing their mechanical characteristics, we generally address their overall performance under
lateral loading. The global response of LF'TWs to lateral loading depends on the behaviour of
each individual component of the wall composite. The LFTW components commonly used in
European construction are: timber frames, sheathing panels, dowel-type fasteners nails or sta-
ples and hold-down devices (see Figure 1.1 in section ”Standard configuration of LFTWs”). It
has been recognized early that timber framing, sheathing material and hold down devices behave
predominantly in the elastic range when the structure is properly designed, even in the case of
large wall deformations. See for instance, Gupta and Kuo (1985) in [38] and Filiatrault (1990)
in [28]. The main contributions to the nonlinear force-displacement relationship of a shear wall

element are the distortion deformations of the fasteners.
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2.1.1 Mechanical characteristics of connections with dowel type fasteners

Dowel-type fasteners in shear walls are commonly loaded perpendicular to their axis. Their
bearing capacity is governed by their mechanical characteristics and bending moment capacity,
the embedding strength of the timber and the withdrawal resistance of the dowel. A basic
mechanical model of the bearing capacity of a single fastener has been introduced by Johansen
(1949) [46], and an extended model has been proposed by Meyer (1957) [68], incorporating dif-
ferent timber member thicknesses, and plastic instead of elastic bending capacity of the fastener.
This modified Johansen’s model has been implemented in Eurocode 5 [2].

Based on Johansen’s model, only the peak strength of a dowel-type fastener in a timber
connection can be estimated. No additional information, such as the force-deformation beahviour
can be obtained. However Foschi [34], proposed a nonlinear asymptotic force-displacement curve

(Equation 2.1), displayed graphically in Figure 2.1.

—kg-d

ffast:f0+r1'k0'5'[1_e fo ]a[N] (21)
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Fig. 2.1: Foschi’s asymptotic function [34] to model force-displacement relationship of a dowel type

fastener in timber connection

The asymptotic curve describes the force as a function of the fastener displacement. It de-
pends on the initial and post-yielding stiffnesses, kg and k;. As shown in Figure 2.1, Foschi’s
function has no limitation. Although Foschi’s function is capable of describing a non linear
fastener’s response, it does not cover the entire response range of the fastener in a real con-
nection. Dolan and Madsen (1994) have modified Foschi’s function by introducing a maximum

displacement 0,4, = 9.0[mm], determined from experimental testing of dowel-type fasteners.
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Fig. 2.2: Foschi’s asymptotic function modified by Dolan-Madsen

Their complete force-displacement relationship, presented in Figure 2.2, can be written as
follows (Equation 2.2):

kS
Frast =312 ko -8+ (fmaw — 72 - ko - Omaz)  fOr  Omaz < 0 < S (2.2)
0 for 8> 0.

Jorissen (1998), [47], has extended the bearing capacity model for single dowel connections
to multiple fastener connections. He has proposed reduction factors for calculating the bearing
capacity of multiple-fastener connections. However, this does not apply to structures subjected
to lateral forces because no reduction in bearing capacity has been observed here. See Salenikovic
(2000) [84] and Bernasconi (2016) [69].

The cyclic behaviour of dowel-type fasteners has been investigated by Stewart (1987) [92]
and Dolan (1989) [22], not only on single dowel connections, but also on full-scale shear wall
specimens, subjected to monotonic- and reverse-cyclic loading and shaking table excitations. It
was reported that the failure mechanism of the connection was fastener withdrawal out of the
timber frame under monotonic loading and fatigue failure under cyclic loading. The response of

the dowel-type connection to cyclic loading was typically hysteretic, as presented in Figure 2.3.

2.1.2 Mechanical characteristics of the shear wall element

For shear wall analysis, an analytical or numerical model is required. Often, laboratory tests

on shear walls subjected to lateral loads, have been carried out in order to calibrate different
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Fig. 2.3: Typical hysteretic dowel-type fastener response to cyclic loading, reported in [92]

analytical and numerical models. The response characteristics, such as stiffness, strength, dis-
placement capacity, ductility factor, loss of stiffness, pinching effects and energy dissipation, are
obtained as a result of monotonic and cyclic testing of single-storey wall specimens with varying
size and configurations. However, during the last decade, multi-storey walls and even complete
buildings have also been investigated under monotonic and artificially generated earthquake

excitations. Moreover, comprehensive shake table tests have increasingly been performed.

Monotonic tests were mainly conducted in the 1960’s. Various researchers, including Neisel
(1956) [73], Countryman (1952) [14] and Currier (1956) [15], have investigated the global be-
haviour of shear walls under monotonic loading. The general finding was that the wall stiffness
and strength depended on the fasteners spacing and strength. The strength was found to be
proportional to the wall length. It was also reported that the anchorage strength has signifi-
cantly affected the wall strength.

The first cyclic testing was reported by Madearis (1966) [65]. A ductile failure mode was
observed and the wall specimens exhibited horizontal displacements of up to 50 [mm], with an
average of approximately 45 [mm)].

By introducing 10 independent parameters, which describe the response of the shear wall
element to cyclic loading, Stewart (1987) has created the basis for the development of a nonlinear
spring element, capable of accounting for the initial stiffness, strength and stiffness degradation
during cyclic loading, the pinching effects and the energy dissipation. His hysteretic rule was
fitted to test results and implemented in a FE-program for nonlinear time history analysis, called

RUAUMOKO (1994).

Dinehart and Shenton (1998), see [21], compared wall performance under monotonic and
cyclic loading in 12 shear wall tests. They reported that the failure modes under static and
cyclic loading were very different, and characterized by the pulling of the sheathing from the

frame in the monotonic tests and fatigue failure of the fasteners in the cyclic loading tests. The
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ductility observed in the cyclic tests was by 34-42% less then ductility observed in the monotonic
tests.

Figure 2.4(a) shows a typical response due to monotonic (Wall 3) and cyclic loading (Wall
4 and Wall 5) obtained by testing. Nowadays, one can estimate the response of LFTWs using
numerical analysis. The Figures 2.4(b) and 2.5 show exemplary the results of the numerical
analyses of the Walls W3 and W4, tested in the course of the NRP 66 project.

13U

140 160 T ; ; :
L —Test | Monotonic parameters of the wall
—Model| W3 tested in a NRP 66 project
100 *r
60 |
20 |

20 |

Force [kN]

60 |

shear force [kN]

Ko 8.35
1 0.031
r2 -0.137
r3 0.000
r4 0.000
Fo 127.07 7]
Fi 0.00
5 63.14
-180 ! 1 i 1 { i 1 { i oF a 000

4 0.00
2100 80 -60 40 20 0 20 40 60 80 100 o8

-100

-140

3 w0 0
horizontal jack displacement [mm] Displacement [mm]

(a) (b)

Fig. 2.4: Response of the wall tested under monotonic and cyclic loading in the course of the NRP 66
project after [58], 2.4(a): Numerically obtained response of wall W3 to monotonic loading 2.4(b)
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Fig. 2.5: Numerically obtained response of wall W3 to cyclic loading

The first cyclic tests conducted on timber shear walls led to the following conclusions:
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e the wall stiffness depends on fastener size, fastener spacing and thickness and the type of

sheathing material
e the strength depends on the fastener size, length and spacing

e the ductility depends on the ratio between the fastener diameter and the sheathing thick-

ness

e the failure mechanism observed is ductile and related to the connection failure: pullout of

the fastener under monotonic loading or fatigue failure of the fastener due to cyclic loading

As one can see from Figures 2.4(b) and 2.5, the mechanical characteristics of the timber shear
wall can be described by six or ten parameters, for monotonic or cyclic loading, respectively (see
also Table 2.1).

2.1.3 Analytical and numerical modeling

Each analytical or numerical model which describes the behaviour of a timber shear wall must
be verified by tests. The testing is often cumbersome and expensive. For economical reasons,
the complex and highly nonlinear behaviour of a timber wall element should be described by an
appropriate analytical or numerical model.

In [94], Tuomi and McCutcheon proposed an analytical model considering the strength and
spacing of the fasteners and the wall geometry. Gupta and Kuo proposed an analytical model
which allowed for better consideration of the framing deformation within the wall composite
[38]. In [61], McCutcheon proposed an energy-based method, which described the single-fastener
forces in terms of the wall deflection. Patton-Mallory and McCutcheon in, [81], modified this
method by developing an asymptotic equation for the fastener strength f, 45 in terms of fastener

distortion d,,, according to the Equation 2.3.

A0'5n

fu,as = m

(2.3)

Although relatively simple, Equation 2.3 predicts the response of the shear wall subjected to
lateral load reasonably well. Ay and By are constants that account for the load-deformation
relationship of the fastener . By = 1 produces a linear fastener response and By = 0 produces a
perfectly-plastic fastener response. Equation 2.3 is derived by equating the internal energy due
to fastener distortion with the external energy. The external energy results from the external
racking load and the displacement due to the fastener slip A,. Subsequently, the racking ex-
ternal force F,q; can be expressed as a function of the fastener force, represented by Ag and
the geometric constant Ky, which depend on the location of each single fastener on the panel

periphery.

K?.A
— fo=n
Fuyan = Ao+ Y Bot+ K;- Ay (2.4)
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As the fastener slip increases, the fastener force approaches the asymptotic ultimate strength
fu,as and the corresponding racking force Fy,q, approaches the ultimate value Fr yqi-

First, the constant By was defined as the fastener slip at 50% f, 45 and later it was replaced
by Patton-Mallory and McCutcheon in [81] by 1.50 s, where 0 is the fastener displacement at

service level.

Dolan (1989) and Foschi (1974, 1991) started developing numerical FE-models by carrying
out monotonic and cyclic tests. It was concluded that the cyclic hysteresis followed the mono-
tonic envelope, and this fact was used by Folz-Filialtrault (2002) [32] to develop a hysteretic
model, which can reproduce the fastener response under general cyclic loading.

The hysteretic model is essencially the previously mentioned modified Stewart hysteresis
implemented in the FE-programs developed for shear wall analysis within the framework of the
CUREE CalTech project (referred to as CASHEW [32]). Figures 2.4(b) and 2.5 present the
results of the numerical monotonic and cyclic analyses of shear wall W3 tested in the framework
of the NRP 66 project [37] using the CASHEW program. Judd proposed an oriented pair of
coupled nonlinear spring elements [48] as an improvement to the orthogonally oriented nonlinear
spring elements used in [32]. Numerical models have also been developed for 3D structures (see,
e.g. [29]).

The physical meaning of the parameters used in [32], which define the numerical response of the

shear wall under monotonic and cyclic loading, are summarized in Table 2.1.

Tab. 2.1: Physical meaning of the parameters which define monotonic and cyclic response of a shear

wall in accordance with Figures: 2.4(b) and 2.5

Parameter Description

Ky initial stiffness

Ry asymptotic stiffness expressed as percentage of the initial stiffness Ky
Ry stiffness of decreasing branch of the monotonic force-displacement

relationship as percentage of the initial stiffness Ky

R3 unloading stiffness after each cycle as percentage of the initial stiffness Kg

Ry reloading stiffness, as percentage of initial
stiffness Ky, according to partial loss of the connection

between the fastener and the surrounding wood

Fy intersection point between asymptotic line and force axis

F; intersection with the force axis by passing through zero displacement

during reloading process, reflecting the pinching effect

Apas maximum displacement corresponding to maximum force
Q parameter which controls the degree of stiffness degradation
15} parameter which controls the degree of stiffness degradation

related to the previous cycle
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2.2 Loading Protocols

It is worth mentioning that, cyclic loading protocols were not standardized in the 1980s and a
variety of loading protocols have been in use until the CUREE loading protocol was established
in 2001 [54].

In [35], Gato and Uang (2003) investigated the effects of the monotonic, CUREE Caltech
standard, the CUREE standard near-fault NF, the ISO 1998 and the sequential phased displace-
ment SPD loading protocols. They found that the cyclic response of the woodframe shear walls
strongly depended on the applied loading protocol. The CUREE loading protocol produced a
wall peak strength that was comparable to that of the monotonic tests, though an average of
16% reduction in strength was observed under cyclic loading. Hence, a hysteretic rule is required
for proper modelling of a structure, using data attained from cyclic tests. The ISO protocols
have been found to be conservative despite their simplicity. The SPO loading protocols have
been found to be inappropriate for LEFTW testing. The CUREE protocol has been suggested
to be the standard for future cyclic testing of timber shear walls. At the same time, the ISO
21581 monotonic and cyclic loading protocols have been used extensively in Europe. Since the
loading protocols are intended to reflect the cumulative damage inflicted during an earthquake
event, all of the loading protocols mentioned above, which represent the cumulative damage in
regions of high seismicity, are not appropriate to represent the cumulative damage in regions of
low and moderate seismicity. In [67], Mergos and Beyer (2014) have developed a procedure for
constructing loading sequences for regions of low and moderate seicmicity. Among the different
materials and types of structures for which the protocols have been proposed, there is also a
proposal for timber shear walls. The Mergos-Beyer loading protocol is new and not widely used
yet in Europe, but it has potential to be increasingly applied for research purposes, especially
in Switzerland. Within the scope of this thesis, in addition to performing monotonic tests, the
Mergos-Beyer loading protocol will be used for hysteretic parameter estimation for both a sin-
gle fastener and an entire wall element. Additionally, for comparison purposes, hysteretic wall

parameters will be estimated using results from tests with the CUREE cyclic loading protocol.

2.3 European Design Practice

The general rules for estimation of seismic actions as well as for design and detailing related to
the lateral load resisting systems of buildings are covered by the Eurocode 8 (EC8) provisions.
The intention of EC8 is to protect human lives and mitigate building damage for certain seismic
hazard levels. Moreover, it is aimed at designing structures so that their behaviour under seismic
excitation is more predictable and controlled. To achieve this goal, several design approaches
have been prescribed in the EC8 provisions. Force based seismic design (FBD) is most often
used in engineering practice. It appears either as an equivalent static lateral force approach or
as an approach based on elastic and inelastic response spectra. The performance based seismic
design (PBD) implemented in ECS8 is based on the N2 method proposed by Fajfar at al. in

[27]. The N2 method requires estimation of a pushover curve. When converted into a response
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spectra format, the push over curve is also referred to as a capacity curve. Moreover, the N2
method requires estimation of inelastic response spectra, so that the pushover (capacity) curve
and the spectral demand curves can be superimposed and graphed in the same diagram. In
order to do so, both curves must be in the same Acceleration Displacement Response Spectra

(ADRS) format. In ECS8, the specific rules for timber structures are given briefly in section 8.

2.3.1 Force based seismic design

Force based seismic design has been extensively used in earthquake engineering for decades. In
this short review, the focus is on the response spectrum approach that is most often used for the
design of timber structures. The design process, implemented in EC8 [1], is sketched in Figure
2.6. This approach and its problems are addressed here. The force based design process begins
with the development of a linear-elastic structural model, which represents the structure in its
initial undamaged state. The initial stiffness of the real structure represented by this model
must be known at onset of the design process. This is due to the fact, that initial stiffness is
directly linked to the fundamental vibration period and, hence, with the imposed earthquake
forces. However in a typical design approach, the proportioning of all structural members is a
final step occurring at the end of the analysis process.

The initial stiffness assumption is then used in a modal analysis to determine the natural vi-
bration periods and associated mode shapes of the structure. Because the initial stiffness/
fundamental period is not known in advance, it must be estimated by using rules of thumb
or approximation tools. For example the Rayleigh method is capable of determining vibration
periods with reasonably good accuracy, (see e.g. Chopra (2007) [9]) even for roughly assumed
vibration shapes and approximately calculated displacements, arising from equivalent lateral
static forces.

The next specific problem related to the FBD is the estimation of the structural ductility, u
which is necessary to determine a behaviour factor q. The behaviour factor ¢ is a reduction
factor mutually dependent on the ductility and vibration period. It accounts for amount of
energy dissipated throughout the whole structure due to inelastic deformations.

In EC 8, Part 8, specific rules for timber structures and a range of behaviour factors are given
based on the design concept and ductility class (low capacity to dissipate energy - dutility class
DCL; medium capacity - DCM; high capacity - DCH) and on type of structure. The behaviour
factors, listed in Table 8.1, range from ¢ = 1.5 for ductility class DCL to ¢ = 5 for nailed wall
panels with ductility class DCH.

It is difficult to estimate the behaviour factor of timber shear walls, which exhibit deforma-
tions in the inelastic range even in case of small displacements. The difficulty to estimate the
behaviour factor exists even in the case of walls with the same structural system and/or the
same material. This has been analyzed in more detail by Prestley, Calvi and Kowalski (2007)
in [83].

After assuming an initial stiffness, determining an initial vibration period and estimating

the structural ductility and behaviour factor, the next step in the FBD employs a response
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spectrum to determine the spectral acceleration and thus, the seismic forces. The structural
model is then reanalyzed using these seismic forces and the structural elements are materialized
and dimensioned based on the results. The new design must be compared with the initial
stiffness estimation and when there is discrepancy, as will usually be the case, the entire process

must be repeated. In summary, the drawbacks of FBD include:

the stiffness and hence, the fundamental period of vibration must be assumed in advance

the ductility is generalized for structural types and materials

the behaviour factor, which is difficult to determine, accounts for both, energy dissipation

and overstrength in one single value

e an iteration necessary to check the initial assumptions is usually neglected in the design

practice

To make the drawbacks of the FBD more transparent, a timber shear wall element, designed
in [6] by means of FBD, will be compared with the design results based on both non-linear
time history analysis (NLTHA) and performance based seismic engineering (PBD) as well as

incremental dynamic analysis IDA. This topic is discussed in more detail in Chapter 8.

2.3.2 Performance based design

In contrast to FBD, which is based on linear-elastic structural analysis, performance based seis-
mic design requires nonlinear structural models. As mentioned before, performance based design
has a great advantage by representing the system capacity and seismic demand in the same plot.
This makes the approach more transparent, clear and attractive as presented in Figure 2.7. In
performance based seismic design, usually a lateral monotonic load pattern, consistent with the
first mode shape, is applied to a multi-story building. ECS8 requires that the structure is then
?pushed” to at least 150% of the displacement demand. This thesis follows the recommendations
of Park (1989), [78], where the structure is pushed beyond its peak force capacity to the point
where 80% of the peak force capacity remains. The resulting force-displacement plot generated
is called a pushover curve. This pushover curve is than converted into capacity curve that repre-
sents an elastic-perfectly plastic force-displacement relationship of an equivalent single degree of
freedom system (SDOF). It is characterized by the initial elastic stiffness, the yield strength and
yield point. The displacement demand is defined by the intersection point between the initial
stiffness of the equivalent SDOF system and the elastic response spectrum.

This method is not capable of taking into account the energy dissipation and cyclic loading
effects. Since the pushover analysis is based on the assumption that a structure predominantly
vibrates in its fundamental mode, the displacement shape is time independent. Moreover, the
method cannot account for the higher mode shapes without additional efforts. This method uses
the equal displacement rule to estimate the displacement demand for medium and long period
structures. However this rule does not apply for structures with hysteretic loops, pronounced

pinching and significant strength degradation effects, such as timber shear walls. Although,
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different analytical models describe the nonlinear force-displacement relationship of a single
storey shear wall (SDOF) with sufficient accuracy, even experienced analysts have difficulty
estimating the nonlinear force displacement curve for multi-storey buildings (MDOF) through
out the whole displacement range. Therefore, the models of multi-storey structures are often
simplified and represented by an equivalent elastic system, which is unable to achieve accuracy
required. A model of an equivalent elastic system is typical not only for hand calculations, but
also for the majority of commercially used FE-programs. These programs do not involve uniaxial
nonlinear spring elements needed for accounting for monotonic or orthogonally oriented coupled
spring elements needed for accounting for cyclic loading. In order to explore this subject, a
simple 2.4[m]-2.4[m] wall element, sheathed on both sides using nail fasteners spaced at 30[mm],
has been modeled in SAP2000. Each nail was represented by a non-oriented pair of nonlinear
spring elements, which were assigned to follow a hysteretic loop. Due to the large number of
degrees-of-freedom arising from each single fastener considered in the model, a long time period
was required to perform the calculation, even for such a simple model. If time history analysis
had been performed, the results could not have been generated. Therefore, for this thesis, the
OPENSEES platform has been used for the analyses, which allows for analyzing of nonlinear

models exposed to earthquake loading.

Performance requirements and performance limit states according EC8-Part 1

According to Eurocode 8, each structure shall be constructed in such a way that two specific

requirements can be met with an adequate degree of reliability:
e the no-collapse requirement and
e the damage limitation requirement.

The no-collapse requirement is associated with a design values of ground accelerations with
a probability of exceedance of 10% in 50 years, corresponding to a return period of 475 years.
According to the recommendation given in the code, the damage limitation requirement is
associated with a probability of exceedance of 10% in 10 years, corresponding to a return period
of 95 years.

In order to satisfy the fundamental requirements listed above, the following limit states
should be checked:

e the ultimate limit states and
e the damage limitation states.

The ultimate limit states are associated with failure or collapse of a structure, whereas the
damage limitation states are associated with exceeding certain serviceability requirements (see
1)).

The performance and compliance criteria given in EC8 do not specify in detail the dis-

placement limits or expected amounts of damage associated with specific performance stages.
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Specifying performance and compliance criteria is a matter of the engineer’s understanding and
judgement. An indicator of displacement magnitude associated with performance limit states
suggested for woodframe structures could be, for example, FEMA 356, where the prescribed
drift limit for life safety limit state is 2% (PoE 10% in 50Y) and for immediate occupancy, it is
1% (PoE 50% in 50Y). Within this thesis, the performance limit states will be estimated for both
OSB and GFB sheathing material, based on damage analysis considering nonlinear shear wall
behaviour under monotonic and cyclic loading, and verified using incremental dynamic analysis
(IDA).

Remarks on Eurocode 8-Part 3: Assessment and retrofitting of buildings

The Eurocode 8 - Part 1, dealing with general rules, and Part 3, dealing with assessment
and retrofitting of existing buildings, have been approved in 2004 and 2005, respectively. The
adoption of Part 3 led to some confusion because the section ”Fundamental requirements”,
introduced the following three limit states for the first time, namely: Near Collapse (NC),
Significant Damage (SD) and Damage Limitation (DL). However the code also recommends
that ”...The National Authorities decide whether all three Limit States shall be checked, or two
of them, or just one of them... 7 Additionally, EC8 - Part 3, states that the appropriate level of
protection is achieved by selecting corresponding return periods for each of the limit states. The
Damage Limitation limit state corresponds to a return period of 225 years, and a probability of
exceedance of 20% in 50 years. However, for the same limit state EC8 - Part 1 has a probability
of exceedance 10% in 10 years corresponding to a return period of 95 years. Within two parts of
the code two different paradigms meet each other. The design concept applied to new structures
aims at proving sufficient safety to the structure, while the evaluation procedure, applied to
existing structures aims at exhausting the strength capacity of the structure. In order to avoid
complications, which would arise if different nomenclature and code recommendations are used,

the focus of this thesis will be on the design rules for new structures.

2.3.3 Nonlinear Time History Analysis (NLTHA)

Considering that every problem, which should be solved in terms of both earthquake engineering
and shear timber walls is predominantly dynamic and highly nonlinear and that the ground mo-
tions are random with a certain amount of uncertainty, nonlinear time history analysis (NLTHA)
is the most accurate analysis tool, especially when compared with other, more simplified an-
alytical methods. For a time history analysis, artificial or real ground motion records can be
used. Eurocode 8 requires that a minimum of three accelerograms are considered. Artificial
accelerograms should be generated in such a way that they achieve the best match to a 5%
damped elastic response spectra in the period range of (0.2 — 2.0) - Ty. Real records should be
scaled in the same way. No value in the specified period range should be less than 90% of the
elastic response spectra. Additionally, when at least seven nonlinear time history analyses are

performed, the average of the response quantities can be used for design purposes.
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In this thesis, NLTHA will be performed using 10, real ground motion records, from which
the average response quantity will be extracted. These ground motions will be scaled to the
required hazard level. Furthermore, at least 7 out of 10 EQ-records used must satisfy the
convergence criteria. Otherwise the specific non-convergent earthquake record will be removed
from the suite and replaced by a convergent one. Additionally, no selected and scaled earthquake
records overstep the peak value in acceleration sensitive region of an elastic, 5% damped spectra,
by more than 40%.

2.4 Consequences for Further Investigation and Improvements

2.4.1 Existing analytical procedure in relation to the aim of the investigation
General

The objective of this thesis is to define the feasibility range for the traditionally used LFTW in
Europe in terms of building height and seismic hazard levels. Two different sheathing materials,
namely OSB plates and gypsum board (GFB) are considered. To achieve this goal, a reliable
analysis technique is required. As described in the previous section, the design procedure pro-
posed in Eurocode 8 has severe drawbacks related to FBD and an inadequate definition of the

performance levels within PBD.

Aplicability of FBD

In addition to the inconsistencies and difficulties related to the use of the behaviour factor ¢,
which is crucial for FBD, the FBD procedure is not directly applicable for nonlinear elastic
systems, such as shear timber walls. Hence, in order to perform analysis, an equivalent elastic
system must be considered. The problems related to the topic of representing an inelastic system
by an equivalent elastic system are analyzed in more detail in [10]. However, the FBD method
provides an uncertain and uncontrolled structural behaviour associated with an unknown pro-
tection grade. FBD is not capable of providing sufficiently realistic analytical results, related to

the investigations that are subject of this thesis.

Aplicability of PBD

Furocode 8, defines the performance objectives within the framework of PBD at a quite general
level. Furthermore, it does not define the performance measures. PBD is seldomly used as

design method, although it is more appropriate than FBD in seismic engineering.
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Consequencies

Consequently, a modified approach is needed to perform an analysis capable of confirming the
compliance of the predefined performance limit states with a sufficient degree of reliability. To

do so, the following procedure has been used:

e Hysteretic rule estimation for a single fastener

Hysteretic rule estimation for wall elements

Performance level definition for LFTW sheathed with GFB panels

Performance level definition for LETW sheathed with OSB panels
e NLTHA using a defined hysteretic rule

e Check as to whether the performance criteria are satisfied

For these purposes, NLTHA has been recognized to be the best available analytical tool. More-
over, within this thesis, the predefined drift limits which are different for OSB and GFB sheathing
material, and contain not only displacements but also damage and corresponding energy dissi-

pation quantities, are understood as being part of the improved PBD.

2.4.2 Mechanical characterization and modeling

In order to perform NLTHA, a hysteretic model of the shear wall element is required. Such mod-
els differ for different wall configurations, depending on the aspect ratio, material properties,
fastener spacing, hold down devices, etc. Furthermore, the fasteners themselves are nonlinear
elements that, among all of the components, contribute the most to the overall nonlinear be-
haviour of any shear wall element. Thus, for each fastener, a hysteretic model is established in
order to model the shear wall properly, as presented in Figure 1.7. In this thesis, the hysteretic
fastener behaviour in timber connections is obtained experimentally for the OSB sheathing ma-
terial using nails and staples. The hysteretic response of the shear wall element is then evaluated
using the MCASHEW program developed by Folz and Filiatrault (2001) in the CUREE CalTech
project [31]. To validate the numerical model, the results obtained numerically and through tests
are compared. The numerical results, based on the experimentally-obtained hysteretic model
of a single fastener, show good agreement with the results from the tests carried out on wall
elements sheathed with OSB plates in the NRP 66 project [37], as well as with the results from
the experiments on walls sheathed with GFB, tested as a part of this thesis. Furthermore, in
order to explore the feasibility range in regions of low and moderate seismicity, Mergos-Beyer
loading protocols, [67] are used for both experimental testing of individual fasteners and numer-
ical analysis of LFTWs. Typical results of the analysis are hysteretic models for each specific
wall element, defined by 10 parameters, as presented in Figure 2.5.

Once the hysteretic models had been estimated numerically, they were validated by experimen-

tal testing or through comparison to the results of tests carried out by other researchers. A
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hysteretic model for shear wall elements with different lengths (2.4, 3.0,3.6,4.2 or 4.8[m]) is es-
tablished. It is applied as a constitutive model representing a nonlinear shear spring element,
also called SAWS material, used in NLTHA (Figure 1.8).

2.4.3 Performance level redefinition

As previously discussed, the performance levels are not clearly defined in EC8. Based on the
general requirements, defined as no-collapse and damage limitation, the following two limit states

for each wall configuration are defined within this thesis (see Chapter 5 for more details).

e Serviceability limit state (SLS) corresponding to the damage limitation requirement for
shear walls with OSB and GFB sheathing material

e Ultimate limit state (ULS) corresponding to the no-collapse requirement for shear walls
with OSB and GFB sheathing material.

Since timber shear walls are characterized by a highly nonlinear behaviour with a pronounced
capability of energy dissipation, displacement alone is not the best indication of their seismic
performance. In order to establish desirable performance criteria, the appropriate limit states
should be defined first. The damage grade investigation conducted on existing buildings after
severe events has shown that LFTW sheathed with GFB are sensitive to deformation increase
(see e.g. [99]). Keeping in mind that LEFTW with GFB sheathing material are traditionally used
for low and mid-rise buildings in European regions of low and moderate seismicity, the damage
based performance criterion seems to be appropriate for limit states definition. A clear drift limit
definition is based on a damage index analysis (DIA) using the Park-Ang damage model, see [80].
This model considers deformation capacity under monotonic loading, maximum deformation
imposed by a specific earthquake record and absorbed hysteretic energy during an earthquake.
The same procedure for performance based estimation will be applied for LF'TW sheathed with
OSB panels, as presented in Figure 1.9 in previous chapter. The fragility analysis should confirm
that the damage index analysis led to the appropriate performance level definition. Within the
fragility analysis probability of collapse for certain intensity measure given damage measure will
be estimated, as presented in Figure 1.10 in previous chapter.

In addition to the drift limits, the following performance limits are assumed:
e Vibration period Tp < 1.7[s],

e Ductility ¢ < 3.0

e Hold-Down forces, remain in the elastic range.

The performance limits listed above are based on the engineer’s judgment, experience and
preference in controlling the structural response under a specific earthquake excitation. The vi-
bration period limitation is aimed at avoiding structures that are too flexible with long vibration
periods and large deformations. The period limitation should reduce the vulnerability arising

from inter-storey drifts in higher vibration modes, observed in NLTHA, as well as reduce the
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vulnerability to service wind loads.

The ductility limitation should take into account the uncertainty in ductility estimation, but
should also prevent excessive reduction of earthquake forces and an overestimation of the defor-
mation capacity of the LFTW. Note that the ductility factors in the range ¢ > 3 are accompanied
with severe damages and difficult to achieve. As in this thesis will be shown, other performance
limiting criteria will be achieved first, and therefore the inherent ductility capacity of LFTWs
will not be fully exhausted. Therefore, for LFTWs sheathed with OSB the ductility demand

w < 3.0 is set as limiting criteria within here presented work.
The derivation of the parameters used herein is the topic of chapters 5 and 6.

2.4.4 Summary

Since fire protection requirements have recently been modified in Switzerland, there is no longer
height limitation for timber structures. Some European countries are developing new design
guidelines for timber buildings without height limitations. Due to the limitations having existed
in the past and the inadequate analysis and design techniques currently in use, there is a lack
of reliable prediction of bearing capacity of lateral load resisting systems traditionally used for
timber structures in Europe and particularly in Switzerland. To estimate the feasibility range
for conventionally used timber structures in regions of low and moderate seismicity, NTHA and
PBD will be simultaneously combined. In order to use NLTHA, constitutive nonlinear material
models, which take into account strength and stiffness degradation and pinching effects during
cyclic excitation will be developed for five different wall configurations and applied in NLTHA
for two different sheathing materials. The numerical models are derived from and verified by
means of testing. The method proposed in this thesis is unorthodox to some extent. Namely,
the design process is usually straightforward, typically ending in the design of the element
under consideration. Here, the approach is inverse. For a wall element with a known bearing
capacity and cyclic behaviour, the maximum applicable mass as a function of the number of
storeys and the seismic hazard will be searched. All predefined performance criteria must be
satisfied. Additionally, performance limit states suitable for LFTW structures are established
based on damage analysis. The proposed procedure has some distinct advantages. One works
with material properties at the characteristic (real) strength level. No ductility and reduction
factors or overstrength ratios must be assumed in advance. The advanced NLTH-analysis uses
real material models. Performance criteria are simultaneously checked, providing a reliable
estimation of feasibility range.

In order to provide designers with an additional, simple analytical tool for seismic design of
multi-storey structures, which could be used for hand calculations, a capacity curve estimation

based on simple elastic shear field theory is presented in addition.
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2.5 Conclusions

In this chapter, the mechanical characteristics of dowel type fasteners in timber connections as
well as the behaviour of the LFTW element subjected to lateral loading have been reviewed. The
current, Patton-Mallory energy-based analytical approach, usually used for hand calculations,
has been re-introduced. The drawbacks of the code-based seismic design procedures have been
specified and discussed with respect to the applicability for the design of LEFTWs. The need to
establish a reliable mechanical model, which satisfactorily describes the behaviour of the LETW
subjected to lateral loading, is pointed out.

Performance-Based Design (PBD) is primarily used by engineers to identify strength and
displacement capacity in comparison to the seismic demand. The methodology operates on the
capcity curve, which is a representation of the first mode structural response. It is not capable of
accounting for energy dissipation and cyclic loading effects. Furthermore, the PBD uses the equal
displacement rule extensively, which does not apply to structures with pronounced pinching and
significant strength and stiffness degradation effects. In comparison to PBD, Performance-Based
Engineering is a superior methodology, since it is based on the best available analysis tool referred
to as Non-Linear Time History Analysis (NLTHA), which uses non-linear hysteretic mechanical
models of LEFTWs, providing reliable analysis results. Moreover, after establishing the clear
performance objectives such as HD-forces, ductility demand p, inelastic period of vibration T,
Inter-storey Drift Ratio (IDR) and Damage Index (DI), one can design structures which behave
in a desired manner, performing predictable within defined performance range. Additionally,
based on the results of the analyses of the structure under design earthquake, the repair costs
can be assessed. In the frame of PBD, the definition of the performance objectives on the life
safety performance level is usually the topic discussed and developed in collaboration with the
building developer. In the presented work the values of the different performance parameters

have been evaluated, validated and proposed to the best of the author’s knowledge and belief.



2.5. CONCLUSIONS

Structural model (MDOF)

@A)

F — A relationship

L <+

Structural model (SDOF)

m*

Pushover curve
= Capacity curve

Acceleration vs
Displacement

Accelerationvs T

Check of: Ductility u, Ductility demand, Displacement demand and Displacement capacity

>

YPS(ms)_Spectra_RP=475Y_Z1_SC C ——— ADRS mu=1.0
03s 045 05s
I 06
5.00 S enes YPS mu=1.5
475 0.50 e YPS mu=2
450 10
425 = YPS Mu=3
4.00 s YPS mMu=4
375

Capacity curve

Ductility de

Te=20s

025 { > ]
222 = — Aﬁ Dgemand
0.00 4

0 0.01 0.02 0.03 0.04 0.05 0.06

0. .08
Yield displacement Dy

Fig. 2.7: Perormance based design procedure according to ECS8 [1]

35



36

CHAPTER 2. STATE OF THE ART



Chapter 3

Light Frame Timber Walls

In this chapter, the simple elastic shear field theory is briefly introduced. For the proper appli-
cation of the shear field theory, more realistic then code-based estimations of bearing capacities
of single fasteners are made by means of appropriate regression functions. The application of
the simple shear field theory is demonstrated for an example that allows for hand calculation
of the pushover curve of the single LETW. The cyclic loading tests of the single fasteners, the
test results and the estimation of the mechanical models are presented. Then, the behaviour
of LFTWs sheathed with OSB and GFB, exposed to monotonic and cyclic loading, are pre-
sented and discussed. Finally, the mechanical models for different wall configurations, estimated
numerically and verified by means of experimental testing, are proposed as the basis for the

parameter study.

3.1 General Characteristics

Timber construction is regularly used for housing structures up to three storeys tall also in
seismic prone regions as in the USA, Canada, New Zealand and Japan. Timber structures are
widely-used in seismic prone regions all over the world because they exhibit good performance
under earthquake excitations. These types of structures are inherently flexible, have small
masses and they exhibit a considerable amount of lateral stiffness, due to the use of light frame
timber walls (LFTWs) as the lateral load resisting system. LTFWs behave well when subjected
to strong ground motions, providing appropriate safety along with low to moderate damage
and low economical losses. Although timber structures are generally characterized by good
performance, different wall configurations behave quite differently. Walls sheathed with OSB
panels exhibit much greater deformation capacities when compared with walls sheathed with
gypsum fibre board panels (GFB). Therefore, the applicability of these two types of walls will

be assessed separately.
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3.2 Behaviour of OSB Sheathed LFTWs under Monotonic Load-
ing according to the Simple Elastic Shear Field Theory

3.2.1 Introduction

The first attempt to analytically describe the complex behaviour of LFTWs subjected to lateral
loads was made by Patton-Mallory [81], Tuomi and McCutcheon [61] and Itani [44]. They used
an energy based approach in order to derive a closed mathematical solution for the nonlinear
relationship between lateral load and horizontal deflection due to applied nail slip. The derived
solution presented in [61] is a simple exponential equation which relates the lateral load acting
on the LFTW to its corresponding horizontal displacement. The elastic portions of the total
displacements (flexural frame deformation d;, shear deformation of the sheathing panels do and
rigid body rotation due to compression and elongation of the edge studs d3) were considered later
on. Some improvements to the simple shear field theory, based on a numerical approach, are
extensively discussed in [34], [92] and [22]. However, due to the simplicity and good accuracy
of the simple shear field theory, it is widely used for the estimation of the racking stiffness
and horizontal displacement of LF'TWs. In this thesis, the simple elastic shear field theory is
presented merely as a reference point for more sophisticated calculations based on nonlinear FE
Analysis. The parametric study presented herein is based on the MCASHEW program (Cyclic
Analysis of Shear Walls) and SAWS (Seismic Analysis for Woodframe Structures), developed
by Folz and Filiatrault in 2002 in the CUREE-Caltech Woodframe Project [33] and [30].

3.2.2 Displacement analysis of LFTWs

The simple elastic shear field theory is based on the assumption that the contributions to flexural
displacement of timber frame in the elastic range consists of: d1, shear deformation of sheathing
panels d2 and rigid body rotation due to HD deformation and connection slip 3. The displace-
ment contribution caused by the fastener slip 4 is inelastic even for small deformations. Thus,
to estimate the total displacement response of the LFTW element, it is necessary to sum the

displacement contributions of all the components for the corresponding lateral load.

Displacement due to the frame bending

Assuming that the LFTW is an equivalent cantilever beam subjected to a lateral load at the top,
the flexural frame displacement can be easily estimated using the following well-known equation,

based on the principle of virtual work (see also Figure 3.1).

M- M 1 2 F.-H? F.H3
d Z.H. -

o1 = . — . .
1 Bl YT EI3 2 3ET

(3.1)

The second moment of inertia I will be estimated using the contribution of the edge studs’

cross-sections with surface area Ag;.
BQ
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Fig. 3.1: Flexural displacement of the timber frame

Finally, the displacement due to bending of the equivalent frame is:

F-H? AF - H? 2F - H?
51 = - - (3.3)
3EI ~ 3Ay-2E|-B? 3Ay- B B

Displacement due to shear deformation of the sheathing panel

The displacement due to the shear deformation of the sheathing panel can be estimated in the
same way (see also Figure 3.2).

Q.Q"d _F-H-1_ ky-F-H

GA~ T T GA TG B2ty (3.4)

5y =

where coefficient k, = 6/5 for rectangular cross-sections.
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Fig. 3.2: Shear displacement of the sheathing panel

Displacement due to rigid body rotation

Rigid body rotation is caused by deformations arising within the hold-down devices and con-

nection slip on the basement level.
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Fig. 3.3: Deformation due to rigid body rotation
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Hold-down deformations

Hold-down (HD) devices are made of steel. The function of a HD device is to transfer compres-
sion, tension or shear forces into the ground. This provides uplift and shear resistance at the
anchorage location. Typically used hold-down devices are industrially produced standard steel
angle brackets with limited bearing capacity. Since the aim of this thesis is to estimate the best
performance of LEFTWs, the HD devices used in this study must be robust to prevent them from
exhibiting plastic deformations or being the weakest element in the chain. In Figure 3.3, the
displacements arising within the HD elements are denoted as 7 p ten and st comp for the tension
and compression deformations of the stud, respectively.

Since the deformation of the stud under compression is constrained due to the direct contact
between the stud and the foundation surface, the only deformation of the hold-down device under
compression is due to the connection slip. This is assumed to be 1.0 [mm]. The displacement
of the HD device in tension g p tern, depends on what the HD device is designed for. It can be

estimated as follows.

Fstud _ F-H
KHD,ser B- KHD,ser

5HD,ten - (35)

where Kpp ser is the stiffness of the hold-down device in the elastic range. Kpp sr can be
estimated by using [17] and [91]. Kgp ser = p'° - 2% in [17] and Kgpser = 3+ p%° - d'7 in [91]
are defined as values depending only on the timber density and the diameter of the dowel used.
This formulas are based on [47]. If a connection is designed as a timber-steel connection with
slotted-in steel plates, both design codes EC5 and SIA265 suggest multiplication of K p ser by
2, according to Equation 3.7.

The ultimate strength per shear plane and dowel can be estimated using the model proposed
by Johansen, also called the European Yielding Model (EYM), which is implemented in [17]
(Equation 3.6):

fhik-ti-d
, I,
Fv,R =mn fh,l,k . tl -d - [ 2 + Wyt?d — 1] (36)
Jnik -Myg-d
all units in [N] and [mm]
Kitpaer =20 . & (3.7)
,ser . 23 .

The required bearing capacity of HD devices can be taken from Figure 3.4, 3.5 and 3.6 for one,
two and three slotted-in steel plates, respectively. The stiffness per shear plane and dowel is
given in Table 3.1. Here, the timber studs are of the strength class GL24h with p; = 385[%].
The timber studs have dimensions 200 - 200 and 240 - 240[mm]? for small and moderate HD

device forces and 300 - 300[mm]? for high HD device forces. The connections with one slotted
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in steel plate consists of 6, 9 or 12 dowels. The connections with 2 or 3 slotted in steel plates,
8, 12 or 16 dowels of diameter d=8, 10, 12, 14 or 16 [mm], and a steel strength f,; = 510[-5].

mm?2

Tab. 3.1: HD stiffness per shear plane and fastener

Equation 8 mm 10 mm 12 mm 14 mm 16 mm

kN/mm kN/mm kN/mm kN/mm kN/mm

Kupser =2 p'° - & 5.78 7.22 8.66 10.1 11.55
400 w
(kN] HD device with 1 slotted-in steel plate -
350 stud cross section a x b = 200 x 200 [mm]
........ 321
300 S0 e
............ ____-283
B0 e -85 o=t
/ ............. —aenT™”
------------ =207
200 et - -
S e — -
_____ —_— - 73
F1s7 T —_ 1 T -
150 —— =
— — - -
e —— . =T
100 =T14 L= - - - o od=8mm
-85~ — ed=10 mm
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50 i —
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Fig. 3.4: Bearing capacity of hold-down devices with one slotted-in steel plate
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The HD device containing two slotted-in steel plates and 12 dowels with d=8 mm used for

wall testing in this thesis is shown in Figure 3.7.
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Fig. 3.7: Hold-down device consisting of two slotted-in steel plates and 12 dowels with d = 8mm (left)
and an edge stud during testing (right)

The total elastic deformations due to the lateral loads acting on the top of the wall can be

calculated by simple summing the previously listed individual contributions.

Displacement due to fastener slip

The nail slip is nonlinear from the very beginning. The deformation of a wall under lateral
loading depends mainly on the displacements of a single fastener, which, together with the
sheathing material, provide the wall element with racking stiffness. Thus, the relationship
between the global lateral displacement induced by a global lateral force acting on the wall and
the corresponding deformation of a single fastener should be established. Several exponential
equations, which establish a relationship between the fastener distortion 4, in terms of the global
displacement due to the fastener slip A,,, and the fastener force f, as nonlinear function of ¢,,
have been proposed by McCutcheon in [61] and in [81] and discussed, modified and extended in
[43]. The asymptotic Equation 3.8 is widely used.

Ao - 0Op

f= By 16, (3.8)

where constant Ag approaches the ultimate value of the fastener strength f, 4, with increasing
distortion §,,. Constant By takes into account the load-deformation relationship of a fastener;
for a linear fastener response, By = 1, and for a perfectly plastic response, By = 0. Equation
3.8 is derived by equating the internal energy due to fastener distortion and the external energy
due to external racking load and racking displacement due to fastener slip A,. Subsequently,
the racking external force F),,;; can be expressed as a function of the fastener force represented
by Ap and the geometric constant Ky, which depends on the location of each individual fastener

on the panel periphery.

Fyan = Ao - Z By —|—Kf (3.9)
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As the fastener slip increases, the fastener force asymptotically approaches the ultimate strength
fu,as and the corresponding racking force F,,,; approaches the ultimate value F'g yqi-
Constant By was initially defined as the fastener slip at 50% f, qs and replaced later on by
Patton-Mallory and McCutcheon in [81] by 1.5y, where 67, is the fastener distortion at the
service level. Finally, as reported in [18], Equation 3.10, was found to describe the wall racking

almost exactly.

aO'fu,as'%'An _ 1-1'fu,as'§'An (3.10)
bo-2-0ps- (14 3E) + A 13:2:055 (14 32) + A,

In equation 3.10, B, and H), are the width and height of the sheathing panel, and s is the

Fyau =

fastener spacing. Additionally, over the whole range of the panel aspect ratios, 0.5 < %5 < 2
(see also [18]), the parameters ap = 1.1 and by = 1.3 were found to remain almost constant.
Furthermore, the best fit with the test results was achieved for 7, = 0.6mm. The racking
displacement of the wall due to the nail slip A,, can be estimated by using the proposal made
by Stewart, [92] and Deam, [18] according to Equation 3.11:

An:2-6n-(1+ﬂ) (3.11)
Bp

In order to establish a nonlinear relationship between the fastener distortion, the corresponding
fastener force, the global racking displacement and the corresponding global force acting on the
wall element, the ultimate asymptotic fastener strength f, ,s must be considered with Equation
3.10. This will be the topic of the subsequent paragraph.

The starting point for derivation of the fastener strength f, g is Equation 3.12, which is
based on Johansen’s model, implemented in [17]. The fastener strength in a connection depends
on the mechanical characteristics of the timber and of the fastener’s steel material as well as
on the geometrical properties, including the thickness of the sheathing panel and the timber

members and the diameter of the fastener.

fhik-ti-d
fhok-ta-d

t1-d Wz
%-[\/ﬁo+2-68~[1+§%+(§%)2]+68-(%)2—ﬂ0-<1+%)]+¥

— mZTL 41-d 4-Bo-(2 -M, ax
fo.r 1.05 - fh,21f6t01 ) [\/2 Bo- (1+ Bo) + Bo ](Chjicg%dy,m — Bo] + J. 4,Rk
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with By = 72 all units in [N] and [mm)]

In
o1k
The global behavior of the shear wall strongly depends on the behavior of the fastener.
Therefore in performance based earthquake engineering, knowledge of the load-displacement
relationship is necessary. During the tests carried out by various researchers in the past, it
was observed that the strength estimated when using Equation 3.12 did not correspond with
the values obtained experimentally. Dolan, [22] and Dolan Madsen, [23] reported results from
monotonic and cyclic nail connection tests. Figure 3.8, left, shows a typical load-displacement
relationship of a nail fastener within a timber connection, while in Figure 3.8, right, the overall
average load-displacement curve of the connection, with a maximum displacement of 9 mm,
is presented. From Figure 3.8, it can be seen that, different sheathing materials connected
with nails exhibit almost the same behavior at the maximum displacement of 9.0 mm. The
ascending branch of the load-displacement curve is fitted to Foschi’s exponential equation [34].
The maximum displacement value 0y, ;4. and the descending stiffness after the peak load was

introduced by Dolan and Madsen, which completes the response definition of a nailed connection.
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Fig. 3.8: Typical load - displacement curve obtained from the monotonic connection test according [23]

In [57], Loo et all. suggested using the parameters obtained by testing in [23] as a benchmark,
so that the ultimate strength of any nail connection can be easily fitted to the Dolan-Madsen
curve. In order to do so, W.Y.Loo, P. Quenneville and N. Chow (see [57]), compared the
ultimate strength obtained by tests with those obtained by using the European Yielding Model
(EYM). In this way, the theoretical and experimental values were connected, and the trend was
described by a regression function, which allowed estimation of the ultimate nail strength in
any timber connection. In this thesis, the values considered in [57] are extended by available
experimental results of Mohamad, Bernasconi and Frangi [69], Peric (2016), and Vogt [101], as
shown in Figure 3.9. The nail strength can be described by regression according to the Equation
3.13 (see also Figure 3.10).
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£ = 986.08 - In (Fipyas) — 5484
in [N]

Comparison between calculated and measured bearing capacity
fu,k 2700 N/mm2

Sheating Calculated
Loading Type; Framing Nail_ Bearing
Reference Protocol Thickness  Density Type Density Nail_Typ Length Nail_ Diameter Capacity
EC5
t2 P1k t P2k | d Reh,cale
[]; [mm] [kg/m3] [-]; [mm] [kg/m3] [ [mm] [mm] [N]
Dolan&Madson o ionic  0sSB:9 a0 SPUCEPIn- o 8d 64 33 9006
(1992) Fir
Canadian Spruce-Pin-
monotonic  Softwood Ply; 450 P Fir 420 8d 64 33 900.6
9
Coyne (2007) monotonic 0OSB;11.1 640 Hem fir 460 6d 51 29 813.4
monotonic OSB;11.1 640 Hem fir 460 8d 64 33 983.7
monotonic OSB;11.1 640 Hem fir 460 10d 76 38 1213.2
monotonic 0SB;15.9 640 Hem fir 460 10d 76 3.8 1322.9
monotonic OSB;19.1 640 Hem fir 460 10d 76 38 1422.4
Eikert Hong (2006) cyclic 0SB;11.1 640 Hem fir 460 8d 64 33 983.7
Fonseca and Rabe . . Douglas-Fir-
(2009) syclic 0OSB;11.1 640 Larch 490 8d 60 29 866.5
Fonseca et all . X Douglas-Fir-
(2006) syclic CSP; 11.9 450 Larch 490 8d 60 29 886.2
CSP; 11.9 450 Douglas-Fir- 490 8d 64 33 1035.5
Larch
Vogt (2015) cyclic 0SB;10 583 (550) Cc24 390 (350) 65 28 726.9
cyclic 0OSB;18 581 (550) C24 390 (350) 65 2.8 955.2
cyclic 0OSB;18 581 (550) C24 390 (350) 65 31 1043.8
cyclic 0OSB;18 581 (550) C24 390 (350) 65 25 803.7
Peric (2016) cyclic OSB; 12 550 C24 350 60 245 640.6
cyclic 0OSB; 18 550 C24 350 60 245 732.7
cyclic OSB; 12 550 C24 350 60 2.87 748.5
cyclic OSB; 18 550 C24 350 60 2.87 931.2
Mohamad &
N : H 245
Bernasconi (2015) monotonic 0SB;18 550 GL24 380 60 761.6
monotonic 0OSB;18 550 GL24 380 60 245 761.6
monotonic 0OSB;18 550 GL24 380 60 245 761.6
monotonic 0OSB;18 550 GL24 380 60 245 761.6
monotonic 0OSB;18 550 GL24 380 60 245 761.6
monotonic 0OSB;18 550 GL24 380 60 245 761.6
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(3.13)
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Fig. 3.9: Overview of the considered measured and theoretical ultimate nail strength
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Fig. 3.10: Regression function of the measured and theoretical ultimate nail strength

Starting with Equation 3.12 and using the regression function shown in Figure 3.10, the more
realistic fastener asymptotic strength can be estimated. Moreover, the parameters kg, ko, k3
and 0, mae (see also Figure 2.2), which define the Dolan-Madsen reference curve, can be used to
estimate the nonlinear load-displacement relationship for different connection configurations. For
example, for nails d = 2.87[mm)], f, 1 = 700[#]; and OSB panels with thickness ¢; = 12[mm)],
sheathed to the timber element with width to = 120[mm)], characteristic density of OSB and
timber element py; = 550[%] and ppa i = 385[%}, respectively, the bearing capacity according
to EC5 (2008) is f, ¢ = 791.0[N], and the estimated asymptotic strength using the regression
function fitted to the Dolan-Madsen reference curve is fqs, = 1096.0[N], as presented in Figure
3.11.

1400
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1300

1200
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1000

Benchmark envelope averaged Dolan Madsen
Force - Displacement curve
for nail d=2.87 mm

= === Dolan Madsen_reference
—— Actual Nail
Snmax = 9,0 [mm] Displacement [mm]

0 1 2 3 4 E 6 7 8 9 10 1 12 13 14 s 16 17

Fig. 3.11: Load-displacement curve for nail d=2.87 [mm], OSB panel d=12[mm], compared with the
Dolan-Madsen reference curve
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The experimentally obtained strength of the staples are summarized in Figure 3.12. For
the purpose of completeness, the comparisons between the theoretically and experimentally
obtained data as well as the estimation of the regression function is plotted in Figure 3.13. The
comparison to the Dolan-Madsen reference curve for a staple with d = 1.53[mm] is presented in

Figure 3.14. The obtained regression function can be expresses as follows:

fs =567.51-In (Fgy ) — 2487.9 (3.14)

in [NV]
The procedure for creating the regression function and comparison with the reference curve
for staples is similar to the approach applied for the nails, provided that the two staple shafts

are properly substituted by an equivalent nail diameter:

_dgq'WZQ'dgt'ﬂ'

Yy = 1
Weq 32 32 (3.15)

in [mm)]
deg = V2 - dg (3.16)

in [mm]
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Comparison between calculated and measured bearing capacity
fu,k 2900 N/mm?2

Sheating Staple_ Calculated
Loading Type; Framing Equivalent Nail_ Staple_ Bearing Bearing
Reference Protocol Thickness  Density Type Density Diameter Length Diameter Capacity Capacity
EC5 Test
t2 p1k t1 P2,k | d Rch,calc Rult, mesured
[-]; [mm] [kg/m3] [-]; [mm] [kg/m3] [ [mm] [mm] [N] [N]
Vogt monotonic  OSB:18 sgr  SPUCePIgp3 252 65 2 047.3 15785
cyclic 0SB;18 581 Spf”iﬁ'P'”' 413 252 65 2 947.3 14375
cyclic 0SB;18 581 Sp’“?ﬁ’P'”’ 413 2.52 65 2 947.3 1325
cyclic 0SB;18 581 Sp’”i‘f‘r’P'”' 413 2.52 65 2 947.3 1375
monotonic  OSB;18 sg1  SPUCePIn g3 227 55 18 780.5 1337.5
cyclic 0SB;18 sg1  SPUCePIgpg 2.27 55 18 789.5 1200
cyclic 0SB;18 581 SPYUE‘:;'P'“' 413 2.27 55 1.8 789.5 1250
cyclic 0SB;18 581 Spf“g’r""”’ 413 2.27 55 1.8 789.5 1262.5
monotonic  OSB;18 581 Sp’”i‘ff'”’ 413 1.93 55 1.53 615.2 1141.7
cyclic 0SB:18 sg1  SPUCePIn g3 1.93 55 153 615.2 991.7
cyclic 0SB;18 sg1  SPUCePI g3 1.93 55 153 615.2 11417
cyclic 0SB;18 sg1  SPUCePI g3 1.93 55 153 615.2 1050
monotonic  OSB;10 581 Spr”f:‘fr'p'n' 413 1.93 55 1.53 526 1000
cyclic 0SB;10 581 Sp’”‘;‘f‘r'P'”' 413 1.93 55 1.53 526 1000
cyclic 0SB;10 sg1  SPUCePI g3 1.93 55 153 526 1001.7
cyclic 0SB;10 sg1  SPUCEPIn g3 1.93 55 153 526 11417
Mohamad
&Bernasconi
monotonic  OSB-4: 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1033
monotonic  OSB-4: 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1038
monotonic  OSB-4: 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1081
monotonic  0SB-4: 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1030
monotonic  OSB-4: 18 572 GL24h : 100 407 1.84 50 1.46 561.7 1051
monotonic  OSB-4; 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1181
monotonic  OSB-4; 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1113
monotonic  OSB-4; 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1149
monotonic  OSB-4; 18 572 GL24h ; 100 407 1.84 50 1.46 561.7 1143
monotonic  OSB-3; 18 586 GL24h ; 100 407 1.84 50 1.46 561.7 1059
monotonic  OSB-3; 18 586 GL24h ; 100 407 1.84 50 1.46 561.7 1069
Peric cvelic MB 05B; 12 580 €24 :100 350 1.93 50 1.53 561.23 1176
cvclic CUREE  OSB: 12 580 €24 :100 350 1.93 50 1.53 561.23 1258
cvelic MB 0SB: 18 580 €24 :100 350 1.93 50 1.53 588.4 1362
cvclic CUREE  OSB: 18 580 €24 :100 350 1.93 50 1.53 588.4 1256

Fig. 3.12: Overview of considered measured and theoretical ultimate staple strength
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Fig. 3.13: Regression function of the measured and theoretical ultimate staple strength
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Fig. 3.14: Load-displacement curve for staple 1.53 mm, OSB panel d=12 mm, compared with the
Dolan-Madsen reference curve

3.2.3 Summary of displacement analysis of LFTW

At the end of the Chapter 3, a displacement analysis based on the elastic shear field theory will

be summarized and illustrated by means of an example. The individual elastic and inelastic

displacement contributions are summarized in Table 3.2,
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Tab. 3.2: Displacement contributions according to the elastic shear field theory

Frame bending Panel shear Rigid body rotation Fastener slip
HD displacement
(51 (52 (53 (54
_2F-H3 g FH _FH L1 fuas 2-An
3A5t.EH‘BQ G-B-2-tp B-KHD,ser 1-3'1-2'(1+%)+An
P

WhereAn:2-5n-(1—|—g—;’)

Example

The following example illustrates the approach described in Chapter 3: The LEFTW with a width
of B = 3.6[m] and height of H = 3.2[m] is sheathed on both sides with an OSB panel with a
thickness of ¢, = 15[mm]. The timber frame is of strength class GL24h with a characteristic value

of density of py = 385[%] and a modulus of elasticity of Ej| = 11000[—25]. The fasteners used

are nails with d = 2.87[mm]; f,r = 70()[m];[n2] and a spacing of s = 30[mm]. A timber frame
and a hold-down device should be designed, and the wall displacements should be estimated
at service limit state (SLS) for 0, s, = 0.6[mm| and at the ultimate limit state (ULS) for
Onmaz = 9.0[mm]. The corresponding forces acting on the wall should also be estimated. For
the selected SLS and ULS stages, the magnitude of the contribution of each single constituent

part of the LFTW to the entire wall displacement should be estimated.

Design of frame and hold-down devices

Using EC5, nails with d = 2.87[mm] and f,, = 700[-2-], OSB panels with ¢; = 15[mm),

mm?
k
m
according to EC5 (2008) is f, r = 876.8[N] (failure mod d), and the estimated asymptotic
strength using the regression function (approximation to the Dolan-Madsen reference curve) is
fasu = 1198[N].
HP

For a maximum nail displacement of §,, ;e = 9.0[mm| and from A, =2-6, - (1 + B—p)

width of the timber frame to > 120[mm], pp1x = 550[=%], prok = 385[%], the bearing capacity

2-9(1+ 32) = 50[mm], the corresponding force acting on the wall due to the nail slip of 9[mm]

is: Fyau = 1'1'f“’“S'H%A" = 291[kN]. The stud force can be estimated as: Fy = fwarfl —
13-1.2:(14 52)+An B

2982 — 259[kN] and for stud dimensions 200-200[mm]?, the stress in the stud frame is 6.5[77%2].
From the bearing capacity of the hold-down device with one slotted-in steel plate with 12 dowels,
a dowel diameter of d = 16[mm] is needed to withstand the force of 258.7 - 1.35 = 350[kN].
Note that a hold-down device with 9 dowels would be sufficient, but in order to ensure elastic
behavior, the demand should be multiplied by 1.35 (see also Chapter 5, Section 5.2). Once the
frame and the hold-down device are designed, the hold-down device stiffness can be estimated
using Table 3.1 as follows: Kgp ser = 11.6-12-2 = 277[%]. As one can see from Table 3.2,

all displacement portions d1; d2; and d4 can be calculated directly except for the displacement
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portion d3, which consists of two different parts, HD displacement and connection slip. If the

connection slip on each side is considered to be 1.0[mm], the displacement of the wall due

H

to the rigid body rotation can be written as follows: 63 = (0mpten + 1 + Gst.com + 1) - 53

63 = (0.933+ 140+ 1) - 3208 = 2.067[mm].!
Displacement magnitudes at SLS and ULS

The contribution of each individual component (frame bending, panel shear, rigid body rotation
and fastener slip) to the entire wall displacement is summarized for the service limit state (SLS)
and the ultimate limit state (ULS), in Table 3.3.

Tab. 3.3: Displacement contributions according to the elastic shear field theory

Frame bending Panel shear Rigid body rotation Fastener slip Wall displ.
01 2 d3 04 Awall

Displacement Contributions for d,, ser = 0.6[mm] = SLS

0.53 4.53 1.23 3.33 9.62
5.5% 47.0% 12.8% 34.6% 100%

Displacement Contributions for 6, maez = 9.0[mm]= ULS

1.11 9.58 2.61 50.0 63.30
1.8% 15.1% 4.1% 79.0% 100%

At the SLS stage, the elastic displacement contributions from the frame bending, panel shear
and the rigid body rotation are 6.287[mm], or 65.4% of the total displacement. The inelastic
displacement induced by the fastener slip is 3.3[mm] or 34.6%. The force corresponding to the
SLS stage is 137.5[kN] or 47.3% of Fiyqiimaz = 291[kN].

At the USL stage the elastic displacement contributions are 13.30[mm] or 21.0% of the entire

wall displacement. The inelastic displacement is 50.0[mm] or 79.0%.

Nonlinear wall displacement applied on one, three and six storey wall

In order to complete the analysis of LETWs sheathed with OSB panels based on the F' — A
energy approach proposed by McCutcheon F' — A and integrated in simple shear field theory,
the relationships for one, three and six storey buildings are estimated and presented in Figure

3.15(a) and 3.15(b). The lateral load is assumed to be equal to the shear wall resistance.

!The rigid body rotation at the actual force level can be estimated by using the rotation stiffness as follows:

d3 = tan(F- 21— . ™). H, where F is force corresponding to the wall displacement, and K, is constant estimated

Krot 180
; ; ; _ 93, maz \. _ FH _ FHm _ 201.32n _ kNm
from 03 max by using simple trigonometry o = arctan(=23%); Koy = a(rad) = o180 = 0.0467.180 = 348.0[ %%
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In the case of three and six storey walls, the lateral load is distributed over the wall height
according to a triangular seismic load distribution, accounting for the displacement of all the
components at each storey. The F' — A relationship provides the basis for the bi-linear capacity
curve approximation, depicted in Figure 3.16. The bi-linear approximation used is based on the
Equivalent Energy Elastic Plastic (EEEP) -approach, reported in [71], where the initial stiffness
is defined using the displacement point corresponding to 0.4 - i maz-

The approach shown in Section 3.3 is suitable for an analysis by hand for those engineers
who do not work with models involving nonlinear FE-analysis. Using this approach, an engineer
obtains a clear picture as to how the wall really performs at each displacement stage. On the
other hand, the analysis that has been presented is not able to take into account the deterioration
due to cyclic loading, which is characteristic of every earthquake excitation. More sophisticated

approaches are the subject of the next section.

Force [kN]

1-Storey
Force vs Dispalcement 200
Force vs Dispalcement

Wall length 3.6 m; Wall hight 3,2 m
2 x OSB d=15 mm; Nails d=2.87 mm @ 30 mm

- .-~ 6- Storey
—— 3-Storey

Displacement [mm] 25 1-Storey

Displacement [mm]
0 14 22 28 34 40 46 52 58 63 69 74 80 85 90 95 101 0

(a) (b)

Fig. 3.15: F — A relationship for a one storey wall B=3.6 [m], H=3.2 [m] 3.15(a): F' — A relationship
for one, three and six storey walls 3.15(b)

Fy=257.16 kN
Ay=63.83 mm

Force [kN]

R?=0.9963

3_Storey Building
Force vs Displacement

Bi-linear approximation

Displacement [mm]

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180

Fig. 3.16: Capacity curve of the three storey wall. Bi-linear approximation according to the EEEP-
approach
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3.3 Behaviour of OSB Sheathed LFTW under Cyclic Loading

3.3.1 Behaviour of a single fastener under cyclic loading

Dolan and Madsen have shown in[23] that the fasteners in timber shear walls respond non-
linearly from the onset of monotonic loading. Under cyclic loading the fastener response is
characterized by a pinched hysteretic behaviour accompanied by strength and stiffness degrada-
tion. In order to describe the real fastener force-displacement response the Foschi’s exponential
function (Equation 3.17) has been modified by Dolan and Madsen, introducing a maximum
displacement value &4, and a linear descending branch. Six parameters presented in Figure
3.17, Ko, 71,792, fo, Omaz, and &, are needed to describe the response of the individual fastener
to monotonic loading. The cyclic behaviour can be defined by using the 10-parametric Stew-
art hysteretic model, which is described in [92]. In the CUREE- Caltech Woodframe Project,
Folz and Filiatrault [33] and [30] have used the Stewart hysteresis to describe the response of a
fastener subjected to cyclic loading in the MatLab-based computer program MCASHEW. The
envelope for the cyclic response is given by Foschi’s exponential monotonic curve, as presented

in Figure 3.18.

_kn-S
fotri ko 8-[1—e do ] for 8 < Oman
ffGSt =972 ko 0+ (frnaz — 72 K0 - Omaz) fOr Omar <0 < Ot (3.17)
0 for 6> duy

{ ko
F amax 6’ult

Fastener displacement

Fastener force

Fig. 3.17: F'— A relationship of a sheathing to framing connector with curve defined by set of Equations
3.17
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Fig. 3.18: F — A relationship of a sheathing to framing connector extended with parameters which

define the fastener response under cyclic loading

Within the MCASHEW program, there is a possibility to read in monotonic or hysteretic
test data and subsequently generate the required hysteretic parameters to define the monotonic
or cyclic fastener response. However, there are only a few fasteners defined in the program
library. Since all of them are based on US industrial products, materials and specific timber
species, additional data using European materials are necessary to complete the MCASHEW
program library. In this thesis, the cyclic loading response of nails and staples connecting with
OSB panel sheathings to spruce timber members, has been investigated experimentally. In
addition, the response of nails and staples to monotonic and cyclic loading has been the subject
of investigation in [37]. A comprehensive investigation on nail and staple connections has been
carried out in a NRP 66 project [37]. The results, presented in [69] and [37] for OSB plates
with thickness ¢, = 15[mm], have also been incorporated to define the asymptotic and hysteresis

parameter for nails and staples in CASHEW.

Experimental cyclic parameter estimation

A total of 30 connections (see Figure 3.23(a)) have been investigated using cyclic loading proto-
cols. The number of fasteners in the connection, the fastener diameter, the OSB panel thickness
and the cyclic protocol were varied. The fasteners used were nails with d = 2.45 and 2.87[mm]
and staples with d = 1.53[mm]. The OSB panels had two different thicknesses, ¢, = 12 or
18[mm], and the loading protocols used were CUREE [54] or Mergos-Beyer [67]. The later
loading protocol has been developed for European regions of low to moderate seismicity. The
tests performed on fasteners with different connection configurations are summarized in Table
3.4 and presented in Figure 3.19(a) and 3.19(b).
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Tab. 3.4: Test program

Test ID Fastener number Specimen number
na2.45 — 0sbl2 — ¢ 4-1 1
na2.45 — 0sb12 — mb 4-1 1
na2.45 — 0sbl8 — ¢ 4-1 1
na2.45 — 0sb18 — mb 4-1 1
na2.45 — 0sbl2 — ¢ 4-3

na2.45 — 0sb12 — mb 4-3

na2.45 — 0sbl8 — ¢ 4-3

na2.45 — 0sb18 — mb 4.3

na2.87 — 0sbl2 — ¢ 4-1 1
na2.87 — 0sb12 — mb 4-1 1
na2.87 — 0sbl2 — ¢ 4.3

na2.87 — 0sb12 — mb 4.3

st1.53 — 0sbl2 — ¢ 4-1 1
st1.53 — 0sb12 — mb 4-1 1
st1.53 — 0sbl8 — ¢ 4-1 1
st1.53 — 0sb18 — mb 4-1 1
st1.53 — 0sbl2 — ¢ 4.3

st1.53 — 0sb12 — mb 4-3

st1.53 — 0sbl8 — ¢ 4-3

st1.53 — 0sb18 — mb 4-3

Total 30

Loading protocols

The loading protocols used for the tests were intended to represent the cumulative damage
demand imposed by an earthquake. The majority of the loading protocols used worldwide have

been developed to reproduce cumulative damage effects caused by strong ground motions. Gato
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and Uang have investigated the differences in response of timber shear walls subjected to various
loading histories. It is reported in [35] that different loading sequences significantly influence the
performance of LFTWs. If the existing loading protocols, developed to capture the cumulative
damage demands imposed by strong ground motions, are used for regions of low to moderate
seismicity, the displacement or bearing capacity of the structures may be underestimated (see
also [67]).

CUREE loading protocol

Due to the long variation in earthquake characteristics and also in the possible structural con-
figurations, there is no "best” loading protocol. In the CUREE Caltech project (Krawinkler at
all 2001 [54]), several loading protocols for testing LFTWs have been developed. The reference
parameter chosen to represent the cumulative damage demand caused by strong ground motions
is the maximum displacement A, usually set to the maximum displacement the LETW can sus-
tain, e.g. A = 2.5% of the height . When the maximum displacement amplitude is reached, the
specific performance of the investigated specimen is assessed. The loading protocol is presented
in Figure 3.20. Although it is intended to be applied in regions of high seismicity, the CUREE
loading protocol will be used in this thesis to enable comparison with the Mergos-Beyer load-
ing protocol, which represents the cumulative damage demand in regions of low to moderate

seismicity.

150

0 e |

I Sl i

-150
0 5 10 15 20 25 30 35 40

Cycle No.

Fig. 3.20: CUREE loading protocol for testing of woodframe structures developed by Krawinkler et al.
2001 in frame of the CUREE Caltech project
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Mergos-Beyer loading protocol

The development of the Mergos-Beyer loading protocol is presented in [67]. The methodology

comprised four steps:
e Selection and scaling of ground motion records
e Selection of representative structural systems
e Calculation of cumulative seismic demands, and
e Establishment of loading protocols

The methodology has been developed for a wide range of structures and materials, such as
reinforced concrete, steel, masonry and timber structures. Sixty earthquake records, which
characterize the Swiss seismic conditions have been selected and scaled to the required hazard
level. Cumulative damage effects depend on the type of structure considered. Timber structures
are represented by a SDOF system whose response is based on Stewart’s 10-parameter hysteretic
model. The force amplitudes, which meet the calculated cumulative damage demands, are given
in Equation 3.18. Two parameters, n. and a., are needed to determine the normalized loading
protocol sequence. The user can choose how many different amplitudes, n, and how many cycles

per amplitude step, ni, the loading protocol should contain.

fay=—05+055- ) (3.18)

However, there are three possibilities to choose the appropriate loading protocol. For the
most realistic stiffness of single-storey LETW of 0.3[s], the amplitudes number in each subsequent
cycle is 1, 2 or 3. If only one amplitude within a cycle would be chosen, the number of cycle
sequences would be 13. Since the amplitudes continuously increase in each cycle, due to the
number of repletion ny = 1.0, this specific Mergos-Beyer loading protocol would not provide
information about strength and stiffness degradation within one specific cycle sequence. The
loading protocol characterized by 13 different steadily increased amplitudes is not suitable for
obtainining the information how the fastener behaves within one cycle with repeated amplitude.

In the case of the loading protocol with three equal amplitudes within a loading sequence the
total number of loading sequences is reduced to merely three, which is not enough to represent
the cumulative damage potential of the cyclic loading. In addition, the differences in the intensity
of the amplitudes in two consecutive sequences are far too large, so that the behaviour of the
structure in medium amplitude ranges would not be covered. So, the best results can be expected
from the loading protocol containing two amplitudes within each cyclic sequence. As shown in
Figure 3.21, in this work, an SDOF system with a natural period of vibration ¢ = 0.3[s], the
number of different cycles sequences is n = 6 and the number of equal amplitudes within an
cycle sequence has been chosen to be n; = 2 in order to construct the Mergos-Beyer loading
protocol used for fastener testing. The structural performance is investigated at the life safety
limit state. According to [17] this limit state correspondes to an Interstorey Drift Ratio (IDR)
of 2% . The same loading protocol is also applied for the testing of LFTWs under cyclic loading.
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Fig. 3.21: Parameter chosen for the Mergos-Beyer loading protocol
The parameters chosen led to the loading protocol presented in Figure 3.22.
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Fig. 3.22: Mergos-Beyer loading protocol corresponding to the parameters presented in figure 3.21

Test on nailed and stapled connections

Figure 3.23(b) shows a specimen with three nails on each stud member and each side before
testing, and Figure 3.24(a) shows the specimen during testing. In Figure 3.24(b), a typical
fastener pull-out behaviour under cyclic loading is presented. The specimens with one or three
fasteners have been compared in order to investigate whether the number of fasteners affects the
response. No differences have been observed, as can be seen in Figure 3.25. The response of a
stapled connection containing four staples with d = 1.53[mm] in a connection with OSB panels

with t, = 12[mm] exposed to the Mergos-Beyer loading protocol is compared to the response
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using staples with d=1.53 [mm] exposed to the CUREE loading protocol. The results are shown
in Figure 3.26(a) and Figure 3.26(b), respectively.

Fig. 3.23: A total of 30 specimens were tested in order to obtain the fastener response to cyclic loading

3.23(a): Connection specimen with three nails per timber member 3.23(b)

Fig. 3.24: Specimen during the testing with "Kleine Schenk” with NDI and LVDT installation 3.24(a):
Nail pull out during testing 3.24(b)
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Fig. 3.25: Typical hysteresis obtained from cyclic loading for nail d = 2.45[mm], ¢, = 12[mm] under
Mergos-Beyer loading protocol
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Fig. 3.26: Response of the connection consisting of 4 staples with d = 1.53[mm], OSB panel thickness
t, = 12[mm] to Mergos-Beyer loading protocol 3.26(a): Response of the connection consisting of 4 staples
with d = 1.53[mm], OSB panel thickness t, = 12[mm] to CUREE loading protocol 3.26(b)

Raw data on the hysteretic fastener response have been imported into the MCASHEW
program, and the tool MSTEWHit has been used to generate, the Stewart hysteresis parameters
to achieve the best fit of the tested and the extracted curve. The success of the curve fitting is
evaluated by comparing the cumulative energy dissipated during test and in the model. Figure
3.27 shows how the raw test data for nails with d = 2.45[mm] and ¢, = 18[mm] have been
read in the program. Figure 3.28 presents the Stewart hysteresis generated, displayed with the
corresponding hysteresis parameters. The amounts of dissipated energy are approximately equal

along the entire range, indicating sufficiently good agreement. In Figures 3.29, 3.30 and 3.31,
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consolidated data from nails d = 2.45,2.87 and 3.31[mm] are presented. The hysteretic data
from different nail diameters and thicknesses of sheathing material are listed in Table 3.5, and
data from staples with d = 1.53[mm] are listed in Table 3.6. The hysteresis parameters for
staples are not affected by different sheathing material thicknesses. The test results show, that
the bearing capacity does not increase with increasing of the sheathing material thickness and
can even decrease. This outcome can be understood by looking at the Johansen’s equations
and the role of the fastener length and the contribution of f,; ri to the bearing capacity (the
fastener length was not adjusted during the testing to the thickness of the sheathing material).
The estimated parameters of the Stewart hysteresis model for different staple diameters hold
true for sheathing material thicknesses between 12 < t,, < 18[mm|. Furthermore, the parameters
for the staples with d = 1.8 and 2.0[mm], which were not tested, were fitted to the asymptotic
equation proposed by Foschi [34] and were modified by Dolan [23]. The hysteretic parameters
for the staples are given in Table 3.6.

Similar results were obtained in NRP 66 project, by Steiger, Bernasconi and Beyer, as reported
in [37] and presented in Figure 3.32. Unexpectedly, for different sheathing thicknesses, the panel
with ¢, = 12[mm] had the maximum bearing capacity, probably due to the rope effect.
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3.3. BEHAVIOUR OF OSB SHEATHED LFTW UNDER CyCLIC LOADING

20

Force [kN]

-10 |

t,= 12 [mm]
t,= 15 [mm]
t,= 18 [mm]

CSsT1
CsT2
CST3
CST4
CSsTS
CST6
CsT7
CST8
CSTS

67

Displacement [mm]

-15 1 1 1 1 1 1 1 1 1
-25 -20 -15 -10 -5 0 5 10 15 20 25

Fig. 3.32: Connection response to cyclic loading for different OSB panel thicknesses ¢, = 12,15 and
18[mm)] according to [69]

Tab. 3.5: Parameters of the Stewart hysteresis for nails estimated by using the Mergos-Beyer loading

protocol

dnail tp ko 1 o 3 T4 fo fi mar « B fmac

[mm| [mm] [N/mm] [] [-] [-] (] [N [N [mm] [] [] [N]

2.45 12 636 0.085 -0.06 147 0.01 509 133 10.7 0.85 1.36 1066
15 652 0.061 -0.061 1.60 0.01 636 164 13.2 0.83 1.32 1162
18 676 0.055 -0.055 1.72 0.10 596 196 15.8 0.86 1.28 1183

2.87 12 689 0.45 -0.045 1.58 0.01 712 133 13.2 0.85 1.15 1121
15 757 0.04 -0.04 165 0.01 800 147 13.7 0.8 1.15 1215
18 789 0.04 -0.04 1.75 0.01 823 15 14.4 0.85 1.15 1276

3.31 12 757 0.05 -0.05 1.60 0.015 733 178 12.7 0.8 1.1 1226
15 830 0.04 -0.04 1.63 0.015 845 222 14.0 0.80 1.1 1309
18 895 0.035 -0.35 1.75 0.015 890 2.67 15.2 0.80 1.1 1369
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Tab. 3.6: Parameters of the Stewart hysteresis for staples estimated by using the Mergos-Beyer loading

protocol
dstaple ko 1 o 3 T4 Jo fi Omar « B fmas
mm| [N/mm] [ [ [ [-] N [N] [mm] [] [] [N]
1.53 494 0.025 -0.094 1.74 0.011 978 149 12.0 1.0 1.21 1124
1.80 460 0.025 -0.01 1.73 0.011 1201 1593 12.0 1.0 1.21 1326
2.00 789 0.06 -0.05 2.13 0.005 1009 162 895 0.80 1.20 1432

3.3.2 Behaviour of the LFTW under cyclic loading

The behaviour of LFTWSs under monotonic and cyclic loading was experimentally investigated
by many researchers all around the world. All of the tests aimed to obtain force-displacement
data on the response of LFTWs in order to calibrate or validate mathematical models. In this
thesis the LFTW configuration tested at EMPA in NRP 66 project and reported in [37] was
used the referent for validation of the numerical MCASHEW model. The hysteresis parameters
obtained for a staple with d = 1.53[mm] presented in Table 3.6.

The parameters which control both monotonic and cyclic analysis in MCASHEW are presented
in detail in [31]. The fasteners are considered to be zero length non-linear spring elements.
They are unidirectional for monotonic loading and orthogonally oriented bi-directional spring
elements for cyclic loading. See figures 3.33(a) and 3.33(b).

In the NRP 66 project [37], [58], a typical LFTW configuration was investigated. The
width was B = 2.5[m], the height was H = 2.8[m], the sheathing material was OSB/3, with
t, = 15[mm] and staples with d = 1.53[mm], and spacing of 50[mm/|, were used. The magnitudes
of the vertical and lateral loading protocols were varied. The test set-up is shown in Figure
3.34. Tests with low vertical loads, monotonic quasi-static loading and the Mergos-Beyer cyclic
loading protocol are suitable for comparison to numerical analyses performed within this thesis.
According to [37] and [58], Walls 3 and 6 (for monotonic loading) and Wall 4 (for cyclic loading)
were appropriate to be analyzed for comparison purposes. Figures 3.35(a) and 3.36(a) show the
responses of Walls 3 and 4 subjected to monotonic and cyclic loading in physical tests, while
Figures 3.35(b) and 3.36(b) show the response of the wall modeled in MCASHEW, subjected
to monotonic and cyclic loading. The results obtained by tests under monotonic (Wall 3 and
Wall 6) and cyclic loading (Wall 4) and the results from the analytical model based on the
McCutcheon energetic approach (Wall 3) as well as the MCASHEW results for monotonic and
cyclic loading (Wall 3) are summarized in Table 3.7 and compared. Unfortunately, the hysteretic
parameters obtained by the tests are not listed in [37] and [58], so they cannot be compared. The
few values available were the initial stiffness Ky and shear resistance Fj,,,. These are specified
and compared in Table 3.7. The numerical MCASHEW model of Wall 3 with the staple diameter
of 1.53[mm], Table 3.6, describes the real wall behaviour sufficiently accurately. The differences
between numerically estimated and during the tests obtained wall strength and displacement

capacity for the same Wall W3 under monotonic loading and the Mergos-Beyer loading protocol
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is less than 4+3.0%. The model based on the McCutceon energetic approach also describes the
wall behaviour sufficiently well. Thus, modeling with MCASHEW was validated. Based on these
findings, the approach presented previously was applied on walls with lengths of 2.4, 3.0, 3.6, 4.2
or 4.8[m] in order to obtain a 10 parameter Stewart hysteretic model. Each wall length was
represented by a non-linear shear spring element, defined by the 10 parameter Stewart hysteretic
model. The fastener chosen for the parametric study was a nail with d = 2.87[mm], a spacing of
30[mm], and an OSB sheathing plate with thickness of ¢, = 15[mm]. The hysteretic parameters
were estimated for both single and double sheathed LETWs. These are summarized in Tables
3.8, 3.9, 3.10, 3.11 and 3.12.
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Fig. 3.33: Unidirectional zero length non-linear spring element for monotonic loading 3.33(a): Bi-
directional orthogonally oriented zero length non-linear spring element for cyclic loading 3.33(b) according
to [31]
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Fig. 3.34: Testing facility for testing of LFTWs at Empa within a Projet NRP 66 according to [37]
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Fig. 3.35: Response of Wall 3 and Wall 6 tested in the NRP 66 project [37], 3.35(a): Numerical response
to monotonic loading of the wall modeled in MCASHEW using the staple parameters given in Table 3.6
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Fig. 3.36: Response to monotonic and cyclic loading of Wall 3 and Wall 4 tested in the NRP 66 project
[37] 3.36(a):Numerical response of Wall 3, modeled in MCASHEW using the staple parameters given in
Table 3.6, to the Mergos-Beyer loading protocol 3.36(b)
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Tab. 3.7: Estimated parameter of Stewart hysteresis for the wall tested at Empa in the NRP 66 project

[37)
Wall protocol Ky Ry Ry Rs Ry Fy F, Apar « 8 Fa
Wm0 0 0 0 N N o] [0 N
W3 Empa NRP project 9.9 57.9 144
monotonic 100% 100% 100%
W6 Empa NRP project 8.7 58.5 152
monotonic 88% 100% 106%
W4 Empa NRP project 8.9 58.5 152
Mergos-Beyer LP 90% 100% 106%
W3 McCutcheon 6.4 0.027 -0.086 105.25 68.23 117
81% 118% 81%
W3 CASHEW 8.35 0.031 -0.137 127.07 59.80 140
monotonic 84% 103% 97%
W3 CASHEW 8.02 0.053 -0.069 1.09 0.025 117.5 19.0 58.65 0.95 1.15 1340
Mergos-Beyer LP 81% 101% 97%
W3 CASHEW 8.11 0.022 -0.311 1.15 0.039 124.5 17.75 73.24 1.0 1.11 137
CUREE LP 82% 126% 95%
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Fig. 3.37: Response of wall Wall 3 modeled in MCASHEW by using the staple parameters given in
table 3.6 to the CUREE loading protocol 3.37(a): Cumulative energy dissipation of Wall 3 corresponding
to the CUREE loading protocol 3.37(b)
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Tab. 3.8: Estimated parameters of the Stewart hysteresis for a wall length of 2400[mm], wall height
of 2800[mm], single and double sheathed wall with OSB3, t, = 15[mm], fastener: nail d = 2.87[mm),

spacing 30[mm)|, fastener hysteresis according to table 3.5

OSB Ky Ry Ry R3 Ry Fo F, Aper o B8 P
#  WNmm] H 00 H N KN wm] [0 KN
CASHEW monotonic loading
1 9.5 0.037  -0.1 - - 70.9 - 90.4 - - 102.3
2 12.70 0.062 -0.20 - - 138.0 - 94.2 - - 200.0
CASHEW Mergos-Beyer loading protocol
1 9.16 0.037 -0.11 1.18 0.015 694 146 90.3 0.85 1.15 99.7
2 12.86 0.052 -0.21 1.14 0.018 134.0 216 &87.6 0.89 1.0 192.2
CASHEW CUREE loading protocol
1 8.23 0.067 -0.047 1.04 0.018 69.5 12.6 76.8 0.95 1.05 105.7
2 13.12 0.054 -0.16 1.13 0.02 131.3 21.5 87.7 0.90 1.0 193.4
McCutcheon energy based approach
1 6.39 0.027 -0.06 - - 84.4 - 66.6 - - 96.0
2 8.89 0.036 -0.088 - - 168.8 - 73.1 - - 192.1

Tab. 3.9: Estimated parameters of the Stewart hysteresis for a wall length of 3000[mm], wall height
of 2800[mm)], single and double sheathed wall with OSB3, t, = 15[mm], fastener: nail d = 2.87[mm)|,

spacing 30[mm], fastener hysteresis according to table 3.5

0SB Ky Ry Ry R3 Ry Fy F, Apee « B Fra
#  [kN/mm] [ [ [ I kN [kN] [mm] [] [] [kN]
CASHEW monotonic loading
1 14.03 0.043 -0.083 - - 92.5 - 72.61 - - 136.0
2 19.40 0.055 -0.11 - - 181.0 - 80.95 - - 268.0
CASHEW Mergos-Beyer loading protocol

1 14.67 0.047 -0.025 1.19 0.018 87.6 155 62.63 0.85 1.15 130.7

2 19.84 0.061 -0.10 1.072 0.020 171.7 28.8 72.85 0.85 1.05 260.1
CASHEW CUREE loading protocol

1 13.66 0.045 -0.15 1.2 0.007 876 13.3 66.8 0.85 1.14 128.8

2 20.14 0.055 -0.144 1.08 0.02 173.7 278 67.3 0.85 1.05 248.8
McCutcheon energy based approach

1 8.45 0.026 -0.066 - - 107.2 - 58.5 - - 120.0

2 11.36 0.035 -0.10 - - 2144 - 65.5 - - 240.0
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Tab. 3.10: Estimated parameters of the Stewart hysteresis for a wall length of 3600[mm], wall height
of 2800[mm], single and double sheathed wall with OSB3, t, = 15[mm], fastener: nail d = 2.87[mm)],
spacing 30[mm)], fastener hysteresis according to table 3.5

OSB Ky Ry Ry R3 Ry Fo F, Aper o 8 Fha
4 Nmm] [0 00 N KN m] [N
CASHEW monotonic loading
1 14.94 0.043 -0.083 - - 1115 - 80.23 - - 163.2
2 19.07 0.0485 -0.136 - - 2329 - 87.63 - - 3138
CASHEW Mergos-Beyer loading protocol
1 15.13 0.05 -0.082 1.15 0.017 1049 18.1 74.68 0.87 1.04 162.3
2 19.51 0.078 -0.173 1.12 0.021 196.8 36.2 74.85 0.85 1.15 310.7
CASHEW CUREE loading protocol
1 14.8 0.065 -0.095 1.029 0.016 100.9 22.8 723 0.8 1.05 170.3
2 19.54 0.05 -0.085 1.075 0.023 218.0 35.0 72.0 0.85 1.05 289.0
McCutcheon energy based approach
1 10.43 0.029 -0.073 - - 128.0 - 53.32 - - 144.0
2 13.63 0.039 -0.113 - - 256.0 - 60.63 - - 288.0

Tab. 3.11: Estimated parameters of the Stewart hysteresis for a wall length of 4200[mm/|, wall height
of 2800[mm)], single and double sheathed wall with OSB3, t, = 15[mm], fastener: nail d = 2.87[mm)],
spacing 30[mm], fastener hysteresis according to table 3.5

OSB Ky Ry Ro R3 Ry Fy F, Apee « 8 Fha
#  [kN/mm] [ S [l kN [kN] [mm] [] [] [kN]
CASHEW monotonic loading
1 15.62 0.048 -0.075 - - 142.6 - 77.11 - - 201.1
2 23.44 0.0485 -0.142 - - 296.4 - 83.38 - - 389.7
CASHEW Mergos-Beyer loading protocol
1 15.13 0.075 -0.059 1.10 0.0166 122.0 24.0 66.93 0.85 1.1 198.4
2 24.88 0.049 -0.13 1.1 0.031 267.5 46.8 7831 0.85 1.05 362.5
CASHEW CUREE loading protocol
1 15.97 0.068 -0.07 1.1 0.017 121.5 23.1 5535 0.85 1.1 181.8
2 24.91 0.055 -0.085 1.1 0.022 261.6 44.5 65.77 0.85 1.05 350.8
McCutcheon energy based approach
1 10.94 0.027 -0.068 - - 150.0 - 61.7 - - 168.1

2 14.56 0.036 -0.105 - - 300.0 - 69.5 - - 336.1
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Tab. 3.12: Estimated parameters of the Stewart hysteresis for a wall length of 4800[mm], wall height
of 2800[mm], single and double sheathed wall with OSB3, t, = 15[mm], fastener: nail d = 2.87[mm),

spacing 30[mm)|, fastener hysteresis according to table 3.5

OSB Ky Ry Ry R3 Ry Fy F, Aper @ 8 Fra
4 WNmm] [ 0 00 N KN m] [ H [N
CASHEW monotonic loading
1 16.62 0.048 -0.125 - - 149.1 - 69.93 - - 2044
2 25.25 0.0485 -0.12 - - 329.0 - 91.82 - - 439.9
CASHEW Mergos-Beyer loading protocol
1 17.95 0.0567 -0.15 1.16 0.017 131.1 244 76.63 0.86 1.05 209.5
2 25.95 0.072 -0.142 1.16 0.019 283.5 494 76.81 0.85 1.05 428.1
CASHEW CUREE loading protocol
1 17.06 0.063 -0.092 1.08 0.022 1404 459 76.24 0.85 1.05 210.3
2 27.48 0.067 -0.128 1.017 0.022 274.1 474 7521 0.85 1.15 412.9
McCutcheon energy based approach
1 12.68 0.029 -0.074 - - 170.7 - 57.7 - - 192.1
2 16.48 0.039 -0.116 - - 341.3 - 65.8 - - 384.1

3.4 Behaviour of LFTWs Sheathed with GFB under Monotonic
Loading

3.4.1 Introduction

Gypsum fiberboard (GFB) as sheathing material has traditionally been used for low and mid-
rise buildings in Switzerland and other European countries. It has also been used in New
Zealand, USA and Canada for low and mid-rise buildings. It provides safety against fire, and
is therefore preferably used in timber structures. If the material needed to meet fire protection
requirements were also used as part of the lateral load resisting system, it would be beneficial
in terms of both simplification in building construction and savings from an economical point
of view. On the other hand, the GFB material is highly sensitive to the influences of water
and moisture. In seismic engineering, timber walls sheathed with GFB are said to be non-
ductile, possess little capability of dissipating energy, and exhibit an uncontrolled behaviour.
Therefore the behaviour of LFTWs shethed with GFB has not been investigated in [70], and
a recommendation not to use gypsum board as part of lateral load resisting systems has been
given. Despite the general attitude toward the GFB sheathing material, the companies which
have dealt with timber structures and have used GFB as sheathing material for decades are
strongly interested whether a feasibility range for this type of structure exists. Moreover, if a
single fastener connecting the GFB panel responds in non-ductile manner, it will limit global
ductility of the structure.

The displacement analysis of LE'TWs sheathed with GFB is similar to the analysis of LFTWs
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sheathed with OSB panels. The elastic part of the wall displacement, presented in Chapter 3.3.2
can be estimated in the same way, using the corresponding elastic material properties. The only
difference from the procedure based on simple shear field theory presented is, that GFB is used
instead of OSB as the sheathing material. The GFB material considered in this study is known
as trademark ”Rigidur H-Gipsfaserplatten”. Its elastic material properties are specified in the
European technical approval ETA 08/0147. GFB panels are generally produced with thicknesses
between 10 and 18[mm]. Following mechanical parameters are specified in the product approval.
The density is p = 1237[%]. The average modulus of elasticity is £ = 3500 and 4500[%2] for
bending parallel and perpendicular to the grain, respectively. The shear modulus is G = 650 and
1300[%2] parallel and perpendicular to the grain, respectively. GFB is widely used sheathing

material in Switzerland for single or double sheathed LFTWs of low-rise residential buildings.

3.4.2 Behaviour of a single fastener subjected to monotonic and cyclic loading
Single fastener under monotonic loading

In general, there is limited data from monotonic and especially cyclic fastener tests in connections
with GFB. This is because the GFB is said to be brittle, so that failure occurs due to the crushing
of the sheathing material before the onset of fastener inelastic deformation. Nevertheless, in NRP
66 project within Module 1 (connections), testing of nails and staples connecting GFB panels

to timber frame members under monotonic and cyclic loading was scheduled.
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Fig. 3.38: Force-displacement relationship of a staple with d = 1.53[mm] in a GFB connection obtained
by testing, 3.38(a): Proposed Foschi’s exponential equation for the staple in the GFB connection derived
from the Dolan-Madsen reference 3.38(b) with an descending branch imposed at maximum displacement

of 3[mm]



3.4. BEHAVIOUR OF LFTWSs SHEATHED WITH GFB UNDER MONOTONIC LOADING 77

Fig. 3.39: Failure of GFB in tension and in shear during the testing campaign, as reported in [70]

Following their investigation on connections with GFB, the research team involved in the
NRP 66 project recommended canceling further tests on GFB connections [70]. Furthermore,
due to the lack of connection ductility, the researchers recommended not using gypsum board
in combination with lateral load resisting systems such as LFTWs. However, tension and shear
tests on connections of GFB panels to the timber frame members created with staples and nails
have been carried out as previously scheduled. The force-displacement relationship of staples
with d = 1.53[mm] in a connection with GFB board is shown in Figure 3.38(a), while the failure

mechanism of the connection during testing is displayed in Figure 3.39.

As it can be seen from 3.38(a), the response appears to be elastic, onset of failure is unan-
nounced for very small displacements in the range between approximately 2.0 — 3.5[mm]. For
such small displacements, it is reasonable to assume that the loading path is lying on the same
Foschi’s asymptotic curve, which has been also used by Dolan and Madsen for nail connections.
Here, the maximum displacement is set to be 3 instead of 9[mm]. The curve which obeys
the Foschi’s asymptotic function with an imposed limitation of 3.0[mm] is presented in Figure
3.38(b).

Similar recommendations can be found in S.J. Thurston in [93]. Thurston suggests using
the following CASHEW parameters: a maximal displacement in the range of 2[mm] for screw
fasteners, 3[mm] for nails and 4[mm] for nails with washer in connections with gypsum plas-
terboard. In this thesis, first the monotonic response of the fastener (see Figure 3.38(b)), and
then the hysteretic model (see Figure 3.44 ) have been adopted. The first one has been derived
from the regression function based on the Dolan-Madsen reference and a maximum imposed
displacement of 3.0[mm]. The second one has been fitted to Foschi’s monotonic curve, where
the hysteretic parameters have been partly modified to match the suggestion of Thurston in
[93]. For the hysteretic model, the maximum fastener displacement has also been chosen to be
3.0[mm)].

The parameters describing the hysteretic behaviour of a single staple in a GFB connection

are given in Table 3.13.
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Tab. 3.13: Proposed parameters of the Stewart hysteresis for staples d = 1.53[mm] in connection with
GFB, see also figure 3.44

dstaple Ky 1 T2 T3 T4 fo fi Omaz « B Jmaz
[mm]  [N/mm]  [] L N  IN] [mm] [] [] [N]
1.53 1220.0 0.065 -0.05 1.5 0.002 500.0 8.0 3.0 0.8 1.1 7394

Wall element under monotonic loading

As reported previously in this chapter, if the bearing capacity of a single fastener can be es-
timated, the bearing capacity of the wall can also be estimated by means of the McCutcheon
power function. For walls sheathed with OSB panels, the asymptotic force-displacement re-
lationship can be described using Equation 3.10. The same type of equation can be used for
walls sheathed with GFB. By comparing the experimental investigation on walls sheathed with
GFB, reported in [101] and [7], with the analytical solution using the asymptotic function, the
applicability of Equation 3.10 has been confirmed. The parameters ag and by in Equation 3.19
have to be adjusted in order to reproduce the best fit to the test results in terms of both the

displacement capacity and maximal strength.

Floatl = aO'fu,as'g'An _ 1‘35'fu,as'§'An (3 19)
T b2 b () AL 0952007 (14 52) + A,

P

In Equation 3.19, B, and H, are the width and the height of the sheathing panel, respectively,
s is the fastener spacing. The parameters ag = 1.35 and bg = 0.95 provide the best fit to the
values obtained experimentally. The wall is considered to reach the serviceability limit state
for a fastener slip of approximately 07, = 0.2[mm]. The racking displacement of the wall due
to the nail slip A, can be estimated using the proposal made by Stewart [92] and Deam [18§],
given in Equation 3.11. Equation 3.19 describes the wall behaviour sufficiently well, including
the wall stiffness and degradation rate, up to the point of maximum displacement and strength

as presented in Figure 3.40.

In addition to the tests conducted in Europe, in the USA by McMullin et al. (2002), reported
[64], Knvinde (2006) [52] and Deierlein (2003) [19] have tested LETWs sheathed with GFB. In
the CUREE CalTech program, the seventeen wall tests conducted at San Jose State University
by McMullin and Merrick (2001) have been used to develop an analytical model for LFTWs
with GFB sheathing. Three different power and exponential functions have been proposed as
backbone curves to capture the wall response to monotonic loading. The best fit was achieved
using an exponential model with an unloading slope, labeled as Model 3. An attempt was
made to capture the hysteretic behaviour of the wall containing pinching effects and strength
degradation without involving a hysteretic model of a single fastener. The results were not

adequate.
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Fig. 3.40: Response of the LFTW both sides sheathed with GFB according to equation 3.19. For
comparison see test results presented in 3.42(b)

Experimental testing of LFTW sheathed with GFB subjected to monotonic and
cyclic loading

In this thesis, 4 walls sheathed with GFB have been tested at the Structural Research Laboratory
of Empa. Two monotonic and two cyclic tests have been carried out, with one- or two-sided
sheathing. The specimen length and width were the same (see Figure 3.34) as those used in
the NRP 66 project. The production drawing and the photo of the specimen are presented
in Figures 3.41(a) and 3.41(b). The monotonic loading applied was in accordance with ISO
21581:210.
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Fig. 3.41: Production drawing of the wall specimen sheathed with GFB 3.41(a) on one side: Photo of
the specimen during testing at the Structural Engineering Research Laboratory of Empa 3.41(b)



3.4. BEHAVIOUR OF LFTWSs SHEATHED WITH GFB UNDER MONOTONIC LOADING 81

The wall length was B = 2500[mm/], the wall height H = 2800[mm] and the thickness of the
GFB sheathing material was t, = 15[mm]. The frame was made of GL24h and the cross-section
of the two edge studs were 180 - 180[mm)], the center stud was 100 - 180[mm]?, and the two
internal studs were 60 - 180[mm]?.

The monotonic force-displacement relationship of the shear wall element, sheathed with
GFB, was estimated using a numerical model in MCASHEW. The results are presented in

Figures 3.43(b) and 3.43(a), and the test results are presented in Figures 3.42(a) and 3.42(b).

LFTW - both side sheathed with GFB

90

LFTW - one side sheathed with GFB | ]
75 e \

. N
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30

15 / /
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.
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a
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Fig. 3.42: Response of the LFTW sheathed on one side with GFB, tested under monotonic loading

3.42(a): Response of the LFTW sheathed on both sides with GFB, tested under monotonic loading
3.42(b)
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Fig. 3.43: Response according to the numerical model of the LFTW sheathed on one side with GFB
under monotonic loading 3.43(a): Response according to the numerical model of the LFTW sheathed on
both sides with GFB under monotonic loading 3.43(b)

The numerical model underestimates the maximal strength response of the LETW by ap-
proximately 1.7% for the two-sided sheathing case and by approximately 14.5%, for the one-side

sheathing case. In terms of displacements, the results are almost exactly within the range of
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+5% for both the tests and the numerical model. Considering the monotonic response of the
LFTW as an envelope for the cyclic response presented in Figures 3.46(a) and 3.46(b), the

numerically estimated backbone curve is considered to be sufficiently accurate.

3.5 Behaviour of LFTWs Sheathed with GFB under Cyclic Load-
ing

As previously mentioned, the ISO 21581:210 loading protocol, presented in Figure 3.45, has
been used for testing the LETW sheathed with GFB. This choice was made to avoid potential
brittle and sudden failure, due to the large steps between two subsequent amplitudes which is
the characteristic of the Mergos-Beyer loading protocol. In this way, the maximum displacement
associated with the corresponding load level has been recorded properly. Strictly speaking, this
is inconsistent with the effort to estimate the response of a structure situated in a region of low to
moderate seismicity, for which the Mergos-Beyer loading protocol is particularly suitable. This
inconsistency will be addressed by using the Mergos-Beyer loading protocol in the numerical

analysis.

Parameters for St.1.53 mm

in connection with GB

[RNIINEIEE

2001 Ko 1220.00
r 0.065
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4 0.002
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—
—
—
—
——
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- -8 -6 -4 2 0 2 4 6 8 10
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Fig. 3.44: Hysteretic model of staple d = 1.53[mm] connecting GFB panel with a timber frame member

As seen in Figure 3.46(b), the response of the tested wall element is a typical hysteresis,
which is stable in both directions up to the maximum displacement capacity. Little strength
degradation is observed for cycles repeated within the same displacement amplitudes. The most
loaded fasteners, placed in the corners of the sheathing experienced the highest forces. When
they were ripped out, the bearing capacity decreased slightly, and the displacement increased.
Unexpectedly, after the brittle failure of the outer fasteners occur, the next fastener took over
the associated force, enabling the wall element to develop an increase in displacement accom-
panied with little strength degradation. This effect can be described as a zipper fastener effect.
In the displacement controlled tests it provides a quasi-ductile behaviour. However, the maxi-
mum displacement capacity of a LFTW sheatehed with GFB is significantly smaller than that
of a LFTW sheathed with OSB panels. For more details, see Figures 3.46(a) and 3.46(b), in

which the response of the wall element obtained during cyclic testing is presented. Figures
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3.47(a) and 3.47(b) show the response of the LFTW with one-side sheathing obtained analyt-
ically. Figures 3.48(a) and 3.48(b) show the response obtained analytically of the LFTW with
two-sided sheathing. The numerical analysis using the ISO loading protocol overestimates the
experimentally obtained average force of the positive and negative cycles by approximately 1.1%
and 7.8% fore one- and two-sided sheathing, respectively. The displacement is underestimated
by approximately 0.4% and 6.5% for one- and two-sided sheathing, respectively. The numeri-
cal model predicts the behaviour reasonably well, with an error range of approximately 1% for
displacements and 8% for maximum strength. The model of a single staple with d = 1.53[mm)],
presented in Figure 3.44, will be used in further modeling of LETWSs sheathed with GFB.

Displacement level d/[ [%] Displacement d [mm]
5 50
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10 33 =024
3 —
I G
5 = P 17
11—
0 00
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10 33 =-024,
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0 10 20 30 40 50 60
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Displacement level d/lu %]~ 7 . Displacement d [mm]
0 — 498

| L.
| L
\
\

.
BRI

-49.8

Displacement rate = 0.550 mms?

-150 ‘ ‘
0 10 20 30 40 50 60

Time t [min]

Fig. 3.45: Loading protocol ISO 21581:210, used for cyclic testing of LFTW sheathed with GFB
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Fig. 3.46: Response of the LEFTW sheathed on one side with GFB to the cyclic loading 3.46(a): Response
of the LEFTW sheathed on both sides with GFB to the cyclic loading 3.46(b)
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Fig. 3.47: Response according to the numerical model of the LFTW sheathed on one side with GFB
to the Mergos-Beyer cyclic loading 3.47(a): Response according to the numerical model of the LFTW
sheathed on one sides with GFB to the ISO cyclic loading 3.47(b)
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Fig. 3.48: Response according to the numerical model of the LEFTW sheathed on both sides with GFB
to the Mergos-Beyer cyclic loading 3.48(a): Response according to the numerical model of the LFTW
sheathed on both sides with GFB to the ISO cyclic loading 3.48(Db)

Tab. 3.14: Estimated parameters of the Stewart hysteresis for a wall length of 2400[mm], wall height
of 2800[mm)], single and double sheathed wall with GFB, t, = 15[mm)], fastener: staple d = 1.53[mm),

spacing 35[mm], fastener hysteresis according to table 3.13

GFB Ky Ry Ro R3 Ry Fy F,  Aper « 8 Fra
#  [KN/mm] [ [ § [ kN [N] [mm] [] [] [kN]
CASHEW monotonic loading
1 6.64 0.015 -0.28 - - 55.5 - 25.07 - - 55.53
2 9.0 0.075 -0.85 - - 102.5 - 28.25 - - 111.5
CASHEW Mergos-Beyer loading protocol
1 6.48 0.029 -0.251 1.038 0.047 556 9.3 2252 0.95 1.05 55.5
2 11.36 0.082 -0.218 1.01 0.048 84.1 24.0 228 0.95 1.05 100.6
CASHEW ISO 21581 loading protocol
1 6.46 0.146 -0.255 1.027 0.086 38.0 104 21.25 0.75 1.05 56.5
2 8.5 0.071 -0.28 1.01 0.117 108.6 16.2 26.25 0.95 1.05 108.4
McCutcheon energy based approach
1 9.54 0.022 -0.28 - - 57.6 - 24.1 - - 62.5

2 11.72 0.031 -0.53 - - 115.1 - 28.3 - - 125.4
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Tab. 3.15: Estimated parameters of the Stewart hysteresis for a wall length of 3000[mm], wall height
of 2800[mm)], single and double sheathed wall with GFB, ¢, = 15[mm)], fastener: staple d = 1.53[mm],
spacing 35[mm)|, fastener hysteresis according to table 3.13

GFB Koy Ry Ry R3 Ry Fo F, Aper @ B8 Fha
4 WNmm] [0 H A 0 KN KN [mm] H [ KN
CASHEW monotonic loading
1 8.042 0.043 -0.144 - - 68.5 - 23.65 - - 72.0
2 10.2 0.084 -0.275 - - 135.1 - 29.33 - - 142.8
CASHEW Mergos-Beyer loading protocol
1 7.85 0.037 -0.21 1.03 0.03 70.8 93 2223 095 1.05 70.7
2 10.09 0.07 -0.262 1.01 0.09 1396 176 28.65 0.80 1.1 139.7
CASHEW ISO 21581 loading protocol
1 7.92 0.068 -0.298 1.009 0.06 629 89 21.50 095 1.05 69.6
2 10.03 0.074 -0.295 1.01 0.088 139.6 17.7 2871 0.95 1.05 140.3
McCutcheon energy based approach
1 12.13 0.022 -0.327 - - 72.0 - 21.56 - - 78.4
2 14.49 0.030 -0.65 - - 145.4 - 25.91 - - 156.7

Tab. 3.16: Estimated parameters of the Stewart hysteresis for a wall length of 3600[mm/|, wall height
of 2800[mm)], single and double sheathed wall with GFB, t, = 15[mm)], fastener: staple d = 1.53[mm],
spacing 35[mm], fastener hysteresis according to table 3.13

GFB Ky Ry Ro R3 Ry Fy F, Apee « 8 Fha
#  [kN/mm] [ [ [ [ kN [KN] [mm] [] [] [kN]
CASHEW monotonic loading
1 9.92 0.034 -1.04 - - 79.7 - 26.0 - - 84.9
2 13.77 0.044 -1.106 - - 169.5 - 29.93 - - 171.3
CASHEW Mergos-Beyer loading protocol
1 9.53 0.041 -0.148 1.053 0.042 79.5 109 21.51 0.95 1.05 81.3
2 13.27 0.058 -0.218 1.01 0.087 165.4 224 26.67 0.95 1.05 164.1
CASHEW ISO 21581 loading protocol
1 9.7 0.16 -0.298 1.015 0.066 51.5 14.8 20.7 0.95 1.05 8&1.8
2 13.23 0.062 -0.286 1.01 0.086 164.9 23.1 222 095 1.05 152.2
McCutcheon energy based approach
1 13.32 0.023 -0.30 - - 86.3 - 24.6 - - 94.1

2 16.11 0.032 -0.57 - - 1727 - 29.2 - - 188.1
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Tab. 3.17: Estimated parameters of the Stewart hysteresis for a wall length of 4200[mm], wall height
of 2800[mm)], single and double sheathed wall with GFB, t, = 15[mm)], fastener: staple d = 1.53[mm)],

spacing 35[mm)|, fastener hysteresis according to table 3.13

GFB Ky Ry Ry R3 Ry Fy F, Apee o B8 Fra
4 Nmml 00 H 0N KN m] [0 KN
CASHEW monotonic loading
1 12.17 0.04 -0.135 - - 96.5 - 23.2 - - 102.0
2 17.38 0.062 -0.485 - - 195.7 - 27.56 - - 2059
CASHEW Mergos-Beyer loading protocol
1 11.61 0.037 -0.217 1.068 0.04 100.3 13.2 229 095 1.05 102.2
2 16.82 0.066 -0.5751 1.01 0.081 199.2 31.7 2493 0.95 1.056 199.1
CASHEW ISO 21581 loading protocol
1 11.84 0.082 -0.212 1.007 0.049 83.6 132 21.65 0.95 1.05 99.7
2 16.48 0.065 -0.25 1.01 0.083 199.0 36.0 24.13 0.95 1.05 199.1
McCutcheon energy based approach
1 15.49 0.025 -0.33 - - 100.7 - 22.88 - - 109.7
2 18.33 0.059 -0.66 - - 2014 - 2.t - - 2194

Tab. 3.18: Estimated parameters of the Stewart hysteresis for a wall length of 4800[mm], wall height
of 2800[mm)], single and double sheathed wall with GFB, t, = 15[mm)], fastener: staple d = 1.53[mm),

spacing 35[mm], fastener hysteresis according to table 3.13

GFB K Ry Ry R3 Ry Fy Fi  Apee « B Fra
#  [kKN/mm] [ [ [ I kN [KN] [mm] ] [] [kN]
CASHEW monotonic loading
1 12.73 0.026 -1.583 - - 108.0 - 25.8 - - 110.8
2 18.92 0.051 -0.29 - - 212.3 - 29.03 - - 222.4
CASHEW Mergos-Beyer loading protocol
1 12.38 0.028 -0.114 1.042 0.037 109.3 13.7 24.08 0.95 1.05 110.0
2 18.59 0.067 -0.177 1.01 0.063 201.1 32.0 24.614 0.95 1.05 208.3
CASHEW ISO 21581 loading protocol
1 12.63 0.015 -0.26 1.052 0.035 108.3 154 21.25 0.95 1.05 102.9
2 18.16 0.052 -0.164 1.01 0.082 216.7 30.3 27.41 0.95 1.05 218.2
McCutcheon energy based approach
1 16.63 0.028 -0.33 - - 113.7 - 24.6 - - 125.4
2 19.74 0.039 -0.64 - - 2274 - 29.8 - - 250.8
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3.6 On robustness of the LFTWs sheathed with OSB and GFB

The SIA260 regulations [75] postulates that the structures generally must satisfy the bearing
capacity and serviceability requirements. Moreover, the structures should be designed in a
cost-effective way and provide robustness and durability. In the context of LEFTWs sheathed
with GFB and OSB, exposed to earthquake loading, durability and robustness deserve special
attention. While the bearing capacity and serviceability can be estimated analytically, the
robustness and durability cannot be quantified. The code [75] describes robustness as the ability
of the entire structure or its structural components to limit the extent of the damage to a
reasonable proportion in accordance to their cause. The robustness could be described as the
opposite of vulnerability. An analytical estimation of the robustness and durability is possible
as part of the specific risk analysis. Nevertheless, the increase of the structural durability and

robustness can be achieved by different measures stipulated within the code such as:

e redundancy

reliability

ductility

deformability

adaptability

For gravity loads the robustness requirement could be achieved by increasing strength or stiffness.
In the sense of earthquake engineering an increase of strength and stiffness is a path in the
opposite direction, since an increase in strength and stiffness consequently reduces the natural
period of vibration and enhances the induced lateral earthquake forces. The LE'TWs are highly
redundant, deformable and have a pronounced ductility due to the large number of connectors.
As presented in Chapter 3, the specific aim of this thesis is to develop a reliable mechanical model
for the analysis of the LE'TWs exposed to earthquake loading. From the nature of the material
used it is obvious that the LE'TWs sheathed with OSB can develop much higher deformations
and provide higher ductility ratios when compared with LETWs sheathed with GFB (see also
section 3.5). However, the LEFTWs sheathed with GFB are suitable to be used as parts of lateral
load resisting systems in timber structures, capable of providing sufficient structural robustness
due to their characteristics which satisfy the requirements specified above. Nevertheless, the
robustness of the lateral load resisting system within the timber structures can be affected most
efficiently by means of conceptual considerations such as the arrangement of LFTWs in the

building, symmetry in the plan and a constant geometry over the height of the structure.

3.7 Conclusions

The application of the shear field theory to the LEF'TWs by means of simple hand calculations have

been presented. The simple elastic shear field theory has been demonstrated for modeling and
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analyzing multi-storey shear wall elements. The cyclic loading test results of fasteners, using the
Mergos-Beyer and CUREE loading protocols, have been shown. Using the MCASHEW software
package, the fitting of the numerical mechanical model to the results obtained by testing has been
conducted and the 10-parameter mechanical models of single fasteners have been established.
For the wall lengths used in this thesis, mechanical models of wall elements sheathed on one
and both sides with OSB and GFB, have been derived. The derived mechanical models are the

basis for the parameter study, conducted later in this thesis.
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Chapter 4

Seismic Analysis of MDOF System

In the previous section, the mechanical models for single-storey LE'TWs of different lengths and
two different sheathing materials have been developed. The response of the wall elements is
nonlinear, even for small displacements. Based on the mechanical models established in previ-
ous chapter this chapter will show how the seismic analysis of nonlinear multi-degree-of-freedom

systems will be conducted within this thesis.

4.1 Analyzes and Design Concepts used in the Thesis

Strictly speaking, the best method for the seismic analysis is a nonlinear-time-history analysis
(NLTHA), because it provides the ”correct” results from the theoretical point of view. Despite
its accuracy and the delivery of the complete structural response it seems to be a ”black box”
because the analysis is performed numerically within an ”invisible” procedure. In order to
make all steps transparent, the standard modal analysis, pushover analysis and capacity-spectra
analysis procedures have always been performed in addition to NLTHA, in order to visualize
the design procedure and to compare the results of different analyzes. The procedures as well as

the outcomes of the analyses used within this thesis are schematically presented in Figure 4.1.
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4.1. ANALYZES AND DESIGN CONCEPTS USED IN THE THESIS

4.1.1 Modal analysis

93

The modal analysis is based on the analytical response estimation of an undamped elastic multi-

degree of freedom (MDOF) system. Let us consider an undamped 4-storey shear wall element

with lumped masses at each storey, as presented in Figure 4.2. The equation of motion can be

obtained from the free body diagram and written according to Equation 4.11.

Fa(t)
—> O m

k4

Fs(t) C) M

k3 /
Fa(t) % ’,}
=0 m - 1
k2 '/
X1 1
Fa(t) —>|/
k1

ks + (x3 — x3)

I—P

F®) e ma %

Mot

4—

ky - (xz —x1)
Fi (1) A
—>{ je— m X
«—
kqxq

my -2+ k1 -z — ke (xo—x1) — Fi(t) =0
mg - @ + ko - (xg —x1) — k3 - (x3 —x2) — Fa(t) =0 (4.1)
ms - @3+ ks - (x3 —x9) — kg - (x4 —x3) — F3(t) =0
my - g+ kg (x4 —x3) — Fy(t) =0
Equation 4.1 is reorganized and written in matrix form as follows:
mg 0 0 O 3l ki +ky  —k2 0 0 x1 Fi(t)
0 mg 0O O ‘ xg n —ky  ko+ ks —ks 0 DEZ1E Fy(t) _ {0}
0 0 mg O T3 0 —ks kst ks —ky4 T3 F5(t)
0 0 0 my Xy 0 0 —ky k4 T4 Fy(t)
(4.2)

!The modal analysis is a topic of many books on structural dynamics. In this chapter the book on structural

dynamics by Mario Paz (2012) [82] have been used
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In the case of free vibrations, there are no external forces, F;(t) = 0, so Equation 4.2 can be

written as follows:

] () ] {x) = () =

When analyzing the free vibration of undamped structures, the solution is of the form z; =
¢i - sin(w -t — ¢p) for i = 1......n, where n is number of degrees of freedom. The substitution in

Equation 4.3 gives:

] =[] s} = ) o

Equation 4.4 is called an eigenproblem, which cannot be solved in closed mathematical form.

It has a non-trivial solution if the determinant [K] — w? - [M] is equal to zero.

] - |- ) s

The solution to Equation 4.5 is a polynomial of degree n which is satisfied for n values of
w?. For each of the values of w, which satisfy Equation 4.5, Equation 4.4 can be solved for ¢1,
@2 ... ¢n. These solutions have the form of normalized column vectors, known as modes. The
normalization is necessary to be able to solve for ¢. Usually, the normalization is performed so
that the value ¢,; is set equal to 1.

In this thesis, complete modal response is not conducted and is not required. This can be
justified by the fact that in the modal analysis of elastic systems the mode orthogonality applies.
Thus, the complete response of an elastic system is expressed as combination of all modal
contributions. However, it is well known that the LFTWs respond predominantly nonlinearly.

Therefore, only the first mode is generally considered.

O m

QO ms

O m 02 QM]_A_
Q m £
1 2

Fig. 4.3: MDOF and its equivalent SDOF representation

In this thesis (see also Figure 4.3), the modal analysis has been performed to estimate the first

mode shape ®;1, the modal mass participating in the first mode m7, the equivalent modal height
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h7, the equivalent modal mass M, the period of vibration 77, the modal mass participation

factor I'y and the mass participation factor aq, as follows:

mi =3 mi i (4.6)
A — W (4.7)
r - W (4.8)
o — Fi :111 (4.9)
- XW (4.10)

The results of the modal analysis are extensively used in further analyses for the response

and capacity spectra, as presented in the following section.

4.1.2 Response spectra concept

The response of a real structure subjected to a time-dependent loading can be estimated by
analytically or numerically solving the equitation of motion. See for example Equation 4.20 and
4.21. The results obtained are time-dependent responses in terms of displacements, velocities
and accelerations for each degree of freedom under consideration. For the seismic design of the
structure, it is not always necessary to know the ”exact” response of the structure at each time
instance throughout the duration of the earthquake. Instead, only the maximum responses of
the structure are typically used in order to design the structure for the maximum action induced
by an earthquake excitation. A response spectrum (RS) enables estimation of the maximum
quantities as a function of the natural period of vibration and the seismic hazard level for a given
structural damping. The response spectra represent envelopes of the maximum responses of
SDOF systems for natural periods of vibration within the range of approximately 0 to 4 seconds.
The natural periods of vibration longer then 4 seconds have no practical relevance for the
problems analyzed within this thesis. The RS are developed for a constant damping coefficient
of 5%, different hazard levels (0.6,1.0,1.3 and 1.6 [m/s?]) and soil conditions prescribed by the
national codes. They are representations of seismic demand (see Equations 4.13 - 4.16) for the
given seismicity, and, vice versa, they represent the required structural strength for an elastic
response of a structure to the design earthquake. Thus, the RS for a certain seismicity (hazard
level) is usually called an elastic RS. The RS can be developed for accelerations, velocities or
displacements and can be represented in different formats. The relationship between the spectral
quantities: pseudo acceleration S, pseudo velocity .S, and pseudo displacement Sy, is given in
Equations 4.11 and 4.12.
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Sa :wfl-Sd;Sv = wp, + Sy (4.11)
whereby,
(4.12)

In this thesis, the response spectra defined in [3] have been used. The definition of the RS
is given as follows:

2.5 T
Sa=p- 245 [0.67+ (2 ~0.67) - —],(0< T < Tp) (4.13)
q B
agq S
Se =257y 2. = (Tp <T <T¢) (4.14)
9 q
Qgd Tc
Sy =25-q;- 2.5 A(Tc <T <Tp) (4.15)
g T-q
Qad Tc-TD Qad
S =25~ -22.8. >01-v- L (Tp LT 4.16
a Yf g T2-q Yf ga( D ) ( )

In Equations 4.13 to 4.16, ~y is importance factor that is assumed to be equal 1.0 in this
study, agq is ground acceleration of the considered hazard zone, and ¢ is the behaviour factor,
which accounts for the nonlinear response of the structure. If ¢ = 1.0, the RS is elastic. T4, T
and T are characteristic periods, which separate the acceleration-, velocity- and displacement-
sensitive regions. The elastic RS for all hazard zones, represented by ground accelerations of
0.6, 1.0, 1.3 and 1.6 [m/s?], are presented in Figure 4.4. The RS format is referred to as the
Acceleration Displacement Response Spectra (ADRS) format and is derived using relations given
by Equations 4.11 and 4.12.
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Fig. 4.4: Elastic Response Spectra for hazard zones 0.6,1.0,1.3 and 1.6[m/s?] in ADRS format
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4.1.3 Capacity spectra concept

In the Figure 4.4, the seismic demand is presented for the hazard zones considered. The capacity
spectrum concept superimposes the seismic demand, represented by a RS, and the capacity of
the structure, represented by the capacity curve, in the same graphical presentation enabling a
clear comparison between demand and capacity. The procedure to transform the pushover curve
into a bi-linear approximation and then in the capacity curve is presented in Figure 4.5. First,
the pushover curve is approximated by a bi-linear curve using the Equal Energy Elastic Plastic
(EEEP) approach. In the next step, the bearing capacity of the structure, represented by Fy,
is divided by the modal mass participating in the first mode in order to transform the force
into an acceleration. The result is the capacity curve, which can be directly superimposed on
the RS, as presented in Figure 4.5. The initial stiffness used in the presentation of the capacity

spectrum (see Equation 4.19) is the inelastic initial stiffness.
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Fig. 4.5: Capacity curve derived from static pushover curve and introduced in Yield Point Spectra in
ADRS format

The intersection between the stiffness, represented by the fundamental inelastic period of
vibration, with the RS is the elastic demand in terms of both the displacement and the required
elastic bearing capacity. The yield point gives the required real strength of the structure and

the corresponding ductility demand. In the YPS both, the base shear coefficient (force) and
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the displacement have the same ductility demand p related to the intersection point between
initial stiffness and elastic RS. In this thesis, the capacity curve is always derived from the static

pushover curve and superimposed on the RS, providing the results needed for further analyzes,

such as:

* Ay
Ay = F—l (4.17)

F,
= Y 4.18
Ve S mg (4.18)
T*=2-7- fy (4.19)

C’y g

4.1.4 Representation in yield point spectra (YPS)

As previously mentioned, the PBE approach applied herein is based on NLTHA. However,
the results of the NLTHA are not always self-evident and may require some interpretation.
Thus, a graphical interpretation is sometimes useful and necessary in order to illustrate the
estimated results in a more transparent manner. The results of the nonlinear static analysis are
usually presented by response spectra with a superimposed capacity curve. In EC8, the method
referred to as N2, proposed by Fajfar, Gaspersi¢ and FiSinger, is implemented. Within this
thesis, N2 is modified into yield point spectra (YPS) presentation. The motivation to use YPS
can be justified by the ability to present the fulfillment of multiple performance objectives in a
single graph, if they are stated as limits on peak displacement and system ductility. For more
information, see [4]. The modification to the YPS has been made to take scaling of the spectral
displacements along an abscissa. The spectral displacements are divided by their corresponding
ductility coefficient and they are plotted directly as yield displacement in the YPS. The YPS
enables an engineer to have direct control over the strength and the stiffness provided to the
structure and to determine, if necessary, the combination of strength and stiffness needed to
satisfy certain performance objectives. Additionally the peak displacement demand can easily be
estimated from the plot and compared with the displacement capacity. The R—u—1T relationship
used in this thesis is the same as that used within the N2 method, with the difference in the
acceleration sensitive region. Here, to maintain consistency with the mechanical model used,
the R — p — T relationship proposed by Mergos-Beyer (2015) in [66] is applied. In the velocity
sensitive region,the R — u — T relationship according to Mergos-Beyer and the N2 proposal are
equal . The maximum mass, which can be applied to the system, often leads to periods of
vibrations falling in the velocity sensitive region, characterized by periods larger than T, with
values of approximately 0.5-0.6 [s].

Figure 4.6 schematically shows the feasibility region within YPS defined by a red dashed
line in which all combinations of strength and stiffness would satisfy the performance objectives.
The representation by means of YPS is intensively used in Chapter 8, while establishing the

differences between PBE and FB seismic design.
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Fig. 4.6: YPS with characteristic feasibility region in which all combinations of strength and stiffness

enclosed by dashed red lines satisfy the performance objectives

4.1.5 Non Linear Time History Analysis

Theoretical background

The dynamic analysis of an arbitrary real structure is based on the dynamic equilibrium. The

structure can response in a linear elastic or a nonlinear manner. In the literature (see for

example [9]), the theoretical explanations of how the structure responds to a transient loading
starts with a single-degree-of-freedom (SDOF) system, represented in Figure 4.7, being extended
to the response of a multi-degree-of-freedom (MDOF) structure. However, an analytical solution
to the equation of motion Equation 4.20 is not possible if the excitation arbitrarily varies with
respect to time or the system is nonlinear. In these cases a step-by-step integration is necessary.
The equation of motion for a SDOF system can be written as follows:

m$+cx+fs(x,x) :p(t)—mxg(t) (420)

where m is the mass of the system, c is the damping ratio provided by the system, f,(, ;) is
the inelastic force induced in the system at the considered time increment, and x, ¢ and & are
the relative displacement, relative velocity and relative acceleration of the mass, respectively.
Z(t) is the ground acceleration introduced at the base of the structure. The equation of motion
for a MDOF system has a similar form to Equation 4.20 if the physical quantities are written

as corresponding matrices:

{M} ' {X} + M ' {X} Tt {Fs(x,z')} = {P(t)} - [M] : {z} : {Xg(t)} (4.21)
where the capital letters M, C' and F; denote the mass, damping and force matrices, re-

spectively. The displacements X, velocities X and accelerations X are one-dimensional column
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X

m () m

Xg (1)

Xtot (t)

A

Fig. 4.7: Response of the single-degree-of-freedom system to the arbitrarily ground displacement

matrices, i.e. vectors. If the external forces do not exist, P(t) = 0. The ¢ is the vector repre-
senting the influence of a unit ground displacement on the displacements of the storey masses.
In the case that all of the storey masses and ground displacements are oriented in the same
direction, which applies for planar 2D- systems, the vector ¢ becomes a unit column vector 1.
However, due to the transient disturbance of an earthquake excitation as well as the material
non-linearity, a numerical integration is required. There are a number of numerical integration
methods available, but the most powerful one is the Newmark’s integration method. In the
OpenSees software platform, the interpolation of the excitation function uses an average, trape-
zoidal acceleration. The main requirements for a numerical integration method are convergence,
stability and accuracy. The details of how the Newmark step-by-step integration is performed
can be seen in more detail in [9]. Within this thesis, the integration algorithm implemented in

the OpenSees software platform uses this same approach when performing NLTHA.

Newmark’s integration method is unconditionally stable for:

a1 (4.22)
T, W'\@ VY—2-p

but conditionally stable for % < 0.551. The parameters v and [ define the variation of the

acceleration over a time step, controlling the stability of the method. Parameter ~ is typically
selected to be 0.5, and parameter f is tipically in the range 0.167 < 8 < 0.25. From Equation
4.22, it can be seen that an important contribution to the stability of the NLTHA is the choice
of the integration time step, which is set to be 0.0025[s] in this thesis. The convergence of the
iterations within each incremental time step is ensured by means of the Newton-Rapson iteration

approach.



4.1. ANALYZES AND DESIGN CONCEPTS USED IN THE THESIS 101

4.1.6 Ground motion input
Selection and Scaling of Ground Motion Records

A simple way to perform THA is to use modal response analysis by applying the modal su-
perposition procedure, a method applicable to linear elastic systems. Since the response of a
LFTW is nonlinear over the entire displacement range, nonlinear time history analysis, referred
to as the direct dynamic integration method is more appropriate to be used in performance
based engineering (PBE). Furthermore, the excitation term on the right side of the equation of
motion, 4.20 which in NLTHA has to be solved directly by using appropriate numerical integra-
tion methods, is represented by an acceleration time series of real ground motions. Real ground
motion records have a natural frequency, duration and energy content which affect the response
of the structure under earthquake action regardless the seismic hazard zone the structure is lo-
cated in. The main task related to utilization of unique ground motions recorded in the original
form is how to make them representative for design of the structures in a specific hazard zone.
Thus, for each ground motion, the corresponding response spectra are to be estimated first. In
the second step, the RS of an individual record is to be ”adjusted” by scaling its amplitude for a
given fundamental vibration period of the structure. This is done in such way as to provide the
best fit to the elastic response spectra stipulated by the seismic provisions for the corresponding
hazard zone. The scaling of amplitudes to match the elastic response spectra has, among other
scaling procedures, the main advantage in retaining the original frequency while the damage
energy content and amplitude will be changed. Since the response spectra are derived as an
envelope of responses of all SDOF systems, a single record can never meet the elastic response
spectra over all vibration periods. In the selection of the ground motion magnitude range, the
distance to the fault as well as the soil conditions should be taken into account. Some papers
and even practical guidelines (see for example [49] and [100]), deal with the selecting and scaling
of ground motions for nonlinear response analysis. The researchers still have different opinions
about which criteria are crucial for the selection of ground motions and how the records should
be selected. Iervolino et al. reported (2008) in [42] about critical issues in selection and scaling
of ground motions as well as the best practice in Europe. The authors were concerned with
finding ground motions which would match the spectra stipulated in EC8 without scaling. Such
records have not been found. In any case, the requirements related to the earthquake selection

and scaling given in EC8 [1] are as follows:

e A minimum of three accelerograms should be used. The most unfavourable value of the

response should be used as the design value of the action.

e If the response is obtained from 7 nonlinear time history analyses, the average of the

response quantities should be used as the design value of the action.

e In the range of periods between 0.2- T} and 2T}, where T} is the fundamental period, no
value of the mean 5% damped elastic spectrum calculated from all time histories should

be less than 90% of the corresponding value of the elastic spectrum.
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The period range (0.2 — 1.0) - T} takes into account the higher mode contribution since the
periods of the second and the third mode are usually in the range (% — %) of T7. The period range
of (1.0 —2.0) - T takes into account the fact that the period corresponding to the elastic system
(beginning of the loading path) increases when the system is transitioning into the inelastic

response regime [90].
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Fig. 4.8: Resultant mean value of 10 selected earthquake ground accelerations scaled to the hazard level
of Zone Z1 - soil class C' according [3].

Within this thesis, the NGA database has been used as source of real ground motions recorded
worldwide in different soil conditions and with different magnitudes, frequency contents, fault
distances, source mechanisms and durations. The data set consists of the currently freely avail-
able 3551 three-component records covering the magnitude range between 4.2 to 7.9. More
details regarding the NGA database are given in [8].

Using the MatLab code written by Gabriele Garnello, PhD candidate at the University
of Canterbury, New Zealand, the NGA database has been searched for earthquakes, which
are scaled to the levels of the four hazard zones characterized by ground accelerations of 0.6,
1.0, 1.3 and 1.6 [5]. The earthquakes must also have a scaling factor with an amplitude of
0.3 < ko < 4 (see [90]), and the difference between the peak amplitude and plateau-value must
be % < 1.4 in the range of Ty < T,, < T¢. For each hazard zone (Z1, 72, Z3a and Z3b
[3]) as well as for all soil conditions (A, B, C, D and E [3]), approximately 150 to 200 records
that satisfy the given conditions have been extracted. Note that, for each earthquake consisting
of two orthogonal direction amplitude components a; and a9, a resulting amplitude given by
\/m has been considered. After selection and scaling the records for each zone and soil
condition, 10 appropriate earthquakes have been chosen manually so that the mean value of
the 10 records is the best fit to the code-prescribed, 5% damped elastic response spectrum.
For illustration, the mean response spectrum obtained by selecting and scaling real records is

presented in Figure 4.8 for the hazard Zone Z1 and soil condition C. It can be seen that the
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resultant mean RS oversteps the elastic RS for almost the entire period range, regardless of the
fundamental period of the structure. In Figure 4.9, the resultant mean RS for the hazard zone
Z2 and soil class C' is presented. In the range of approximately 0.47 — 0.7[s], the resultant mean
value underestimates the elastic RS, but not by more than 10%, as required by the EC8. For
vibration periods between 0.7 — 4[s], the resultant mean value has overstepped the elastic code
spectrum. Additionally, in Figures 4.10 and 4.11, the selected and scaled records are presented.
From Figure 4.10, it can be seen that, strictly speaking, the 10% rule in the short period range
between 0.55 - 0.6 [s] is not satisfied, underestimating the required value by approximately 12%.
Nevertheless, it has been considered as acceptable since all the results of the parameter study
said to be of practical relevance will additionally be checked by IDA. The mean value of the
scaled records spectra has been over the required value for periods 0.65[s] < T;, < 2.0[s]. In
the parameter study, the average values of the response quantities have been used. A minimum
of 7 records must converge. Otherwise the record selection was repeated to replace the records
that did not converge. For the great majority of cases, the THA could have been successfully

performed for all 10 records.
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Fig. 4.9: Resultant mean value of 10 selected earthquake ground accelerations scaled to the hazard level
of Zone Z2 - soil class C according [3].
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Fig. 4.10: Resultant mean value of 10 selected earthquake ground accelerations scaled to the hazard
level of Zone Z3a - soil class C according [3].
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Fig. 4.11: Resultant mean value of 10 selected earthquake ground accelerations scaled to the hazard
level of Zone Z3b - soil class C according [3].

SAWS - Shear spring material in OPENSEES

The parametric study performed in this thesis has been carried out by using the software frame-
work provided by the Open System for Earthquake Engineering Simulation (OpenSees) platform.
This software offers more than 160 different element types, 220 material types, 15 solution algo-
rithms, 40 integration strategies and 30 solver types (see [62] and http : //opensees.berkeley.edu/).

The software enables one to build an appropriate model using appropriate materials and to per-
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form gravity, static pushover and dynamic analyses. Within the software library, a uniaxial
SAWS material, which can be understood as a shear spring element, is available. The material
implements the well-known Stewart 10-parameter hysteretic model, as presented in Figure 4.12
and described in Table 2.1. The model has been developed in the CUREE CalTech project (see
[32]), and represents the response of the LFTW to the static and dynamic lateral loading. The
parameters which describe different LF'TWs considered within this thesis are listed in Tables
3.8 to 3.12 for wall elements sheathed with OSB panels and in Tables 3.14 to 3.18 for LFTWs
sheathed with GFB, respectively. The SAWS material can be represented by a zero length ele-
ment, implying that the response of the entire wall element to the static and cyclic loading can
be "reproduced” by specific points (zero-length-elements), mutually connected by rigid truss

elements with large axial stiffnesses.
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Fig. 4.12: Representation of the SAWS material by a zero-length-element [60]

Transition from a SDOF to a MDOF system

All the features of a single LFTW element, including the compliance of the hold-downs, are
entirely contained in the SAWS material, representing the response of the LFTW as a nonlinear
shear spring element. In order to shift from a SDOF to a MDOF model, it is necessary to
stack the elements on top of each other, as presented in Figure 4.13. As already mentioned,
the mechanical characteristics along the height remain constant, i.e., the structure is built of

identical elements.
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Fig. 4.13: Transition from a SDOF to a MDOF system by using identical SAWS material representation

at each storey level

4.1.7 Damping in OpenSees

The NLTHA uses Rayleigh damping as a linear combination of the damping proportional to the
mass in the range of low and to the stiffness in the range of the high frequencies. The Rayleigh

damping matrix can be expressed as:
[C] = Q0 * [M] +ap - [Ko] (4.23)

GQrQ GQr1 * Wn

= 2w, 2

&n (4.24)

where
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R et St 4.95
0 w1 + w2 ( )
and
2-&
- > 4.26
arl w1 + w2 ( )

The circular frequencies wy and ws are the first and the second frequencies with an assumed
damping coefficient of 5%.

In [11] the authors refer to the fact that the Rayleigh damping may lead to results which
are not physically plausible. However, the forces associated to the part of the Rayleigh damp-
ing model proportional to the stiffness cause unbalanced joint forces, which are referred to as
spurious forces in the column-beam frame connection. It has been shown that the unbalanced
forces, stemming from the Rayleigh damping model, can be significantly reduced or entirely
eliminated by using the tangent stiffness, see Equation 4.27, instead of the initial stiffness in
Equation 4.23. Although this option is available in OpenSees, in [11] Chopra and McKenna
have proposed to use superposition of modal damping matrices for NLTHA within the software
platform OpenSees. The software has been extended in this way to allow the formulation of
the damping as a sum of the damping matrices associated with the modes which significantly
contribute to the response of the structure. The number of the modes is not prescribed and
depends on the contribution of the higher vibration modes to the overall structural response.
In this thesis the inconvenience caused by spurious forces can largely be relativized, since the
analyses are performed on the simple cantilever model. Nevertheless, the options to model the
damping within NLTHA as a sum of modal damping matrices, offered by the software have been

extensively used within this presented work. The modal damping coefficient is assumed to be

5%.

[C] = a0 - [M] + ar1 - [KT] (4.27)

Analysis algorithm used in OpenSees

In the OpenSees software framework, object-oriented NLTHA is implemented, allowing for a
flexible software architecture. According to [59], the main modules that OpenSees is comprised
of, are given in Figure 4.14, including the components of the analysis itself. The procedures used
in each single analysis component are marked in Figure 4.14. The integration step considered
within the analysis has been chosen as Ap = 0.0025[s]. The stability and convergence of the
analysis has been ensured by using the Newmark integration method [60]. In the case of not
reaching convergence, the time step is automatically reduced within the analysis in the next
iteration by a factor of 20. As already mentioned, from the total of 10 earthquake records used
for every NLTH analysis, predominantly all, or at least 7 of them have always converged, as
required by EC 8.
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Fig. 4.14: The main modules and analysis objects according to [59] in an overview

4.1.8 Incremental dynamic analysis (IDA)

The damage index analysis, described in the next chapter, is more comprehensive than a simple
displacement analysis based on nonlinear static pushover analysis, and therefore more appropri-
ate to be used as a structural performance indicator. The probabilistic part of the analysis is
limited to the suite of 10 earthquakes scaled to the certain hazard level that the damage index
is computed for. The hazard levels are the seismic zones Z1, 72, Z3a and Z3b, prescribed in
the SIA 261 [3] provisions. In order to conduct a probability-based estimation over all of the
stages the structure experiences, i.e., from the elastic part of the response to the inelastic part
and finally to collapse, all earthquakes should be scaled in a way to produce failure of the struc-
ture, while simultaneously accounting for the uncertainty arising from the structural bearing
and displacement capacity. To do so, a deterministic structural model can be subjected to a
sample of earthquakes, which will be gradually scaled in amplitude until collapse of the structure

occurs, while simultaneously recording the corresponding response of the structure. The scaling
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of the ground motion amplitudes and the analysis of the structure up to failure is referred to
as Incremental Dynamic Analysis (IDA), presented in detail in [96] and [97]. In the case where
a deterministic numerical model of the structure is subjected to a sample of earthquakes, the
distribution of the structural responses reflects the record-to-record variability arising from the
ground motion records contained in the sample. If a NLTHA using multiple ground motion
records is performed on a structure represented by a nonlinear SDOF system, the procedure is
referred to as a SPO2FRAG procedure, proposed (2016) by Iervolino, Baltzopoulos, Vamvatsikos
and Baraschino. This is presented in [41], based on the former work of Vamvatsikos, referred
to as SPO2IDA (2003), also contained in [96]. The IDA analysis is characterized by intensive
computational efforts, thus the simplification provided by the SPO2FRAG approach is appre-
ciated in terms of reducing the computational time, while retaining the same accuracy. In this
thesis, both procedures, implemented in a MatLab based, freely available software SPO2IDA
and SPO2FRAG, will be used for performance level validation of the structure analyzed within

the parameter study.

4.1.9 Incremental dynamic analysis framework

The Incremental Dynamic Analysis (IDA) is a comprehensive tool for reliable prediction of
both seismic demand and structural capacity in terms of Damage Measure (DM) and Intensity
Measure (IM). DM is represented by a scalar value, which defines the required performance
demand, such as the inter-storey drift ratio (IDR). In the literature this is also referred to as
engineering demand parameter (EDP). The IM used in this thesis is the first mode spectral
acceleration of the 5% damped SDOF system S,(7;). The aim of the procedure is to provide
a probability based estimation of fragility curves, which reflect the conditional likelihood of
exceedance of a certain IM, given DM or vice versa. The distribution of the IDA curves is
plotted in accordance with the Gaussian normal distribution with, mean + standard deviation
(tm £ 1-0), resulting in 16, 50 and 84% IDA fractile curves.

As mentioned before, the IDA analysis will be conducted on a deterministic structural model,
represented by a nonlinear SDOF system. From the variable chosen to represent the seismic
intensity, it is clear that the derivation of the fragility functions is IM oriented, where the
given limit state is an additional condition, whose exceedance is understood as approaching
failure. Under these circumstances, the fragility function, according to [41], can be written as

the probability of the random, lognormal distributed variable IM.

In(im) —n
¢

In equation 4.28, ® is the standard Gaussian function, and 7 and ( are the logarithmic

PIIMS < im] = ®] ] (4.28)

mean and standard deviation, respectively. These are estimated automatically while performing
performance of the IDA procedure. For more details, see [41] and [96]. In the SPO2FRAG
software, an additional uncertainty, resulting from the structural model, and its transformation
from a MDOF into a SDOF system, denoted as 3,, and (8, 7, respectively, could be taken into

account without having an influence on the median fractile IDA curves.
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The first parameter accounts for an early non-linear behaviour and the second one accounts for
a higher-mode contribution to the yield strength variability. Both of them have been assumed
to be 0.5 resulting in a variability of the nominal yield strength due to the higher mode effects
of Bytot = 1/ 50 + BS,TQ = 0.71. Additionally, the logarithmic standard deviation, required for
the Monte-Carlo simulation for estimation of the yield strength variability, is set to be in the
same range of 0.5 similar as in [77]. The additional uncertainties that are taken into account
affect only the distribution width without impacting the median fractile IDA curves.

The procedure, how the IM will be estimated for defined DM within IDA analysis is presented
in Figure 4.15
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Fig. 4.15: IDA procedure used as controll and validation of results of the parametric study

4.2 Conclusions

In this chapter, the general seismic engineering methods have been presented with a special
focus on the features used in this thesis. The general concepts of modal analysis, the capacity
spectrum and the response spectrum have been presented as the commonly-used methods in

seismic engineering. In the second part of the chapter, the concepts of the non-linear time
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history analysis and the incremental dynamic analysis have been presented. The selection and
scaling of earthquake records as the input transient loading in the THA have been introduced.
The concepts presented give a general overview of the methods used in this thesis, emphasizing
their strengths and weaknesses. The outcomes of all of the methods have been extensively used

in this work. Due to its accuracy the results of the NLTHA have been considered to be decisive.
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Chapter 5

Limit State Definition

In this chapter, the performance objectives for the serviceability, live safety and collapse pre-
vention limit states for LE'TWs sheathed with OSB and GFB are defined in terms of two per-
formance indices, namely, the inter-storey drift ratio (IDR) and the damage index (DI). The
performance objectives for the life safety limit state are based on the damage index, proposed
by Park and Ang, as the linear combination of the displacements and the hysteretic energy
disipated during an earthquake excitation. Since no data from the literature is available for
LFTWs sheathed with GFB, the analytically estimated physically observed damage intensities
during testing are related to the corresponding IDRs in order to establish performance objectives
within the considered performance limit states. The relative energy input used in the Park-Ang
approach is estimated according to the Uang-Bertero proposal, extended to MDOF systems.
An independent probability-based procedure, referred to as the incremental dynamic analysis
(IDA), is shown to be applicable to control and validate the results obtained by the parameter
study based on a NLTHA.

5.1 Introduction

As outlined in Chapter 2, Eurocode 8 sets the general requirements related to performance based
seismic design, prescribing that two limit states should be checked, serviceability (Damage Lim-
itation State) and collapse (Ultimate Limit State). However, detailed information about how to
satisfy the requirements is not specified. As a result, performance based design has rarely been
implemented by practitioners. Since the N2 method, proposed by Fajfar, Fisinger and Vidi¢
and adopted in ECS, is based on the capacity curve, which is an approximation of the nonlinear
force-displacement relationship, the performance level is likely to be expressed relative to dis-
placement. This approach is not capable of accounting for structural damage to timber shear
walls, their strength degradation and energy dissipation due to the earthquake loading. Thus,
for reliable performance level definition, two inherently different methodologies are available.
The first one is the quasi-deterministic approach, referred to as the Damage Index Analysis
(DI). This is an approach which represents a linear combination of the displacement capacity

and the dissipated energy during a specific earthquake excitation. The damage index is a non-
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negative scalar value < 1.0, which expresses the degree of damage. The damage index also
contains a probabilistic component, which accounts for the variance of the structural response.
It is expressed in terms of the maximum displacement under a specific earthquake excitation,
and the uncertainty related to the ground motion, expressed in terms of the dissipated energy
during a specified earthquake. The second methodology, referred to as Incremental Dynamic
Analysis (IDA) is a probabilistic estimation of safety margins and accounts for the uncertainty
arising from both variability in the ground motions and the mechanical characteristics of timber
shear walls. In order to narrow down the limit states, seismic damage analysis will first be
performed. After the damage indexes are established for both the SLS and ULS in terms of the
corresponding inter-storey drift ratio (IDR), the IDR will be expressed as the damage measure
(DM) within a fragility analysis.

Finally, a fragility function will be generated through an IDA in terms of the first mode ground
acceleration as a conditional intensity measure (IM) for the stipulated DM. The results of the
IDA are fractile curves in terms of prescribed drift ratios and corresponding spectral accelera-

tions, which have a 50 % probability of exceedence.

5.2 Seismic Damage Analysis of LFTWs Sheathed with OSB

5.2.1 Analytical model according to the Park-Ang proposal

A simple analytical relationship for structural damage estimation, which accounts for the max-
imum displacement imposed by an earthquake, the displacement capacity of the shear wall ele-
ment, as well as the amount of dissipated energy during an earthquake event has been proposed
for reinforced concrete structures in [80] by Y. Park and H.S. Ang (1985).

Ares /BDI /
DI = P - [ dE 5.1
Au,st * Fy ’ Au,st ( )

where A,¢g)p is the maximum deformation due to an earthquake, A, s is the ultimate deformation
capacity under static loading, F}, is the yield strength, [ dE is the absorbed hysteretic energy and
Bpr is the structural coefficient, which is estimated experimentally and accounts for the cyclic
loading effects. According to the damage model of Park, Reinhorn and Kunnath (1988) presented
in [79], parameter Sp; reflects the rate of strength degradation caused by the incremental increase

. . dA . . .
of the normalized maximum response, - to the normalized incremental hysteretic energy,

u,st
dAfu df. The physical meaning of the parameter listed can be understood from Figures 5.1 and

5.2 where the yield force, the displacement capacity and the maximal response of the structure
due to a specific earthquake are presented. The complete collapse of the structure is associated
with a Damage Index DI > 1.0.

The displacement capacity denoted A, s obeys the widely accepted convention, related to
the definition of the maximum available (ultimate) displacement given by R. Park (1989) in
[78]. However this point does not mean that the structure will definitely experience collapse

at this displacement stage. From Equation 5.1, it follows that, to a certain damage grade, a
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corresponding earthquake intensity characterized by A,.s, and [ dE, can be associated. Hence,
each earthquake can be scaled in such a way as to cause collapse of the structure producing
damage index equal to 1.0. Since the damage index can take the value of 1.0, the rearrangement

of equation 5.1 enables writing of parameter Spr as follows:

Fy : (Au,st - Aresp)
[dE

Bpr = (5.2)

5.2.2 Estimation of the parameter §p; for LFTW sheathed with OSB

Equation 5.2 implies that the parameter Sp; is constant, estimated for the conditions in which
the structure is close to or has already reached the total damage stage. In this case the damage
index ratio is equal to 1.0. It is reasonable to assume that the same conditions can also be
captured by cyclic testing. Thus, the parameter Sp; can be estimated by evaluating the cyclic
tests, provided the structure tested has been driven to collapse.

In Section 3, the hysteretic wall parameters have been estimated numerically for single storey
wall elements with lengths 2.4,3.0,3.6,4.2 or 4.8[m|. They have been estimated by using the
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CASHEW model, which is also capable of modeling the collapsed wall conditions including the
energy dissipated up to the point of collapse. From Figure 5.1, it can be seen that the F,
and A, s are values that depend on the wall configuration and the wall geometry. Therefore,
these two values, which appear in Equation 5.1, are constant for a certain wall length. The
values Ayesp and f dE depend on the specific earthquake or the imposed loading protocol. In
order to account for the variability of the loading protocols used, parameter Sp; for both the
Mergos-Beyer and the CUREE loading protocols have been estimated and averaged. The values
of parameter Sp;, estimated for all shear wall configurations considered within this thesis, are

summarized in Table 5.1.

Tab. 5.1: Estimation of coefficient Sp; from the CASHEW hysteretic and static pushover analysis

OSB Lw Au,st Fy ArespCE A7"espMB deCE deMB ﬁCE BMB BDI

# ) pom] (KN o] [om]  kNm]  kNm] [ H
1 24 110.6 85.0 76.8 90.3 65.16 73.6 0.044 0.023 0.034
2 102.8 163.0 87.68 87.64 124.7 110.7 0.02 0.022 0.021
1 3.0 134.3 1134 66.81 62.63 71.72 72.15 0.107  0.113 0.11
2 103.9 220.8 67.35 72.85 133.5 159.7 0.061 0.043 0.052
1 3.6 101.1 136.6 72.25 74.68 113.6 102.6 0.035 0.035 0.035
2 119.3 265.0 71.98 74.85 181.12 178.0 0.069 0.062 0.067
1 4.2 111.6 168.8 55.35 66.93 101.4 124.8 0.094 0.060 0.077
2 176.5 318.0 65.77 78.31 211.3 224.5 0.1645 0.1371 0.15
1 4.8 925 174.5 76.24 76.63 170 114.5 0.017 0.024 0.02
2 155.5 369.7 75.21 76.81 260.5 270.1 0.114 0.108 0.11

The parameters A,eqpcr and Apesprrp, needed for estimation of the parameter Spr, have
been taken from Tables 3.8 to 3.12. The parameters f dEcg and f dE ;B have been calculated
separately for each individual wall and have been summarized in Table 5.1.

As an example, the calculated cumulative energy dissipated during the MB cyclic loading of
a wall with two-sided sheathing and a length of 3.6[m]| is presented in Figure 5.3. Parameters
Ay st and Fy, have been obtained from the static pushover curve, as presented in Figure 5.4, for
the same wall element.

The values of parameter Spr range from 0.02 to 0.15. Such low values of parameter Spr imply
quite small contribution of strength and stiffness deterioration, which is characteristic for the
deformation range far beyond the displacement corresponding to the maximum force value, to
the entire degree of damage. Thus, the predominant damage amount contained in the damage
index is due to the first term in Equation 5.1, coming from the maximum static response to the
cyclic excitation related to the displacement capacity of the shear wall element. In other words,
the energy dissipated by hysteresis is less than the energy dissipated by the forces causing the
monotonic backbone response. This monotonic backbone response envelopes the cyclic hysteretic

response.
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Fig. 5.3: Cumulative energy dissipated by cyclic loading of a shear wall with a length of L,, = 3.6[m]
sheathed on both sides.
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Fig. 5.4: Yield force and ultimate displacement of a shear wall with a length of L,, = 3.6]m] sheathed
on both sides. Wall parameters according to Table 3.10.

Once the parameter Sp; has been estimated, the next step in the estimation of the damage
index is made. The expected drift corresponding to each performance level is given in FEMA
356, Chapter 8 (2000) and ASCE/SEI-41, [13] and summarized here in Table 5.2.

The principle of estimating the damage index will be described for a three storey structure.
Figures 5.5(a) and 5.5(b) show a pushover curve for a 3.6[m| long shear wall element in a one-
and three storey building, respectively, with schematically identified drift limits, as proposed
in[13).

The 2% drift limit is associated with the design earthquake (DE) with a probability of
exceedance of 10% in 50 years and corresponds to the Life Safety (LS) limit state. According
to Figure 5.5(a), a drift limit of 2% appears to underestimate the displacement associated with
the LS limit state because the maximum force and the maximum displacement are not yet
reached at this stage. A drift limit of 4% seems to be appropriate with respect to the Collapse

Prevention (CP) performance objective, corresponding almost exactly to the limit introduced
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Tab. 5.2: Performance expectations according to ASCE/SEI-41 [13]

Performance Design Seismic Return Performance Expectations
level level hazard Period Inter-storey Non-exceedance
Drift Limit Probabaility

Level 1 10 50% in 50Y 72Y 1% 50%
Level 2 LS 10% in 50  475Y 2% 50%
Level 3 CPp 2% in 50Y  2475Y 4% 50%

IO - Immediate Occupancy
LF - Life Safety
CP - Collapse Prevention

by Park in [78]. Note that, as explicitly shown in Table 5.2, the drift limits are referred to
as inter-storey drift ratios and cannot apply to the entire height of a multi-degree of freedom
system (for example, see Figure 5.5(b)). However, if the drift limits are applied to a MDOF
system, as presented in Figure 5.5(b), one can see that the drift limit of 2% applies for the LS
limit state. From the Figure 5.5(b) follows that the drift limit of 4%, associated to CP limit
state, is accompanied by a strength reduction to approximately 30% of Fy,q, and 45% of Fy,
cannot be achieved without losing structural stability.

It is well known that the displacement capacity of a structure is an inherent characteristic of the
structural system with a strong dependence on the structural material. The previous discussion
shows that general statements related to displacement capacities are not always the best way to
define the performance objectives. The displacements alone, as absolute or normalized values,
are not appropriate measures for performance level definition. In performance based seismic
design, multiple objectives must be checked and satisfied simultaneously.

The damage index analysis consisted of simultaneous checking the absolute roof displacement,
the inter-storey drift ratio and the corresponding damage intensity. In the next step, NLTHA
will be performed for the structural system represented by the pushover curve in Figure 5.5(b).
A sample of 10 earthquake records will be selected and scaled to achieve inter-storey drifts of
1%, 2%, 2.5%, 3.0% and 4% measured at the first storey level. For each of the 10 records,
the energy absorbed during the earthquake and the maximum displacement response of the
shear wall element at the first storey level will be extracted for the purpose of computing the

corresponding DI for each single earthquake. The key results are summarized in the Table 5.3 .

5.2.3 Energy input and energy dissipation

The current seismic design procedures use either inelastic strength principles (Force Based De-

sign) or inelastic displacement capacity principles (Displacement Based Design) in order to
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Fig. 5.5: Drift limits marked on the pushover curve of a 1-storey wall with a length of 3.6 [m] 5.5(a):
Drift limits marked on the pushover curve of a 3-storey wall with a length of 3.6 [m] 5.5(b)

achieve the desired structural bahaviour under seismic action. In both of these design concepts,
neither the duration of the earthquake nor the hysteretic behaviour of the structure are consid-
ered. An alternative energy based approach was proposed by G.W. Housner (1956) in [40]. The
proposal follows a simple physical rule, that the energy demand during an earthquake can be
predicted and the energy capacity provided by a structure or a structural element can be estab-
lished. The design outcome is satisfactory when the energy capacity is larger than the energy
demand (see [95]). Based on the work of G.W. Housner, some researchers (see for example [63],
[55], [72]) have investigated the influence that the fundamental period, the yield strength, the
damping and the ratio between the maximum hysteretic and input energy have on the response
of SDOF systems. Uang and Bertero (1990) in [95] investigated the differences that the absolute
and relative energy inputs have on the response of SDOF systems. A relevant discussion about
this issue can also be seen in [53] and [50]. It is recognized nowadays that the relative and abso-

lute energies differ only for very rigid and very flexible structures. In the flexible structures, the
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mass tends to preserve its original position while the ground moves. In this case, the absolute
energy approaches zero. For the rigid structures, the relative displacement of the mass is small,
so the relative energy amount is also small, while the absolute energy may build up. Uang and
Bertero extended their investigation from SDOF to MDOF systems (see [95]). The results show
that the absolute and relative input energies for constant displacement ductility are very close
in the period range of practical interest between 0.3 and 5[s]. Since only the displacements and
the accelerations relative to the ground cause forces in the structure, only the energy dissipated
by the work of the mass on the displacements relative to the ground will be taken into account
(see [9] and [53]) within this thesis.

SDOF system

The general equation of motion, given for example in [9], is re-written by Uang and Bertero in

[95] as follows:
/m~3’é-a’:-dt+/e-:’c-9‘c-dt+/f~3’c-dt——/m-aj‘g-ﬁc-dt (5.3)

where m is the mass, c is the damping coefficient, f is the restoring force, and x is the relative
displacement of the SDOF system. respectively. & is the velocity, & is the acceleration of the
mass relative to the ground and 2 is the ground acceleration.

For simplicity, Equation 5.3 can also be written as follows:

Ek + Eda + Est - Ein,r (54)

where Ej is the relative kinetic energy, Fy, is the damping energy and Fy is the sum of
the elastic and the hysteretic portion of the energy stored in the system. The last term, Ej, .,

denotes the relative input energy.

MDOF system

In this thesis, general MDOF systems are of primary interest. Figure 5.6 shows how the total
energy input is distributed over the structure. The general equation of motion, written for a

SDOF system, can be re-written for a MDOF systems as follows:

/m,xzxzdt+/clz1:,a:zdt+/fzxzdt:—/m,xgxzdt (55)

In the equation of motion 5.5, the first and the second term, f m; - T; - L; - dt and f ¢ a2 dt
represent the kinetic and damping energy, respectively. The third term [ f; - @; - d¢ represents

the elastic and hysteretic energy dissipated at each level.

The equation of motion expanded to MDOF systems can also be written in matrix form, as

follows:



5.2. SEISMIC DAMAGE ANALYSIS OF LFTWSs SHEATHED WITH OSB 121

Z(fmi'jéi-)'ci-dt+

fci-a‘c?-dt+fﬁ-xi-dt)=Eeq

Fig. 5.6: Energy input and energy distribution along the height of the structure
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(5.6)

The right-hand-side of Equation 5.6 denotes the relative energy input and can be written as:

Fin = [ [u] .{@}.{x;,}.{X}.dt:/gmi.@,.@.dt 6.7

Finally, the equation for the relative input energy can be written as the sum of the work
done by the equivalent static forces on the corresponding relative displacements at each level as

follows:

Einy = Zm Cdy i - (5.8)
=1

Equation 5.8 presents the entire work on the structure done by the equivalent static forces

(mj - Z4(t) ) on the corresponding storey displacements. The work done by the equivalent static

forces can also been written as the sum of the relative work done at each storey for all of the

stories. From Figure 5.6, it can be seen that all masses above the ground level experience a

displacement.
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i=1 =2 (59)

Rl

n
+... Z My - Ly Tp—1+ My - Ly L) —
i=n—1
In Equation 5.9, the term m - 2 - z; can be positive or negative depending on whether the
ground acceleration and storey displacements are in-phase or out-of-phase. The distribution
of the relative input energies along the height of the structure is schematically shown on the

displaced structure correlated to the first vibration mode, as presented in Figure 5.7.

X3

mg - Xg
Work done by {
equivalent static
forces on the first
storey displacement

mz'xg :

Fig. 5.7: Relative input energy dissipated at different floor levels, exemplarily shown for the first
vibration mode

Since work done by the equivalent static forces and thus the relative energy input at the first

storey is of the particular interest, it can be written as follows:

- A A?
Einr1 = X;mz- Hdy w1 S = Motar Ty w1 (5.10)
1=
where Ej;, ;1 is the amount of relative energy input introduced at the 1% storey level. By dividing
Einr1 by the mass, the normalized relative energy input can be estimated for each degree of
freedom as follows:
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2

B A
W:_/ggg.gjl.dt:fg.xl-; (5.11)

Mtotal

An example of the energy dissipated during nonlinear displacements of the shear wall in
the first floor is presented in Figure 5.8, whereby the cumulative energy amount have been

normalized by unit mass.
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Fig. 5.8: Energy dissipated by nonlinear displacements of the first level shear wall under two selected
earthquakes with low (EQ1) and high (EQ2) energy content, see also table 5.3

In order to estimate DI of a selected structure for different IDR, 10 earthquakes have been
selected and scaled to the seismic hazard level of 10% in 50Y for Soil Category C, and both
Zones 3a and 3b. A mass of 80[t] per storey has been applied to the structure. 1.05% and 2.27%
median inter-storey drift ratios at the first level and calculated average values of damage index
of DI = 0.28 and 0.65 have been obtained for Zones Z3a 3b, respectively. In order to investigate
whether there is some regularity in the relationship between the inter-storey drift ratios and the
damage indexes, the soil conditions A, B and C with corresponding earthquake suites as well
as number of storeys, masses and hazard levels have been varied until IDR's of 2.0, 2.5, 3.0 and
3.5% have been reached. The results with the corresponding DI are summarized in Table 5.3.

When comparing the IDR, and DI, given in Table 5.3, a certain regularity can be recognized.
The different earthquake intensities produce different IDR-s and thus different damage indexes,
so the IDR-s of 1, 2, 3, and 3.5% correspond approximately to DI of 0.3,0.6,0.9 and DI > 1,
respectively. Additional analyses, which have been performed for the same structure by varying
the mass, led to IDR of 2.5 %, providing a corresponding DI of 0.7.

According to Figure 5.5(a), which can be considered as representative for all single storey walls
studied in this thesis, it is obvious that the immediate occupancy and life safety limit states hold
for the associated IDRs of 1% and 2.5% and the corresponding DIs of 0.3 and 0.7, respectively.
Since the maximum structural strength is achieved at the 2.5% displacement level, it is reasonable

to assume that the damage expected at this stage is still in a moderate range. Beyond this
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Tab. 5.3: Damage index estimation for a three-storey structure. Constitutive wall element with a length
of 3.6 [m], with a displacement capacity of A, o = 119.3[mm], yield force F,, = 265[kN] and parameter
Bpr = 0.067 for an earthquake suite scaled in such way to produce an average IDR of 1%, 2%, 3% and
3.5% corresponding to the I0, LS and CP limit states

EQ IDR 1% IDR 2.0% IDR 3% IDR 3.5%
Avesp [dE DI Aysy [dE DI Ay [dE DI Ans [dE DI
No.  [mm] KNm| [ [mm] [(kNm] [] [mm) [Nm] []  [mm] [kNm] [
1 22.94 16.93 0.23 43.73 26.60 042 32.84 27.12 0.33 86.21 141.29 1.02
2 35.18 12.00 0.32 24.0 38.90 0.28 167.7 1457 1.78 21.95 4868 0.29
3 36.87 22.62 0.36 1837 5.23 0.17 196.7 1.3 78.0 26.11 0.71
4 20.35 3444 0.24 244 4.37 0.21 30.08 73.1 0.41 20.23 38.48 0.817
5) 25.60 6.41 0.23 26.38 17.52 0.26 199.77 149.2 2.0 27.23 20.06 0.27
6 6.88 3.08 0.06 42.58 15.53 0.39 131.5 160.1 1.44 38.06 18.27 0.36
7 21.60 14.93 0.21 236.85 70.73 2.1 28.83 23.1 0.29 309.43 noco. >2.6
8 40.49 24.66 0.39 73.45 23.01 0.66 34.2 484 0.39 24243 217.07 2.49
9 30.51 17.15 0.29 4270 775 0.52 27.82 1098 0.26 85.03 705.98 2.2
10 54.72 22.36  0.51 2592 57.42 0.34 7555 n.c. >0.63 7236 128.20 0.88
average 29.51 17.46 55.84 33.68 83.3 927 98.2 1494
Average Damage Index 0.28 0.54 0.88 1.16

displacement level, the damage becomes increasingly severe. Similarly, for an IDR approaching
3%, accompanied by a DI of approximately 0.9-1.0, the damage intensity approaches failure.
Finally, for an IDR of about 3.5% and a corresponding damage index of DI > 1.0, collapse of
the structure is to be expected.

Liang et al. (2011) [56], have proposed a relationship between damage index and observed
damage for wood-frame buildings. Their damage description associated with the damage index
is given in Table 5.4.

If the DI range proposed by Liang in [56] is applied to the structure under consideration,
the wall will experience minor damage at the first storey for a DI estimated within the range
of 0.25 < DI = 0.30 < 0.4, moderate damage for a DI estimated within the range of 0.4 <
DI = 0.60 < 0.7, severe damage in the range of 0.7 < DI = 0.9 < 1.0 and total collapse in
the range of DI > 1.0. This matches the DI ranges given in Table 5.4. Thus, the performance
expectations given by the ASCE provisions in Table 5.2 have been confirmed for the IO limit
state with an IDR of 1%. The LS limit state underestimates the admissible IDR as 2% instead
of 2.5%. The drift limit of 4% associated with the CP performance objective seems to be too
large and overestimates the displacement capacity of the structure. An IDR of 3.25%, providing
the damage index of approximately 1.0, seems to be a more appropriate drift limit for the CP
limit state. Note that the drift limits are not consistently defined across literature. For moment
resisting systems, they are conveniently expressed as percentage values normalized by the entire

height of the structure. For structures with a pronounced similarity to the shear beam behaviour,
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Tab. 5.4: Relationship between damage index and damage observed for wood-frame buildings after [56]

Degree of damage Damage description Damage Index range
Collapse Total or partial collapse of the building DI >1.0
Severe Partial or complete failure of 0.7<DI<1.0

any structural component,
severe cracks in walls,
separation of sheathing from studs,

building is hardly repairable

Moderate Extensive cracking in walls, 04 < DI <07
evidence of permanent deflection,

damage is repairable

Minor Main structural components 0.25 < DI <04
are essentially undamaged,

only minor repairs are required

None no visible damage DI < 0.25

such as LF'TWs, the drift ratio at the ground floor level governs the design. This is because the
maximum shear forces and shear displacements are concentrated in the first storey. Thus, in
order to control the drifts of LETWs, we primarily look at the displacements, IDRs and DlIs at
the first storey level.

Comment

If in the analysis the contribution of the energy dissipation at the specific point would be ne-
glected while estimating the damage index, the methodology would fall back to the performance-
based design. The remaining criterion would still be the IDR, which is a measurement for the
structural exploitation due to a specific earthquake. It is in the engineer’s hands to quantify the
damage extend as a performance objective associated with the specific IDR,using for example
equivalent ductility factors, (see [26]). Furthermore, the estimation of the DI can be entirely
suppressed. In this case, an appropriate IDR should be established as proper performance objec-
tive. Finally, neglection of the energy contribution in the estimation of the DI would not cause
essential modification in the results presented in the tabular format. Nevertheless, an important
indicator for the fulfillment of the set criteria would be omitted, which would have a negative

impact on the quality of the performed seismic analysis.

5.2.4 Damage limit states for LFTW based on damage index estimation

Considering the findings in the previous chapter, a proposal for performance limit states based
on damage index analysis can be made. Although EC8 defines only two performance limit states,
namely damage control and collapse prevention, the introduction of the life safety limit state

seems to be useful and widely accepted. In Table 5.7, a proposal for performance levels based on
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damage analysis is given. In the damage index analysis the inter-storey drift limit is provided
as additional information. The damage index, reflecting a combination of a deterministic (the
given mechanical model of the LFTW) and a probabilistic (varaibility in considered earthquake
motions) approach, is more extensive and more reliable for limit state definition. In this thesis, in
addition to the inter-storey drift limits, the damage index DI will be estimated for all structures

analyzed.

5.3 Seismic Fragility Analysis of LFTWs Sheathed with OSB

In order to compare the performance expectations obtained by the damage index analysis with
those estimated by the IDA analysis, the same three-storey structure consisting of a shear wall
with a length of 3.6 [m], will be considered. Direct comparison is not possible because the dam-
age index analysis and the IDA do not operate in the same space. The damage index is obtained
using earthquake records scaled to the prescribed hazard levels, which can be represented by ap-
propriate response spectra. The response spectra are defined by spectral accelerations, spectral
displacements or periods of vibration of a certain seismicity i.e., a certain hazard level. If the
fractile of the IDA curves is generated using spectral accelerations as the intensity measure and
roof drift or inter-storey drift as the damage measure, DI and IDA could be linked to each other.
To do so, the original roof-displacement - base-shear relationship of the structure is imported
into the SPO2FRAG software. The original format of the backbone curve is presented in Fig-
ure 5.5(b) before and Figure 5.10(a) after input into the software. The pushover curve follows
the original nonlinear form. The software uses a quadri-linear fit to the curve, which enables
better approximation of the overall structural behaviour. Considering the physical meaning
of the structural response to the lateral loading represented by the backbone curve, the limit
states have been directly introduced into the curve representing the roof drift. This divides the
response into characteristic ranges with specific limit states, as presented in Figure 5.9.

Figure 5.10(b) shows the dispersion of the IDA curves for the IM expressed as spectral ac-
celeration S,, given DMs of 1%, 1.7% and 2.13% roof drift ratios in accordance with Figure
5.9, for the structure analyzed in the previous section. As shown in Figures 5.10(b) and 5.11,
the suite of all earthquake records should be scaled to the intensity levels of S, = 0.195 - g;
Se = 0.35-¢g and S, = 0.39 - g in order to produce 1%, 1.79 % and 2.13% roof drift ratios
corresponding to the predefined performance levels 10, LS and CP, respectively. Based on the
quadri-linear approximation of the pushover curve and modal mass participation factor I', the
inelastic vibration period T™* is within IDA procedure estimated to be T* = 1.21[s]. For the IM
of Sy(r=1.215), all limit states have the same probability of exceedance of 50%. The IDA fractile
and fragility curves are the results characteristic of the structure under consideration. They
remain constant because they depend only on the structural characteristics such as its nonlinear
force-displacement relationship and its dynamic properties. Unlike the results of the IDA anal-
ysis, represented by the fractile curve, which remain constant, the damage index changes, i.e.,
increases with increasing seismicity. Thus, two representations can be combined, provided both

of them are presented in the same format with respect to spectral accelerations and spectral
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Fig. 5.9: Drift limits defined direct on the roof-displacement - base-shear backbone curve, see also
5.10(a)

displacements. To do so, the fractile IDA curve is superimposed on the response spectra. With
increasing seismicity, the response spectra glide along the unchanging curve representing the
IDA fractile. The IDA fractile, estimated for the roof drift ratio DM, according to Figure 5.9
and the response spectra with increasing intensity, produces increasing roof displacements of the
structure considered in this example. The results are presented in Figure 5.13(a), 5.13(b) and
5.13(c), where the IO limit state corresponds to the service level response spectra (RS) with
return period (RP) =72Y, the LS limit state with the design level RS with RP=475Y and CP
with the maximum credible earthquake RS with RP =2475Y, respectively.

Ideally, the point which represents a certain limit state on the IDA curve, should lie at the
intersection with the corresponding elastic response spectra. Thus, the elastic response spectra,
representing the design earthquake with a RP of 475Y with Probability of Exceedance (PoE) of
10% in 50Y should intersect the IDA fractile curve at the point which characterizes the LS limit
state and the maximum credible earthquake RS with a RP of 2475Y with PoE of 2% in 50Y
should intersect the IDA fractile curve at the point which characterizes the CP limit state, as
presented in Figures 5.13(b) and 5.13(c). The points representing the LS and CP limit states in
Figures 5.13(b) and 5.13(c), lie quite far beyond the intersection of the elastic spectra and the
IDA representation, indicating that the structure subjected to the chosen seismicity, i.e., hazard
level, will not exhibit the roof displacements of 1.0, 1.79 and 2.13 %, as stipulated in Figure 5.9
in accordance with the limit state definition in SPO2IDA. Additionally, it means that the drift
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limit points on the roof displacements - base shear curve do not reflect the drift magnitude at
the ground storey level, which governs the structural behaviour. Furthermore, the DI, which is
estimated for the IDR instead of the roof displacement ratio cannot be directly introduced in
the graphical presentation with the roof displacement curve. Thus, a better agreement between
the DI and IDA results has been achieved when spectral displacements based on the IDR as the
DM have been superimposed on the corresponding RS, where, for each chosen seismicity level,
the corresponding damage index has been estimated, as presented in Figures 5.14(a), 5.14(b)
and 5.14(c). In this representation, the displacements arising from the IDR are located on the

same IDA fractile curve and lie closer to the intersection with the elastic response spectra.
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Fig. 5.10: Quadri-linear fit of nonlinear base shear roof- displacement relationship of the three storey
shear wall with a length of 3.6[m] 5.10(a): Fractile IDA curves in format roof drift as DM vs intensity
measure (IM) represented by Sg(r—=1.215) - g 5.10(b)
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From Figures 5.14(a), 5.14(b) and 5.14(c), it can be seen follows that the structure subjected
to the three different hazard levels experiences damages of DI = 0.3, DI = 0.65 and D > 1,
with a good match between the IDA and the elastic response spectra. In the case of the CP
limit state, the IDA analysis governs the assessment of the seismic demand, providing an even
smaller IM than the elastic spectrum. By looking at the IDR value for which the DI > 1 has
been estimated, one will see that the I DR = 3.5, which increases the stipulated limits of 3.25%
and the corresponding DI = 1.16 > 1.0. At the same time, an overstepping of the maximum
ductility demand p = 3.2 > pu = 3.0 has been observed. Hence, the DI, which is D = 1.16 > 1.0,
i = 3.2 > 3.0 and the IDA result, where the DM is expressed through IDR = 3.5 > 3.25% have
overstepped the stipulated performance limit state almost simultaneously.
The IO limit states for both IDA related damage measures lie on the IDA representation close to
the elastic limit of the capacity curve. This implies that, for this range, the yielding displacement
has not yet been achieved. Thus, the structure will experience minor damages which is consistent
with the 10 performance objective.
Finally, it can be stated that both the damage index and IDA analysis methods, are consistent.
They provide similar results in terms of damage indexes for the corresponding limit states, as
shown in Table 5.7.
In the parameter study within this thesis, in addition to the maximum periods of vibration, the
maximum hold down forces and the ductility demand, the range of the DI will simultaneously
be checked.

5.4 Seismic Damage Analysis of LFTWs Sheathed with GFB

5.4.1 Introduction

As shown in Chapter 3, the behaviour of LETW sheathed with GFB is similar to that of LEFTW
sheathed with OSB plates. Nevertheless, there is a significant difference. The displacement
capacity of shear walls sheathed with OSB is approximately 2.5-3.0 times lager compared to the
displacement capacity of shear walls sheathed with GFB. Consequently, the damage to walls
sheathed with GFB caused by cyclic loading will occur at much lower displacement magni-
tudes. For DI estimation according to Equation 5.1, the corresponding parameter Sp; should
be estimated first.

5.4.2 Estimation of parameter (p; for shear walls sheathed with GFB

By rearranging Equation 5.1 to obtain a DI value =1, implying total collapse of the structure,
Equation 5.2 results. Parameters A,cqyrs0 and Agegpnp, needed for the estimation of the
parameter Spr, have been taken from Tables 3.14 to 3.18. Parameters [ dEjso and [ dEyp have
been calculated for each individual wall and have been recorded in Table 5.5. For illustration,
the calculated cumulative energy dissipated during the Mergos-Beyer cyclic loading of a wall
element sheathed on both sides with a length of 3.6[m] is presented in Figure 5.15. Parameters

Ay st and F, have been obtained from the static pushover curve, as presented in Figure 5.16.
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Tab. 5.5: Estimation of coefficient Sp; from the CASHEW hysteretic and static pushover analysis of
shear walls sheathed with GFB

GFB Lw Au,st Fy AT@SPISO A7“espMB f dEIS'O f dEMB BISO BMB /BDI

4 [ [mm] &N] [om]  [mm]  kNm]  [Nm] [ [ [
1 2.4 29.75 47.71 21.25 22.52 10.038 8.85 0.038 0.039 0.039
2 31.25 85.74 26.25 22.8 15.98 17.92 0.027 0.04 0.033
1 3.0 31.06 60.75 21.5 22.23 11.79 10.92 0.049 0.049 0.049
2 39.52 119.2 28.71 28.65 16.83 11.55 0.077 0.112 0.095
1 3.6 333 70.1 20.65 21.5 17.8 12.48 0.05 0.066 0.058
2 38.31 140.5 22.2 26.67 25.96 18.63 0.087 0.0878 0.087
1 4.2 31.2 87.92 21.65 22.86 15.92 13.94 0.053 0.053 0.053
2 29.3 167.9 24.13 24.93 37.32 28.53 0.023 0.026 0.024
1 4.8 39.88 95.62 21.25 24.08 20.53 15.16 0.087 0.099 0.093
2 37.53 179.1 27.41 26.62 34.9 26.58 0.052 0.074 0.063

Due to the low value of the § parameters estimated for the shear walls sheathed with GFB
the stiffness and strength deterioration under cyclic loading in the range beyond the maximum
displacement contributes less to the energy dissipation and thus, to the entire DI ratio. The
energy dissipated through the hysteretic process into the shear walls sheathed with GFB is even
less than that dissipated by the shear walls sheathed with OSB panels.

20 T
\/&“
/m

18 /.\ / X: 1632 |
\ © Y1863
"' \_-

16 - (“/\\ / E

Cumulative Energy [kNm]
\

2 /
/‘\'/\‘ ata
/x/‘/\/\

ye
AN | I ! I | | | I

0 200 400 600 800 1000 1200 1400 1600 1800
Step

Fig. 5.15: Cumulative energy dissipated by cyclic loading of a shear wall with a length of L,, = 3.6[m)],
sheathed on both sides with GFB.
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Fig. 5.16: Force-displacement curve of one storey shear wall with a length of L,, = 3.6[m] sheathed with
GFB on both sides. Wall parameters according to table 3.10

5.4.3 Experimental damage estimation of shear walls sheathed with GFB

The LFTWs sheathed with GFB have been tested at the Structural Research Laboratory of
Empa under monotonic and cyclic loading as described in Chapter 3 and presented in Figures
3.41(a) and 3.41(b). The wall displacements have been captured by using a digital image corre-
lation (DIC) system. The DIC enables visualization of the deformation and strain changes on
the panel surface in all displacement stages, providing precise data for what exactly happens
during the testing. The pictures were taken with only one camera. Thus, only 2D correlation
has been feasible. Consequently, out of plane displacements could be measured. Moreover, dur-
ing the monotonic tests, the pictures were taken manually at approximately each 1.0[mm] step.
The pictures during the cyclic testing were taken automatically at a rate of approximately 1
picture per second. Thus the monotonic tests are captured by 30 images, while the cyclic tests

are captured by 260 images.
The results are presented in Figures 5.17 to 5.25, where Figures 5.17 to 5.20 show the

monotonic test results, and Figures 5.22 to 5.25 present the cyclic test results. From Figures
5.18 and 5.20, it can be seen that during the monotonic loading up to approximately IDR = 0.5,
no cracking occurred. Any micro cracks that might have occurred in this stage were not detected
by DIC. Cracking started at displacements of approximately 15[mm] and continued propagating
up to an IDR = 0.75. This is within the corresponding displacement range of approximately
20[mm] with a cracking length of approximately 600[mm] (Test 1) or a sudden diagonal crack
appearance in the edge of the panel (Test 2). At displacement of approximately 25[mm] and a
corresponding IDR = 0.9, cracking took place along almost half of the panel height (Test 1). In

Test 2, at displacement magnitude of 25[mm], a crack propagated at the right panel corner on
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the bottom edge. The degradation process characterized by propagation of cracking along the
fastener line on the panel edge was finished for displacements of approximately 30[mm], which
corresponds to an IDR of 1.1%. In terms of damage index analysis, an IDR of 0.5 is characterized
by no visible cracking and can be associated with full serviceability and immediate occupancy
limit state. 0.5 < IDR < 0.75 corresponds to moderate damage and can be associated with
life safety limit state. For inter-storey drift ratios between 0.75 < IDR < 1.0, severe damages,
characterized by the collapse prevention limit state, have been observed. Displacements in the

range of IDR > 1.0 indicate that the structure is close to the collapse stage.
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Fig. 5.17

Drift Ratios (IDR) and corresponding damage pattern and damage intensity.
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Fig. 5.18: Force-displacement relationship of the shear wall, sheathed on both sides with GFB, under
monotonic loading with introduced IDR according to the figure 5.17 and corresponding damage pattern

and damage intensity
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Fig. 5.19: Shear wall sheathed on one side with GFB under monotonic loading in terms of Inter-Storey

Drift Ratios (IDR) and corresponding damage pattern and damage propagation.
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Fig. 5.20: Force-displacement relationship of the shear wall, sheathed on one side with GFB, under
monotonic loading with introduced IDR according to Figure 5.19
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Remarks:

Although the sheathing panels had been designed to have enough space around them to enable
free rotation while testing, they were produced with only a few [mm] space on the bottom
side. Since the GFB was trimmed around the HD devices, this insufficiency was not apparent
before testing. By closely looking at the displacement profile presented in Figure 5.21, the
sheathing panels can be seen to develop different displacements. The left side is unrestrained
free and developed vertical displacement of approximately 4.7[mm]. The right side is restrained,
performing and displaces only 1.1[mm] vertically. This can explain the brittle failure observed at
low displacements. Additionally, the stiffness of the wall seems to be affected by this production
error. The consequence are: a) the structure is stiffer and b) the displacement quantity is
probably smaller than it would be in the case of unrestrained rotations. On the other hand, the
numerical model is not affected by this uncertainty. The real displacement capacity is larger.
The decision to restrain the IDR to 0.8% is conservative. Due to the fact that the GFB is a
rather brittle material, the limiting IDR and DI seem to be acceptable. Note that the numerical

model is not calibrated using the experimental results.

:Punkt 2
dx

-29.130 mms

Fig. 5.21: Displacement of the panel has been unintentionally restraint, leading to brittle cracking at
low displacement levels
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Fig. 5.23: Hysteresis of the shear wall, sheathed on both sides with GFB, under cyclic loading with
introduced IDR according to the figure 5.22 and corresponding damage pattern and damage intensity
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Fig. 5.25: Hysteresis of the shear wall, sheathed withon one side with GFB, under cyclic loading with
introduced IDR according to the Figure 5.24 and corresponding damage pattern and damage intensity

Figures 5.22 to 5.25 show the damage pattern under cyclic loading. Despite the brittle failure
of the single staple-GFB connection, the walls tested under cyclic loading developed a typical
pinched hysteresis, and have been stable while experiencing displacements of approximately
IDR=1%. The value of IDR =1% is five times the serviceability requirement of IDR = 0.2% =
hst/500 according to Swiss code SIA260 [75]. The displacement ranges for monotonic loading
expressed as inter-storey drift ratios, could also be applied for the cyclic loading, as stipulated
in Table 5.8.

The drift limits and the performance expectations stated above are based on experimental

testing. For general use, numerical models, which are able to reproduce similar drift ranges



144 CHAPTER 5. LIMIT STATE DEFINITION

with corresponding damage indices are necessary. In Chapter 3, a mechanical model has been
established for the LFTW sheathed with GFB. The same mechanical model will be used for

numerically based damage analysis.

5.4.4 Numerical damage estimation of shear walls sheathed with GFB

As stated in the previous chapter, the displacement capacity of LFTWs sheathed with GFB is
limited. Nevertheless, the wall can develop hysteretic behaviour, providing a controlled failure
mechanism under cyclic loading occurs. In the following section, the numerically based correla-
tion between the damage index for the stipulated IDR will be investigated. To do so a structure
consisting of a wall with length of 3.6 m and mechanical characteristics in accordance with Table
3.16 will be analyzed under seismic intensities causing IDRs of 0.45%, 0.65%, 0.85% and 1.1 %.
From the results, summarized in Table 5.6, it can be concluded that the numerical model pro-
vides a very good agreement between the numerically estimated DI with the corresponding IDR

and the real damage observed during the testing.

Tab. 5.6: Damage Index Estimation for a three-storey structure. Constitutive wall element of length 3.6
[m] with displacement capacity A, s; = 38.8[mm)], yield force F,, = 140.5[kN] and parameter Sp; = 0.087
for an earthquake sute scaled in such way to produce average IDR of 0.45%, 0.65%, 0.85% and 1.1%
corresponding to the 10, LS and CP limit states

EQ IDR 0.45% IDR 0.65% IDR 0.85% IDR 1.1%
Avesy JdE DI A,y [dE DI Apgy [dE DI A, [dE DI
No. mm] [kNm] [-] [mm] [kNm] [] [mm] [kNm] [] [mm] [kNm] []
1 18.36 19.11 0.77 22.07 3.56 0.62 9.87 3.53 031 1848 6.67 0.58
2 15.85 812 0.54 631 1.22 018 36.66 1659 1.20 21.74 191  0.87
3 10.76 149 030 13.2 545 043 2444 1057 0.80 1543 1516 0.64
4 1241 49 040 12.61 322 038 2236 1512 0.82 1951 6.06 0.60
5 11.27 475 037 2742 835 0.84 13.87 996 052 26201 6.05 0.7
6 11.29 575 0.38 33.17 37.87 1.46 4391 28.18 158 41.05 948 1.21
7 12.72 496 041 12.98 594 043 1846 1347 0.69 93.83 27.14 >2.85
8 9.95 271 030 14.82 6.651 049 20.03 23.37 0.89 26.82 21.68 1.04
9 15.0 6.85 050 27.78 40.25 1.36 18.98 10.09 0.65 19.56 8.82  0.64
10 1032 3.24 032 1315 7.92 046 25.66 2046 099 18.56 1148 0.66
average 12.79  6.19 18.35 12.04 23.42 15.13 30.12  13.17

Average Damage Index 0.43 0.67 0.85 0.99
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Fig. 5.26: Performance levels with corresponding Inter-storey Drift Ratio (IDR) and Damage Index
(DI) range, presented on pushover curve of single storey LFTW element sheathed with GFB

5.5 Seismic Fragility Analysis of LFTWs Sheathed with GFB

5.5.1 Introduction

The information in the previous chapter for the IDA analysis of LFTWs sheathed with OSB
analogously applies to the LFTWs sheathed with GFB. In this section, the consistency between
the results obtained by the DI and IDA analyses will be checked by superimposing the IDA
fractile curve on the corresponding response spectra. The same three storey structure, consisting
of a 3.6 [m] long LFTW element sheathed with GFB, used for the DI analysis, will be also
examined using IDA analysis. The static pushover curves, which represent responses of one

storey and three storey structures are presented in Figures 5.16 and 5.27, respectively.

Figure 5.28(b) shows the dispersion of the IDA curves for the IM expressed as a spectral
acceleration Sy, given DMs of 0.3%, 0.6% and 0.74% roof drift ratios in accordance also with
Figure 5.27. As shown in Figures 5.28(b) and 5.29, the suite of all earthquake records should be
scaled to the intensity levels of S, = 0.05-¢; S, = 0.106-g and S, = 0.125- ¢ in order to produce
0.3%, 0.6 % and 0.74% roof drift ratios of the system with inelastic natural vibration period
T* = 1.32[s] corresponding to predefined performance levels of IO, LS and CP, respectively. Note
that the inelastic period of vibration is estimation based on the quadri-linear approximation of
the pushover curve within IDA procedure and differ slightly from the period estimated on the
bases of EEEP approach. For the IM of S;(7—1.325), all limit states have the same probability of
exceedance of 50%. As previously discussed the IDA fractile and fragility curves are the charac-

teristic results for the structure under consideration. They remain constant since they depend
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Fig. 5.27: Drift limits defined on the roof-displacement - base-shear backbone curve, see also 5.28(a)

only on the structural characteristic including the nonlinear force-displacement relationship and
the dynamic properties including the structural mass and stiffness i.e., the period of vibration.

Again, the objective is to put both the DI and IDA representations together in order to
verify their consistency related to how they define the performance expectations for the LFTW
sheathed with GFB. For this purpose, the IDA fractile curve will be superimposed on the
response spectra representing different hazard levels. The response spectrum with a return
period of 72Y and a PoE of 50% in 50Y should intersect the IDA fractile curve at the point
which represents the 10 limit state. The response spectra with a return period of 475Y and PoE
10% in 50Y should intersect the IDA fractile curve at the point representing the LS limit state.
The response spectra with a return period of 2475Y and a PoE of 2% in 50V, should intersect
the IDA fractile curve at the point represents CP limit state.
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Figures 5.30(a) and 5.30(b) show the intersection between the corresponding RS and IDA
fractile curve based on the roof drift ratio, where the corresponding DIs estimated by means of
NLTHA have the values of 0.45 and 0.65, respectively. The mass applied to the model was 80 [t]
on each storey. Figure 5.30(c) shows the intersection between the RS representing a MCE with
a RP of 2475Y and the IDA fractile curve, for a mass of 59.7 [t] applied to each storey. The DI
estimated for the system is 0.91.

The LFTWs sheathed with GFB can not satisfy the ductility demand of approximately
w1 > 1.85. In order to satisfy this condition at the MCE hazard level, the storey-mass had to be
reduced to 59.7 [t] for the given system, resulting in a DI = 0.91 corresponding to the CP limit
state, (see also Figure 5.30(c)).

Furthermore, Figures 5.31(a), 5.31(b) and 5.31(c), shows the IDA fractile curves with the
IDR as the DM, confirming the agreement with the DI estimated for the same IDR.

From Figures 5.30(a), 5.30(b) and 5.30(c), as well as from Figures 5.31(a), 5.31(b) and
5.31(c), it can be alleged that the DI and IDA analysis results are consistent and conform to

with the performance expectation ranges given in Table 5.8.
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5.6 Proposal for Limit State Definition of LFTW

5.6.1 General remarks

Performance based engineering (PBE) is a relatively new approach among seismic design philoso-
phies. It posed a remarkable shift from traditional deterministic seismic design concepts, such
as force and displacement based seismic design towards probability based methods, which will
dominate the future earthquake design in Europe. PBE deals with real nonlinear responses
far beyond the yield point and hysteretic energy dissipated during an earthquake event. It ac-
counts for variability in mechanical response as well as in the earthquake record uncertainty.
The method aims to quantify the desired performance objective by mapping the design with
expected damage to the structure for a given seismic demand. In order to perform a design
based on the PBE method, performing a NLTHA is indispensable.

The Eurocode 8: Design of structures for earthquake resistance - Part 1 [1] defines two
performance requirements which should be met with adequate degree of reliability: the damage
limitation and the no-collapse requirement. Unfortunately, the limit states are not defined
clearly. Moreover, the corresponding hazard levels are partly inconsistent. Regarding timber
structures of any kind, there is indication in EC8 as to what performance objectives should be
met by means of adequate structural design. Therefore, in this thesis first the limit states of
LFTW structures were defined. Additionally, it was recognized that the collapse prevention
limit state, required by ECS, is associated with large displacements and damage indexes close
to 1, which is inappropriate for design purposes. More appropriate performance limits, capable
of covering design requirements have to be introduced. In accordance with the widely-accepted
nomenclature, the additional limit state, used in the previous section, is the Life Safety limit
state. It is related to design earthquake spectra having a PoE of 10% in 50Y and a corresponding
RP of 475Y.

5.6.2 Literature review related to damage description based on damage ob-

servations

The damage analysis approach evaluates the damage index as a value which is a linear combina-
tion of maximum deformation and absorbed hysteretic energy. The concept has been originally
developed for reinforced concrete structures, as presented in [80]. The methodology is material
independent and will be used for damage index evaluation for light frame timber structures.
Park and Ang (1985) have summarized in [80] the damages observed during the 1971 San Fer-
nando earthquake in the USA and the 1978 Miyagiken-Oki earthquake in Japan. The damage
observed on RC structures has been divided into 5 classes: slight, minor, moderate, severe and
collapse. Each class has a corresponding description and Damage Index, ranging from DI = 0.25
for minor, DI = 0.25 - 0.70 for moderate to DI = 0.8 - 1.0 for severe damage. Damages in minor
and moderate ranges are considered as reparable.

Okada and Takai (2004) [76] tried to describe the damage rate for wood frame dwellings and RC
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buildings, concerning building damage in the Kobe area after the Hanschin-Awaji earthquake
in 1995 by developing a damage index function. They specified the damage indices for wooden
frame dwellings in the range of DI = 0.1, 0.3, 0.5, 0.7 to 0.9 for slight, moderate, heavy, very
heavy and destructive damages, respectively. In [25] (2004) Ellingwood et all. have investigated
the fragility of light frame wood construction subjected to wind and earthquake. Within the
fragility assessment of LF'TW due to earthquake excitation, the limit states and performance
objectives have been used in accordance with nomenclature used in the USA, i.e. 10, LS and
CP. The damage and damage prediction for wood shear walls subjected to simulated earth-
quake loads have been investigated by J.W. van de Lindt and Guapta (2006) and presented in
[98]. The mechanical damage model is based on the Park-Ang proposal, focusing primary on
the local damage phenomena, such as nail pull out and sheathing separation. Additionally, the
damage descriptions based on an IDA analysis have been given. In the previously mentioned
work of Liang at all (2011) [56], damage limit state critera, based on observed local damage
mechanisms for LFTWs sheathed with OSB and GFB have been established in accordance with
the Park-Ang proposal, presented in [80].

5.6.3 Limit state evaluation

The limit state identification is to be made based on the observed damage pattern and damage
intensity. The decision about which degree of damage is acceptable, and thus, which perfor-
mance objective should be required, is in general up to the society. According to the experiences
after the last strong earthquakes, for example in Christchurch 2011 and 2017, the investors are
nowadays not only interested in preventing collapse of the structure, but also in minimizing
damage as well as down time of the building and hence mitigation of financial losses. Thus,
the desired performance objective, which should be met through proper design of the structure,
can be for all intents and purposes a protection objective arranged with investors, insurances
or other parties involved in the decision making process. From the engineering point of view,
the description of damage intensities which could be related to the different protection grades,
which is also an insurance matter, should be established. Thus, the people, the institutions
and the entire society are encouraged to choose between different performance objectives, ade-
quately related to increasing damage grades. The performance evaluation should be established

by technicians.

Collapse prevention limit state

In order to illustrate how the specific performance levels are evaluated the displacements at the
collapse prevention limit state are presented in Figure 5.32 directly on an pushover curve of
a SDOF system. The collapse prevention limit state was chosen to represent setting of drift
limits since, at this specific stage, the displacement limits are given by the nominal strength of

the structure at poinz which corresponds to 80% of Fj,.., The damage index of DI = 1.0 was
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estimated by means of NLTHA for corresponding IDR of 3.25%. A few observations can be

made:

e The nominal strength due to the monotonic loading is defined as the bearing capacity
at the displacement corresponding to a force of 0.8 - F,4z, (see [78]). At this stage, the
corresponding IDR is approximately 4.3%.

e The structure exposed to a random earthquake excitation reaches the collapse stage for a
damage index of 1.0 and a corresponding IDR of approximately 3.25%. The difference be-
tween the drift limits due to the monotonic loading and the random earthquake excitation

is approximately 25%.

e The damage index can be divided into two contributing parts. Both parts together yield
the damage index of 1.0 and thus to collapse. The contribution of normalized displacements
is in the range of up to approximately 75% and the contribution of normalized hysteretic

energy is in the range of up to approximately 25%.

e Regarding DI analysis the drift limit for DI = 1.0 is set to the corresponding IDR of 3.25%
for the CP limit state

The same derivation can be made for LETWs sheathed with GFB, (see Figures 5.18, 5.19,
5.23 and 5.25).
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Fig. 5.32: Drifts at the CP limit state for damage index DI = 1.0 consisting of displacement part,
absorbed hysteretic energy part in comparison with nominal IDR at collapse
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Life safety limit state

The LS limit state is the most relevant one for design. In contrast to the CP limit state, there
are no specific limits which could be extracted from the mechanical model of the structure to
represent the ranges of the LS limit state. Thus, the definition is entirely a matter of engineer’s
judgment. The drift limit should be set while accounting for DI estimated by means of the
NLTHA. Thus, the LS limit should be in a range significantly smaller than 1.0. In order to nar-
row down the reasonable range for the LS limit state, one should focus on the extent of damage
for a specific level of drift. From observations based on tests and the damage description given
in the literature listed above, the repairable damages occurs up to the damage grades of DI
= 0.7, (see [80] and [56]). The damage intensity is referred to as minor to moderate, covering
damage indices between 0.25 < DI < 0.7. The drift limit in terms of LF'TWs sheathed with
OSB, which can be associated with the LS limit state, is roughly between 1% < IDR < 2.5%.
The corresponding damage index is between 0.25 < DI < 0.7, as proposed in literature [56]. An
important, additional argument to keep the upper value of the DI in the moderate range of 0.7
for the LS limit state is the requirement that the structure should be able to sustain aftershocks,
which regularly accompany the main earthquake events. In order to fulfill the sustainability re-
quirement regarding aftershocks, the structure has to possess enough residual bearing capacity,
following the first shock of the main earthquake.

Regarding damage development in terms of LFTWs sheathed with GFB, the IDR associated
with reparable damage is in the range between 0.5% < IDR < 0.8%, and the corresponding
damage index is between 0.5 < DI < 0.8. The observations made through testing of LFTW
sheathed with GFB associate an IDR up to 0.8% with reparable damage. This can be seen from
Point A and Point 1 in Figure 5.23, and in Figures 5.22, 5.19 and 5.18.

The drift limits associated with LS limit state are presented with vertical red lines in Figure
5.33 for both OSB and GFB sheathing material.
An overview related to the general displacement capability of different construction materials is
given in Figure 5.34. The displacement capability of LFTWs sheathed with GFB is twice that
of unreinforced masonry [85]. Masonry is a material which is very often used in Europe for low
rise buildings up to approximately four storeys. On the other hand the LF'TWs sheathed with

OSB have similar displacement capacities as ductile RC walls.
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Fig. 5.33: Drifts at the LS limit state for damage index 0.25 < DI < 0.7 for LFTW sheathed with OSB
and 0.5 < DI < 0.8 for LFTW sheathed with GFB, respectively

Comment

The acceptable range of the IDR have been proposed for different hazard levels separately for
LFTWs sheathed with OSB and GFB. Since the IDR for LEFTWs sheathed with GFB does not
exceed the value of 0.8% for the life safety limit state, which corresponds to a displacement of
approximately 24.0[mm| for the standard storey height of 3.0[m]. LFTWs sheathed with OSB
can perform displacements of up to IDR = 2.0 — 2.5% for the same hazard level. Here, the
displacement amounts between 60 to 75[mm]. It is obvious that the non-structural elements
must be capable of performing this deformation without failure. It means that partition walls,
ventilation cables, installation pipes and building equipment should be designed and constructed
in such a way to be able to sustain the displacements imposed by a design earthquake. Particular

attention must be paid to the fastening of the facade construction to the load-bearing structure.
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Fig. 5.34: The upper drift limits at LS limit state for materials: unreinforced masonry, LEFTW sheathed
with GFB, LETW shethed with OSB and ductile RC walls, with corresponding damage index of 0.25 <
DI <0.7.

Immediate occupancy limit state

The immediate occupancy limit state is linked with serviceability of the structure. This means
that frequent earthquakes cause negligible damage. Thus, only slight damages occurs at this
performance level related to an IDR < 1.0% and IDR < 0.5% for LFTWs sheathed with OSB
and GFB, respectively. The corresponding DI are DI < 0.4 and DI < 0.5 for LFTWs sheathed
with OSB and GFB, respectively.

The proposal for nomenclature in terms of PBE with respect to the design level and seismic
hazard definition as well as for inter-storey drift limits and damage indexes are summarized in
Tables 5.7 and 5.8 for LF'TWs sheathed with OSB and GFB, respectively.
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Tab. 5.7: Performance expectations and drift limits for LFTW sheathed with OSB

Design EC8 Seismic ~ Return Performance expectations
level nomenclature hazard Period Inter-storey Non-exceedance Damage
PoE Drift Limit Probabaility Index
10 Damage 50% in 50Y  T2Y 1% 50%
control

The structure is slightly damaged. The structural
Description elements preserve their strength and stiffness. <0.4

Damages are reparable in an economic way.

LS Life 10% in 50 475Y (1.0 — 2.5)% 50%
safety

The structure is moderately to significantly damaged.
Description Moderate permanent drifts are present. 04 < DI <0.7

Damages are likely to be reparable.

CP Collapse 2% in 50Y  2475Y (2.5 — 3.25)% 50%

prevention

The structure is heavily damaged.
Description Large permanent drifts are present. 0.7<DI<1.0
Damages are likely irreparable.
The structure could probably not survive another

earthquake, even of a moderate intensity.

10 - Immediate Occupancy
LF - Life Safety
CP - Collapse Prevention
PoE - Probability of Exceedance
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Tab. 5.8: Performance Expectations Proposal for Light Frame Shear Timber Walls Sheathed with GFB

Design EC8 Seismic Return Performance Expectations
level nomenclature hazard Period Inter-storey Non-exceedance Damage
PoE Drift Limit Probabaility Index
I0 Damage 50% in 50Y T2V < 0.5% 50%
control

The structure is lightly damaged. The structural
Description elements preserve their strength and stiffness. <0.5

The damages are reparable in an economic way.

LS Life 10% in 50Y 475 (0.5 —0.8)% 50%
safety

The structure is moderate to significantly damaged.

Description Moderate permanent drifts are present. 0.5< DI <0.8

The damages are likely to be reparable.

CP Collapse 2% in 50Y 2475V (0.8 — 1.1)% 50%

prevention

The structure is heavily damaged.

Description Large permanent drifts are present. 0.8<DI<1.0

The damages are likely not to be reparable.
The structure could probably not survive an another

earthquake, even of moderate intensity.

IO - Immediate Occupancy
LF - Life Safety
CP - Collapse Prevention
PoE - Probability of Exceedance

5.7 Conclusions

The damage index as the performance indicator for LFTWs has been introduced for different
limit states. The DI is separately derived for LE'TWs sheathed with OSB and GFB. The DIs
for LEF'TWs sheathed with GFB have been compared to the damage rates observed during the
testing at the Empa laboratory. It has been shown that the analytically estimated DI and the
DI resulting from physical testing correlate very well for both LETWs sheathed with GFB and

OSB. Finally, the performance objectives in accordance with the limit states considered have
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been established. Additionally, the IDA methodology has been introduced. It has been shown
that the intensity measure, given the damage measure, can be used as a consistent control

procedure to validate the results obtained using NLTHA.
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Chapter 6

Fundamentals of the Parameter
Study

In this chapter, the main assumptions on which the whole parameter study is based, are discussed
using a prototype building. The limitations of the key parameters considered are assessed. The
decision not to consider gravity loads in the seismic analysis is justified. The limiting vibration
period is set to give the minimum required stiffness in order to satisfy serviceability requirements
arising from wind loads. The influence of HD and inter-storey connection devices on the overall
behaviour of LFTWs subjected to the seismic loading is examined. The geometry of LFTWs
as well as the detailing of HD and inter-storey connection devices is presented. The mass
corresponding to the typical ceiling configuration is estimated, giving a practically relevant
range of the mass estimated by the parameter study. Finally, the algorithms for deriving results

within the parameter study are assessed and the validation procedure using IDA is presented.

6.1 Introduction

The objective of this thesis is to estimate the range of applicability of LFTWs in regions of low
to moderate seismicity. In order to perform this feasibility estimation, an advanced mechanical
model, which takes into account the nonlinear force-displacement relationship, the stiffness and
the strength degradation as well as the pinching effects under reversed cyclic loading, has been
developed for the most commonly used wall configurations in Switzerland (presented in Chapter
3). The chosen wall configurations have been adopted in accordance with the current Swiss
practice, which is similar to the practice in many other European countries. The feasibility
estimation has been based on a parameter study, which focuses on estimation of the maximum
range of applicability of the LFTW structure by satisfying all the limiting requirements given
by the performance-based engineering (PBE) approach, described in Chapter 5. Analysis has
been conducted as NLTHA.

In a conventional design process, the seismic demand is estimated first. In the next step, the
structure is designed to meet the design requirements. In this thesis, the problem has been

approached from the other direction. The structure, with all its corresponding mechanical char-
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acteristics, has been regarded as given. The range of applicability of the given structure has been
the topic of investigation. The advanced mechanical model used for the analysis was activated
and exploited all the hidden load-bearing resources in the structure.

Among the vast amount of parameters, which could be varied with respect to both the structural
configuration of the shear wall element and the seismic demand, an attempt has been made to
determine which parameters should be kept constant throughout all the analysis in order to make
the analysis feasible and representative. The motivation in performing the parameter study has
been to show how efficient the LFTW is as a lateral load resisting system. The outcome of the
estimation of the applicability range of LEFTWs should encourage practitioners to use timber

structures beyond the currently used range.

6.2 Prototype building

In order to justify the decisions relating to the limiting parameter quantities used in this thesis,
a b-storey prototype building is considered. The building is of the same type as the building
introduced in Chapter 1 and analyzed in Chapter 9 (see also [6]), with some modifications
introduced in order to discuss the parameter choices. The structure is symmetric. The walls
are 4.2 m long and arranged so that walls W1 are carrying the gravity loads and simultaneously
acting as part of the lateral load resisting system. The walls W2 are also part of the lateral
load resisting system, but they do not carry any vertical loads. The geometry of the prototype
building is presented in Figure 6.1. The slab is a hybrid type structure often used in Switzerland,

consisting of a timber pile and a concrete layer.
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Fig. 6.1: LFTW with a length of 4200 [mm)]

The tributary area for the estimation of the gravity loads is: (4.2 4+ 5.9) - 3 = 30.3[m?].
According to [6], the dead load of the slab is 5.83 [kN/m?], the live load is 2.0 [kN/m?], and
the internal walls have been taken into account with 0.5 [kN/m?] distributed over the entire flat

surface. The bearing walls have a weight of 1.05 [kN/m?].

Nutorey = (9 + guwo) - (4.2 +5.9) -3 = (5.83+ 0.5) - 30.3 = 191.80[kN

[kN]
(-p)- (42+5.9)-3=10.3-2.0-30.3 = 18.18[kN] 61)
Gl by =1.05-4.2-2.9 = 12.8[kN] ‘
= 223[kN]
Nroo :Ns orey — |Jw 30305+ w422905
! torey — [guwo g ] 62)

= 210[kN]
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The force on the top of the building, due to the missing walls in the last storey, is estimated
to be 210[kN]:

6.2.1 Behaviour of the wall subjected to the gravity loads

In the Figure 6.1, the structure presented has a storey mass of 150[t], which is the quantity
also estimated in [6]. Since the structure is symmetrical, the storey mass which is sustained
by one single wall is 75[t/storey]. The earthquake force, which is equal to the bearing capacity
of the wall W1, has been distributed over the structure according to the first vibration mode,

producing shear forces in each storey as presented in Figure 6.2.
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Fig. 6.2: Earthquake force distribution along the height of the structure

The pushover curve of a single-storey shear wall used in the five-storey building, is presented

in Figure 6.3.
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By introducing the displacements in each storey caused by the corresponding earthquake

forces and the vertical loads acting on the corresponding levels, the structure experiences ad-

ditional bending due to the eccentricity imposed by the lateral loads. The additional bending

moments are given in Figure 6.4.
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Fig. 6.4: Additional bending moments due to the eccentricity of the gravity loads

The bearing capacity of the 4.2 [m] LFTW sheathed with OSB panels is 308.3 [kN], as

presented in Figure 6.5.
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Finally, considering the normal forces in the wall, the total bending moments and resulting

forces in the hold-down devices are presented in Figure 6.6.
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Fig. 6.6: Total bending moments in the wall W1 and resulting forces in HD-devices

For comparison, the HD forces for Wall W2, which does not carry any gravity loads but
has to sustain the same lateral loads are: 3278.1/4.2 = 780[kN]. The tension forces estimated
for Wall W1 are 251 = approximately 32% of 780[kN]. (Note that the HD forces estimated by
means of NLTHA are on the order of magnitude of 657.5[kN] or ~ 84.3% of 780.0[kN] for a
max base shear force of 280.2[kN] or ~ 90% of 308.3[kN]. The roof displacement according to
the NLTHA is 116.5[mm] or ~ 104% of 111.6[mm)], estimated in Figure 6.4).
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6.2.2 Impact of the vertical load to the hysteretic response of LFTW to the
lateral monotonic and cyclic loading

In the previous section, it has been outlined that the gravity load stabilizes the LFTWs if
subjected to the lateral loading. Hence, for the seismic analysis of the LFTW in a building
assembly the contribution of the gravity load should be neglected. Since the mechanical model
of LFTWs presented in section 3.3 and 3.5 have been derived without impact of the gravity
load, the question arose whether the same mechanical model of the shear spring can also be
used to model a LFTW subjected to the vertical load. If this is the case, the mechanical model
of the LFTWs evaluated in Chapter 3 can be used for both LFTWs carrying and LFTWs not
carrying vertical gravity loads. In order to compare the hysteresis of the LFTWs, three vertical
load levels have been applied to the LETW with the length of 3.6[m], namely: ¢ = 5.0, 50.0 and
100.0 [k N/m], respectively. The analyses have been performed in MCASHEW. The wall element
is sheathed on one side with an OSB panel with ¢ = 15[mm]. Nails are used as fasteners, with
d = 2.87[mm] spaced in 30[mm]. Figures 6.7(a), 6.7(b), 6.8(a), 6.8(b), 6.9(a) and 6.9(b) each
show the monotonic response of the structure with the maximum displacement and maximum
force being highlighted, as well as the hysteretic response of the wall with the corresponding
hysteretic parameters generated within the MCASHEW program.

As one can see, the parameters which define the response of the LFTW to the monotonic and
cyclic loading are within the same range, only differing by some percent. It seems to be plausible,
since the vertical loads are carried by the frame columns, without affecting the sheathing panels
and fasteners, which are responsible for transfering the horizontal loads to the basement. It has
been shown that the same mechanical model of LFTWs under lateral earthquake loading can

be used for LF'TWs subjected and those which are not subjected to the vertical gravity loads.
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P-A effects - conclusion

Although the wall elements analyzed within this thesis can sustain both gravity and lateral
loads, the walls which do not bear vertical loads, but have to sustain the same lateral loads,
are more vulnerable. The decrease of vulnerability can be related to the stabilizing effects
of the vertical loads. Although, the geometrical non-linearity contribute to an increase of the
overturning moment, the contribution of the vertical load to the overall stability is predominant.
A similar observation has also been made also during testing (see for example [87]).

Therefore, the wall elements considered within this thesis have been analyzed without the
beneficial influence of the vertical loads.

The parameters selected for the parameter study are summarized in Table 6.6. In the sub-
sequent sections, the analysis process and the corresponding model parameters are described in

more detail.

6.2.3 Period of vibration as limit criteria
Sensitivity to wind loads

In the seismic design of the structures, the period is not limited. If one would keep the mass and
the stiffness of the structure constant, the fundamental period of vibration would increase with
increasing building height. Tall buildings have a fundamental period of several seconds. Since the
periods of vibration is directly related to the stiffness of the structure, overly flexible structures
could experience undesired displacements even under service wind loads. To investigate how
the stiffness of the structure affects the behaviour of the structure under service wind loads,
the structure presented in Figure 6.1 is considered. In order to achieve an increase of vibration
period while keeping the height and the stiffness of the structure constant, the mass of the
structure must change. The change of the mass is achieved by ”stretching” or ”shortening ” the
building width which simultaneously changes the surface area of the facade exposed to the wind
loads. The masses of the structure are chosen to achieve periods of vibration of 1.5, 1.7 and
1.9[s]. The masses of the structure corresponding to 7% = 1.5, 1.7 and 1.9 [s] are 62.5, 80, and
100 [t/storey], respectively. The floor mass is estimated to be 150[t/storey]| for floor dimensions
of 12 by 16 [m]. The depth and the height of the building is kept constant as 12[m] and 14.5[m],
respectively. In order to change the storey mass, only the width of the structure may change.

The corresponding change of the facade surface can be estimated as follows:

Mpew
lnew = ' 8; fOT

75
m = 62.5[t/storey; — lpew = 6.667[m]; — Afae = 6.667 - 14.5 = 96.67[m?]

m = 80.0[t/storeyl; — lpew = 8.533[m]; — Afae = 8.533 - 14.5 = 123.73[m?]
m = 100.0[t/storeyl; — lnew = 10.667[m]; — Atqe = 6.667 - 14.5 = 154.67[m?]
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The wind load estimation follows the procedure given in STA 261. According to section 6.2,
the wind pressure is a function of the height and shape of the building, surface levelness and
placement of the building in the landscape. Due to the large number of parameters which could
vary significantly, a reference wind pressure of 1.0[kN/m?] has been adopted for the analyses in
this section. Note that this value is often the outcome of the "real” wind load analysis. Hence,
the wind loads can now be estimated in accordance with the change of the facade surface area

caused by the change of the storey mass as follows:

m = 62.5[t/storeyl; = Fuying = 97[kN]; = Fyina = 19.4[kN/storey]
m = 80.0[t/storey]; = Fying = 124[kN]; = Fying = 24.8[kN/storey]
m = 100.0[t/storey]; = Fying = 155[kN]; = Fyina = 31.0[kN/storey]

For simplicity, the wind loads are assumed to be equally distributed along the height of the
structure. Their distribution, as well as the corresponding displacements, are summed over the
height of the structure as shown in Figure 6.10. The values for the displacements corresponding
to each wind load intensity have been obtained from a corresponding pushover curve of a one-
storey structure. See Tables 6.1, 6.2, 6.3, which provides similar information as presented in

Figure 6.4.

tributary width 6.67 [m] 8.53 [m] 10.67 [m]
Corresponding periods of vibration

T*=15[s] T*=17[s] T*=19][s]

Ful2
s Fu/l2 ™ 13.86 17.21 22.17
Fu 4 3Ful2 I 12.89 16.13 20.97
i SFu/2 . 11.09 13.94 18.37
R N
F 7Ful2
. 2 " 8.39 10.80 14.17
P L OFul2

474 6.20 8.16

I 5F. , 0.0 0.0 .
Y

Fig. 6.10: Service wind load distributed along the height of the structure with corresponding displace-

ments for three different tributary widths
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In Tables 6.1, 6.2, 6.3, the relative and absolute displacements due to the different wind
load levels and the corresponding earthquake excitation have been presented. The wind loads
correspond to the service level and thus the serviceability requirements should be satisfied.
According to code provisions [75], the admissible deflection of each storey is defined as hg; /500
for buildings with brittle nonstructural elements and/or sensitive equipment in the building.
For buildings with standard requirements, the allowable horizontal deflection is hg/300. The
displacements due to the earthquake excitation are not quantified, except if the building is of
high importance. As seen from the analyzes presented in Tables 6.1, 6.2 and 6.3, the inter-storey
drift in the first storey for a structure with a period of vibration 7% = 1.5[s] is hg/611. The
service wind loads would produce deflection of 4.74 [mm]|, which seems to be too conservative, if
set as limiting condition. The wind loads produce an IDR of 6.2 [mm], which is equal to h /467,
for the structure with a period of vibration of 7% = 1.7[s]. Thus, the requirement postulated
in [75] as hg /500, would be slightly violated, but the requirement of hg /300 would be easily
satisfied. Finally, the service wind loads would produce a storey deflection of 8.16[mm] or an
IDR of hs/355 on the structure with a period of vibration of 7% = 1.9[s]. Thus, the stricter
requirement for an IDR of hg /500, prescribed in [75], is clearly not satisfied, whereas that of
hst/300 is satisfied.

Tab. 6.1: Displacement due to the wind load corresponding to the mass of 62.5[t/storey|; T* = 1.5[s],
Fina=19.4 [kN/storey], > Fy 15 = 87.3[kN]

Displacement due to wind load Displacement due to EQ load

Storey relative IDR absolute relative IDR absolute
[mm) mm] o] [mm)
5th 0.97 hst /2990 13.86 13.53  hg/214 103.8
4th 1.80 hst /1610 12.89 17.64  hg/164 90.27
3th 2.70  hg/1074 11.09 21.05  hg/138  72.63
2nd 3.65 hst /795 8.39 21.27  hs/136 51.58
1st 4.74 hst/611 4.74 30.01 hst/97 30.01

Tab. 6.2: Displacement due to the wind load corresponding to the mass of 80.0[¢/storey]; T* = 1.7[s],
Fina=24.8 [kN/storey], > Fy 15t = 111.33[kN]

Displacement due to wind load Displacement due to EQ load

Storey relative IDR absolute  relative IDR absolute
] ] ] ]
5th 1.08  hy/2685 17.21 14.80  hg /195 115.7
4th 2.19 hst /1324 16.13 18.36  hg/158 100.9
3th 3.14 hst /924 13.94 23.01 hst /126 82.54
2nd 4.60 hst/630 10.80 25.02  hg/116 59.43

1st 6.20  hg /467 6.20 3441  hg/84 3441
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Tab. 6.3: Displacement due to the wind load corresponding to the mass of 100.0[t/storey]; T* = 1.9]s],
Flyina=31.0 [kN/storey], > Fyy 15t = 139.17[kN]

Displacement due to wind load Displacement due to EQ load
Storey  relative IDR absolute relative IDR absolute

[mm] mm]  [mm] [mm]
5th 1.20  hg /2417 22.17 18.8  hg/154 136.2
4th 2.6 hst /1115 20.97 2443 hg/119 1174
3th 4.2 hst /690 18.37 26.32  hg/110 9297
2nd 6.01 hst /483 14.17 28.04  hg/103  66.65
1st 8.16 hst/355 8.16 38.61 het/T5 38.61

After examining the sensitivity of the structure to service wind loads in this section, there
are not sacrosanct evidence for the choice of the period limits. Judging by the applicability
to structures with brittle nonstructural elements, the criterion for an IDR of hg /500 seems to
be better satisfied if the combination of the storey mass and stiffness of the structure result
in a period of vibration equal to 1.7[s]. This value has been chosen as the limiting vibration
period for all structures in the following parameter study. The differences in the response of
the structure can be presented graphically by means of a YPS. Since the YPS-presentation uses
only the inelastic stiffness presented by 7™, the displacements caused by the wind loads are
applied on the capacity curve related to the inelastic system. However, the service wind loads
act on the system that behaves predominantly elastically. Thus, the displacements obtained
from the YPS-inelastic system are overestimated by approximately a factor of two (see Figure
6.11) when compared with more realistic quantities, estimated from an effective pushover curve,

i.e. a system with a "real” stiffness, given in Tables 6.1, 6.2 and 6.3.
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Fig. 6.11: Presentation of all three models with mass 62.5,80 and 100[t/storey| in the YPS, including

wind action with related displacements on inelastic structure

The previous discussion is based on a wall length of 4.2[m/]. Since the structural sensitivity to
the corresponding equivalent wind load is not intuitively known, an analysis has been performed
in the same way for all wall lengths. The height and depth of the prototype building have been
kept constant, resulting in different facade surfaces exposed to the wind. The distributed loads

2 are assumed to be 700kg/m?. In this way, the corresponding width of

i.e. floor mass per m
the facade has been estimated as follows: m/(12-0.7), resulting in a total wind force as follows:
m/[(12 - 0.7) - 14.5], where 12 and 14.5 are the depth and height of the prototype building,

respectively (see Figure 6.1). The results are summarized in Tables 6.4 and 6.5 and Figure 6.12.

Tab. 6.4: Correlation between periods of vibration and serviceability requirements due to corresponding
equivalent wind loads of prototype building, estimated for wall length 2.4 and 3.0[m]

Wall length 2.4 [m] Wall length 3.0 [m]
T* =1.5[s] T*=17s] T*=19[s] T*=1.5[s] T*=17[s] T*=1.9[s]
mass [t/storey] 27.0 35.0 44.0 42.0 54.0 68.0
corresp. width [m] 3.20 4.16 5.24 5.00 6.42 8.10
FykN] 46.50 60.32 76.00 72.50 93.20 117.30
Fo/storey[kN] 9.30 12.06 13.68 14.50 18.64 23.47
% 41.85 54.28 68.4 65.24 84.0 105.6
Displacement [mm] 4.20 5.63 7.54 4.32 5.84 7.98
IDR het /690 het /515 het /385 het /670 het /496 ht /363
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Tab. 6.5: Correlation between periods of vibration and serviceability requirements due to corresponding

equivalent wind loads of prototype building, estimated for wall length 3.6 and 4.8[m]

Wall length 3.6 [m] Wall length 4.8 [m]
T*=1.5[s] T*=17[s] T*=19[s] T*=15[s] T*=17s] T*"=1.9[s
mass [t/storey] 47.50 60.50 76.0 69.0 87.0 110.0
corresp. width [m] 5.65 7.20 9.05 8.21 10.35 13.1
Fy[kN] 82.0 104.43 131.22 119.1 150.0 190.0
F,,/storey[kN] 16.39 20.88 26.25 23.82 30.0 38.0
Bl 73.73 93.96 118.12 107.20 135.0 171.0
Displacement [mm] 4.88 6.48 8.71 5.314 6.99 9.50
IDR hst /594 ht /446 hst/332 hit /550 hgt/414.5 ht /305
11 . . . .
k) Correlation between vibration period
g and servicability requairement due to the Wind
10 § 9.7 9.7 9.7 9.7 9.7
9 % 8.71 —e— T*=15[s]
g 8.16 —0— T*=1.7 [s]
g S= b T*=1.9 [s]
TE 7.54
?g [ h_st/500
7 2 699 ~—&— h_st/300
'..E 6.5 i R B Linear (T*=1.5 [s])
= ’
6 % 5.8 58580 .. U5g 58 5.8 " Linear (T*=1.7 s}
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8 ‘ 5314
2 488 e ® Linear (h_st/500)
5 & L I —— S Linear (h_st/300)
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Fig. 6.12: Correlation between vibration periods and serviceability requirement due to corresponding

equivalent wind loads

As one can see from Figure 6.12, the results for wall lengths of 2.4 and 3.0 [m] satisfy the
serviceability requirement for 7% = 1.7[s] exactly. The walls with lengths of 3.6 and 4.2[m)]
violate the serviceability requirement for 0.7 and 0.4 [mm], which correspond to 12, and 7%,
respectively. The most significant divergence of 20% is estimated for wall with the length of 4.8
[m]. However, the structures with a period of vibration of 7% = 1.7[s] satisfied the serviceability

requirements sufficiently well, as stated previously.



6.2. PROTOTYPE BUILDING 177

Vibration period - conclusion

Among other results, the natural period of vibration is an important outcome of any dynamic
analysis. The natural period is the first, rough indicator about how the structure will respond, if
subjected to lateral loading. It is proportional to the stiffness and inversely proportional to the
mass of the structure. A larger period of vibration will lead to larger displacements. The natural
period of vibration for stiff and squat structures is in the low range between 0.3 and 0.5 [s], while
for tall timber buildings, it is in the range of up to a number of seconds. Within this study, a
middle range period has been considered. The limiting period prevents a structural response
that is too ”soft” and thus vulnerable to wind action. In other words, the period of vibration
and thus the stiffness of the structure are searched, for which the structure exposed to the wind
load still responds in the elastic range with reasonably small drifts at the first storey. Such a
minimum required stiffness leads to a minimum required spectral acceleration and finally to a
maximum desirable period of vibration. The natural period of vibration characteristic for mid-
rise buildings, which still ensure enough stiffness to sustain the wind loads predominantly in the
elastic range, satisfying serviceability condition IDR < h4t/500, is shown to be approximately
1.7 [s]. In PBE, multiple performance objectives must be satisfied simultaneously, primarily the
damage index and the corresponding IDR, defined in the previous chapter. For buildings in
the range of 5 - 10 storeys, the period of vibration and the hold-down forces are the governing
limitations within seismic analysis, rather than IDR and thus the DI. In order to meet the
wind load-related serviceability condition while performing the seismic analysis, the period of
vibration is limited to 7% = 1.7[s].

6.2.4 Hold-down and inter-storey connection devices

The constitutive parts of the LETW elements are HD devices and inter-storey connectors, which
are used to ensure a connection with the basement and the two subsequent storeys, respectively.
The design of the HD or inter-storey devices is a simple issue, if the forces, which should be
captured by devices, are known. For this purpose, the diagrams in Chapter 3, Figures 3.4, 3.5
and 3.6 as well as Table 3.1 can be used. However, the HD and inter-storey devices are assumed
to behave elastically and do not affect the response of the LFTW in the inelastic range. This
assumption is true if the HD or inter-storey connectors are designed so that their displacements
are in the range of less than 2 [mm], which is approximately the displacement range in which
the devices behave elastically (see Figure 6.15). Moreover, the mechanical model developed in
Chapter 3, inherently includes a part of a linear elastic HD-response. Considering the Wall W2
subjected to earthquake loads only, the force distribution along the height of the structure, the

corresponding bending moments and the hold-down forces are presented in 6.13.
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Fig. 6.13: Total bending moments in the wall W1 and resulting forces in HD-devices

In the same figure, the design of the HD-devices for the corresponding HD-forces is performed.
The HD, or inter-storey connectors, chosen are labeled with the number of slotted in steel
plates, the required dowel diameter and the number of dowels in the connection. The inter-
storey connections have two devises, so the deformation, which arises from the connection, is
multiplied by 2 at each storey. However, the displacements which arise from the HD or inter-
storey connectors are less then 1 [mm]. The impact of the displacements, stemming from the
HD and inter-storey connector devices, on the displacement profile of the wall can be seen in
Figure 6.14.

4.6 [mm]
502+2-082=
6.66 [mm]
3.46 [mm]
36+2:071=
5.02 [mm]
2.48 [mm]
2.08+2:0.76 =
3.6 [mm]
1.44 [mm]
0.7+2-0.68 = i
2.08 [mm] 0.48 [mm)
2900 [mm
0.7 [mm]

T L— 4200 [mm]—»‘

Fig. 6.14: Displacement profile arising from HD and inter-storey devices
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Again, if the displacements arising from HD and inter-storey devices would be added to the
earthquake displacements, one would obtain 111.55 + 4.6 = 116.15 [mm]|, which is an increase
of approximately 4%. At the first-storey level, this increase would be 40.72+0.48 = 41.2 [mm)],
which is an increase of approximately 1%.

There have been numerous tests carried out on bracket angle hold-downs worldwide, but
there have only been few of them (see e.g. [24] and [102]), conducted on strong HD devices
adopted in this work. In [102] strong hold-down devices have been investigated experimentally
and numerically for timber with a density of p = 450% and a dowel diameter of d = 16 mm.
In addition, the bearing capacity of the connection investigated in [102] has been estimated by
using Johansen’s model, also called the European Yielding Model (EYM), implemented in [17]
with Equation 6.3. The test results, as well as the values of the bearing capacity estimated
analytically by EYM, are summarized in Figure 6.15. Considering that a hole slip of 1 [mm]
exists due to the tolerance in production practice, the experimentally estimated stiffness of the
HD connection has been compared with the stiffness according to [17]. The elastic limit has
been assumed to be equal to the analytically estimated bearing capacity divided by 1.35, which
is also approximately the partial safety coefficient vy; = 1.3 according to EC5.
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Fig. 6.15: HD Test according to [102] with limits of elastic response

Hold-down and inter-storey connection devices - conclusion

The bearing capacities of the HD devices considered within this work, with one, two or three

slotted in steel plates, are given in Figures 3.4, 3.5 and 3.6. It has been shown in Chapter 3
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that the HD device can be designed in such a way as to behave in the elastic range, without
significantly contributing to the inelastic displacements of the LETW. The applicability range
for the HD devices presented in Figures 3.4, 3.5 and 3.6, which operate in the elastic range,
is between (15%= = 64[kN]) for one slotted in steel plate and 6 bolts with d = 8 [mm] up to
(1038 — 769[kN]) ! for three slotted in steel plates and 16 bolts with d = 16 [mm]. In the

1.
exzfrilple in chapter 3, it is shown that the horizontal displacement arising from the HD devices
acting in the elastic range is about 1.0%, and, thus this has little influence on the decrease
of the stiffness when the structure is responding in the inelastic range. The same statement
can be made for the inter-storey connection devices, which are to be designed in the same
manner. Furthermore, given that all elements along the height of the building, including the
inter-storey connection devices, have been the same, the structure considered within this thesis
has not exhibited changes of stiffness and strength along its height. The influence of the hold
down-devices on the stiffness of the shear wall element has been inherently taken into account
sufficiently well by the MCASHEW mechanical model developed in Chapter 3, and hence it has

not been additionally taken into account in modeling of the multi-storey structure.

Tab. 6.6: List of parameters subjected to the parameter study

Parameter Status
varied kept constant
Geometry of the wall Length X
Height of 2.90 [m] X
Fastener OSB: Nail d=2.87 [mm] X
Spacing 30 [mm)] X
GFB: Staple 1.53 [mm] X
Spacing 35 [mm] X
Sheathing material OSB/GFB X
Thickness X
Aspect ratio (Hy /L) X
Both sides sheathed X
Mass Per storey X
Distribution along height X
Seismic hazard zone 71, 72, Z3a and Z3b X
Soil category A B, C D, E X
Earthquake records Hazard zone and Soil category X

'In the parameter study presented in Chapters 6 and 7, the HD force has never exceeded the level of approxi-
mately 670 [kN].
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6.3 Modeling Parameters

6.3.1 Geometry of LFTW

The shear wall element is defined by its length L,, and its height H,,. The sheathing material, its
thickness, as well as the fasteners and the spacing of the fasteners used to connect the sheathing
panel with the timber frame, are the components needed to define the element completely.
Figures 6.16, 6.17, 6.18, 6.19 and 6.20 show different wall configurations with different number
of sheathing panels, different number of intermediate studs and different panel aspect ratios.
All shear wall elements considered within this thesis have sheathing panels on both sides. The
thickness of the sheathing material used is 15[mm] for both OSB and GFB.

The strength class of the timber frame is GL24h, density p = 380[N/mm?]. The dimension
of the timber frame differ from 200 - 200, and 240 - 240 up to 300 - 300[mm?], respectively for
low, moderate and high force levels in the frame studs.

The HD-devices required to sustain corresponding forces are with one, two or three slotted-in
steel plates as presented in 6.21. The dowel-type connectors have diameters between 8 and 16
[mm], with a strength f, = 510[N/mm?2]. For the design of HD devices the diagrams according
Figures 3.4, 3.5 and 3.6 can be used. The steel plates are $235 of the strength f, = 235[N/mm?|
and thickness t, = d/2 in [mm]. Figure 6.21 shows the anchorage of the wall into the sub-
ground by means of hold-down devices. Figures 6.22 and 6.23 show the construction details,

characteristic for the walls which support and those which do not support, a slab structure.



CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY

182

SECTIONB-B

VIEW

Ly,
S, Sl
/i Q@Q@ L \mam
Uy, So
urz1o ey,
pnis [eulo)X] S

T

©
c| €
&5
o< =
5| £|2 o
X s © P Elc
g3 2la =i
- »|0 aa
i i
, DY
urz1o A.n._ g
pnis |eusa)xg * z
. el o] 2
: S
E i
° o
o . .
o 5 ° T
o S| pnjs |eusajul uo :
o 3G . pnis [eujisiul SIauajse) |euaiu| .
< e OO S O : £
-~ <3 E e
s 5| w | BE
= . =]
S ol : 19051 | 8
R U oLs Y
q=| e Q\S So MRS
: s ol s
: urz1o 4s ol 2
. pnis jeusa)x3 . M
| - . !
g |: 5 [+ 9
. 14 .
. Elc | o
. SIF |
_ : pnis ewsyuiuo oY | .
o % < : pnis [eupaiu| Slouajse) |eulsiu| @olQ .
IS o N e e e e e ey e e e e e e o e o e e e e e e :
~ (] . .

L e eeeossoseceosssssesssnnssssssssesaassssccccnnsssssry

.

*

Hold-down device

ML47 8y} Jo bl

SECTIONA-A

Width of the LFTW

Fig. 6.16: LFTW with a length of 2400 [mm] subjected to the parameter study



6.3. MODELING PARAMETERS

VIEW

Height of the LFTW

1500 1500
Top Rail
GL24h CC;| External fasteners on
Z the panel periphery

;|2 13 £ |3 ‘|3
|2 > 2 .|® e
t|gs J 2 Es .| £ ‘| Es
L2 & 23 .2 R
.o WO £ w o £ o WO
. > ‘ ° .

(3}
. & oo . .
: F/& |les - :
. G 2 52 .
: /e || EE JER :
oS (g i :
. ) S 5 T 5 .
o &y JE2 JEE :
.| @/D T = D= .
. fe) JES 2 ¢ .
. £0 £0 .

A | : : A,
. *| Bottom Rail * .
: *| /GL24h . :
Y [o-o]
v < R I R R R R R P TR R PRI &

L] L]
Hold-down device

mJ Nails: &= 2.87mm

a= 30mm

SECTION A-A

1] T
Hold-down device

X N

Width of the LFTW

183

SECTIONB-B

Top Rail
GL24h

Sheathing panel

OSB 3 t=15mm

Bottom Rail
GL24h

Fig. 6.17: LFTW with a length of 3000 [mm] subjected to the parameter study



Top Rail
GL24h

SECTIONB-B

3

c|E

815 B

2| 3

z[© £l c

2] O|

2l =)

n|0 nw&
A M
1 1

Uvei1o AHA_

pns [eusg)xg

1200

P s e e e e e e

pNs [eusajul uo
pns [eupaiu] SIoud)sey [euliaju|

Hold-down device

T e v v v v e e e s v s s e s s s s s e e e e s =

pe,
4rz19 Sl
pnis [euselxg

1200

CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY
VIEW

2.87mm
30mm

a

Nails: &

1200

SECTIONA-A

Width of the LFTW

LFTW with a length of 3600 [mm)] subjected to the parameter study

184

L
mm : pnis [eusglul UO :
85| - pnis jeupsiu] SIoud)Sey [eulIau| .
%D. e [F o v v v v e e e e e e s e e e e e e e e e e e = N
il .
©
c 8- Yy .
&2l 1, :
=1 I a6, m,m,ﬂ .
w=|e Uy, (0] .
. ©9 .
: urz1o Ys .
. prys [euse)x3 .
. = .
q |: 3 |
. Elc |
. gF |
- : pnjs [eusaiul uo R
els | pris eupaiu] siouajsey eupey; Q| ¢
P I T R R N I
[=(©] . .
. ES .
: 19up531x, .
: BN .
: B850 :
: urz19 ey, .
. pnjs [eula)xy S .
i
=

Fig. 6.18

Hold-down device

ML478u3 Jo JubloH



6.3. MODELING PARAMETERS 185

VIEW SECTIONB-B
1400 1400 1400
Top Rail Top Rail
GLZ4h CD-| External fasteners on GLZ4h
i the panel periphery
3 (3 El \E HHE \E HE
. |2 o2 2 .| 2 oe| 2 |2 . |2
t|Es g £g |2 I Es .|E -
&3 3 28 K HE H cle
|Eo E 850 |2 Jdo ‘|2 L|Eo
E : . :: :
: NN . Sheathing panel
° . . NN .
= : 1 1R ] : 0SB 3 t=15mm
o . ole .
5 . : : o : .
2 . . o .
> > >
. B > . NN > .
. IS & NN & :
. /& o o/ |+lo ofe /& .
: AR JIE |8+ : S B :
: S 23 SABNEE :: ARRNEE :
. S/ |z 2 S [z 2 o S (22 .
o d/> ||SE > |J=E | I |EE :
| S/R s </ ER] | S/ B .
| o/D ££ (%) JEL M (%) :
. (¢) < S 5= HE /S < .
£0 *|ES : £5 :
A | . . L . (A
. *| Bottom Rail * o * . Bottom Rail
. «| /GL24h . ole . . GL24h
23 [+=4]
< offfeccececcecccccscceccanssd offfeececercecececercccnncad -3l NA
T T T T
Hold-down device Hold-down device
o0 Nails: @= 2.87mm
a= 30mm
SECTION A-A

> X X X X X X

Width of the LFTW

Fig. 6.19: LFTW with a length of 4200 [mm] subjected to the parameter study



186

CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY

VIEW
1600 1600 1600
Top Rail
GLZ4h m-| External fasteners on
F the panel periphery

Height of the LFTW

A

-

E \E
3 |7
£s .| £
£y 5]
5o |2
>

o .
S 2
IE |2
S 23
S/ [z 2
FA o g
*“Z’Q){b AR
S/& 5%
(¢) ‘€S

. 3 .3
Lz |2
T|gs | E
cled 5
s |d® e
: >
o

: & o
A/
. IS I

SN @©
. A =
. A g
o Ey <
| 9/ gc
: O £5
. Bottom Rail
. GL24h

3 -3 :
@ .| 2 .
£s |2 :
SN i .
io °|E :
> .

< . .

< 2 .

I/ |{gs :

S 25 :
SIS K :
NAY Jo 8 .

& /oy K] .
/o g :
D/ SZ .
O *|ES M

External stud
GL24h

A,

T T
Hold-down device

SECTIONA-A

T T
Hold-down device

Nails: @=2.87mm

a= 30mm

i

Width of the LFTW

Fig. 6.20:

SECTION B-B

Top Rail
GL24h

Sheathing panel

LFTW with a length of 4800 [mm)] subjected to the parameter study

OSB 3 t=15mm

Bottom Rail
GL24h



187

—
i

=
———=

—
i
—
i
—
i

R Sy 0L 0L ol sv| Ty 0l oL ol v 708 00k ¢ 00k 0S|
00¢€ 00¢ 00¢ 00¢

pg=s ‘wwgliyl = p
poL =s ‘wwelioL=p

=S ‘wwg =
e 8=P S3LV1d 133LS NI d3L1LOTS 33dHL
fil 11 G i1 (il 11 (il i
o (7] ]
S 05 0G 0S S¥ S 0G5 05 05 Gv Gy 06 0S5 0G Sv 09 0l 09
ove ove ove (0) 74

pg=s ‘wwgliyl = p
polL =s ‘wweliolL =p
pyL=s ‘wwg = p

S31V1d 1331S NI d3L1L01S OML

—
i

L o

6.3. MODELING PARAMETERS

1 LM 1] [ 1 L 1]
o (] ]
0y 09 09 0¥ o¥ 0 o 09 ov 00l 00k
00¢ 00¢ 00¢ 00¢

pg=s ‘wwgliyl = p
polL =s ‘wweliol =p
pylL =S ‘wwg = p

31V1d 133LS NI d31107S INO

HD Devices involved in the parameter study

Fig. 6.21



CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY

188

o
m pnis
2z
_.G_._ula_ Ly
o - o
Nn Q—9 - 0—0 w
mg | _< g Y] _
-o0—0 . 6—0—
22 11T s doy g
L 3
L L NE 7
L] B 7
| 6—6.0—0_1| JleJ wonoq = L _ |
BRR d N 9
9% -9 -9
i
o
O-0 M3IA NV1d
g —— ML ML
c
Sz
_.ﬂ_m j1es doy
ol 1 I
m m g weaq Jequii} g weaq Joquii}
28 - L L
il X %
i .
M1d7 3HL Ol 1371vdvd avis
H — . | —H 3JHL 40 NOILOIHIA ONILHOddNS
lIes wonoq
pnis
d-9 NOILD3S V-V NOILO3S

Fig. 6.22: LFTW that does not support a slab structure



189

HLV3INd3IaNN
NOILONY1SNOD

BN BN
BRI B S

196

weaq Jaquii} ﬂ—

NV1d

—— MLd1

J19buey isiof

HLVYINI3IANN
NOILONELSNOD

~a

¥

weaq Jaquir

6.3. MODELING PARAMETERS

1abuey jsiof
N
i _ \X/ _ lies doy
- N
[leJ wonoq
O-0 M3IA
—— MLdT
weaq Jaquii}
d-9 NOILO3S

—

M1473HL OL dVINJIANIdd3d avis

JHL 40 NOILO3dId ONILHO0ddNS

V-V NOILO3S

Fig. 6.23: The LFTW that supports a slab structure



190 CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY

6.3.2 Torsion due to asymmetry

The analytical model presented herein is two dimensional. It is not capable of accounting for
influences of torsion. Nevertheless, the torsional effects can be estimated easily by statics, since
torsion affects the distribution of forces, depending on their bending and shear stiffness. In
Chapter 9, the results obtained by using PBE are compared with the results obtained by the
frequently used force-based seismic design. The comparison is based on the example worked
out in [6]. The elevation of the example building is simple. The structure is symmetric in the
Y-direction and asymmetric in the X-direction due to the different wall lengths. This leads to
eccentricity and thus to torsion if the structure is subjected to lateral loads. In the example
worked out in [6], torsional effects have been taken into account. Providing that the wall elements
are designed in the same manner and the only difference arises from the element length, one can
easily estimate the additional force due to eccentricity and transform it into a mass acting on

the wall under consideration. For more details, see Chapter 9.

6.3.3 Mass and mass distribution

In the present work, a regular structure is considered. This means that the stiffness, the height
and the masses are the same and constant along the height of the structure. Usually, the
mass of the top storey is different from the masses in the underlying levels because of different
requirements, such as structure-borne noise and thermal insulation. The roof is sometimes
conceived as a green area with additional loads for the plants. Additionally, the roof area is
used for different kinds of installations, such as ventilation, cooling or photo-voltaic systems.
The requirements to use the roof surface for different purposes are always present. Therefore,
the model considered within this thesis uses equally distributed masses along the entire height

of the structure.

In the parameter study, presented in Chapters 7 and 8, the theoretically admissible masses
have been estimated, regardless their practical relevance. The practical relevance can be es-
timated if the weight of the timber ceiling is known. There are a number of different typical
construction configurations of timber ceilings which have inherently different masses. Figure
6.24 shows some typical timber ceilings. The mass estimated from the dead load of a ceiling
typically used as the level separation in multi-storey buildings (Figure 6.24(a)), is 460 [%] The
ceiling typically used for roofs (Figure 6.24(b)) has a mass of 245 [%} including extensive roof
greening. The ceiling typically used as the base element in the ground floor (Figure 6.24(c)) has
a mass of 295 [%] If the contribution of the live load is considered, one can estimate the average
mass of a timber ceiling to the range between 355 [%] (295 + 1) - 200 = 295+ 0.3 - 200) and 520
[%] (490 + 0.3 - 200), for a ceiling with and without a concrete layer, respectively. Therefore,
an average mass of 450 [%] has been considered within this thesis, when the tributary area is
estimated. If the real masses of an actual project are known, the practical relevance can easily

be derived from the results of the parameter study performed in Chapters 7 and 8.
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Fig. 6.24: Timber ceiling structure with a concrete layer, typically used as a separation between two
storeys in apartment houses, 6.24(a): Timber ceiling structure, typically used for roofs, 6.24(b): Timber
ceiling structure, typically used for ground floors without the requirement for sufficient structure-borne
sound insulation, 6.24(c)

6.3.4 Damping

All vibration processes which occur in real conditions are connected with some kind of energy
dissipation. The dissipation mechanisms have different origins, such as internal friction effects,
transformation of strain energy into thermal energy, damaging effects such as cracking and
plastic deformations in the cases of RC and steel structures or yielding of fasteners within light
frame timber structures. The parameter which accounts for the energy dissipation mechanisms
and the diminishing of the vibration amplitudes during the vibration process is the equivalent
viscose damping. The damping coefficient is expressed as a fraction of the critical damping. It

is different for different materials and types of the structure.

An accurate estimation of the damping is difficult and still unresolved, due to the variety of
damping sources and absence of reliable physical models. Summarizing the sources of damping
in LFTW-structures from a literature review, Jayamon at al. (2018) have specified the sources

of energy dissipation which can be expressed as damping in [45] as follows:
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e Viscous damping in wood materials which is amplitude-independent and frequency depen-
dent

e Damping due to the friction on the contact surface between connected components which

is amplitude dependent and frequency-independent

e Hysteretic damping due to the deformations and damages in nail connections which is

path-dependent

e Damping due to the deformation of other structural and non-structural components which

can not be included in mathematical model of the damping.
In [45] the damping in would structures have been grouped in four classes:

e Damping in wood material
e Damping in wood-shear wall assemblies
e Damping in horizontal diaphragm assemblies and

e Damping in multi-storey wood-frame shear wall buildings

The values for damping evaluated in the past, which are given back in [45] in Tables 1, 2 and
4, are of relevance for this work. So, the damping produced in the wood material is different for
various wood species. The damping ratio is low and lies between 0.2% and 1.68%. See Table
1 in[45]. The damping measured in wood-frame shear walls is in the range between 5% and
14% up to values of 40%, see Table 2 in [45], for lower and higher levels of wall deformations,
respectively. Finally, the damping ratios measured in shear wall buildings, see Table 4 in [45]
are between 2% to 4% and 15% to 20%, or even 34% to 40% for lover and higher levels of
deformations, respectively.

The damping ratios are commonly estimated by cyclic loading tests. If test results are not
available, the Equation 6.4 gives a good approximation of damping ratio (see e.g. Chopra (2007),
[9]). The equivalent viscose damping ¢ is then expressed in a general form using Equation 6.4,
proposed by Clough and Penzien (1993) (see [12]).

(6.4)

An attempt to determine the damping coefficient using the Equation 6.4 can be found in
[77], Pang et al. In this specific case the obtained damping coefficient is £ = 0.27. Furthermore,
Equation 6.5 in [77] is proposed as a function for estimating the damping ratio, as a function of
the secant and initial stiffness ratios. The damping ratio referred to as hysteric damping, lies in
a range between 9% and 32%.

_1.38.Ks
1384

Enyst = 0.32 - € (6.5)
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LFTW structures are capable of developing quite high equivalent viscose damping ratios, if
they are responding in the nonlinear range. Nevertheless, the design spectra in many seismic
codes are given for a damping ratio of 5%. In order to enable comparison with traditionally used
design concepts and to allow direct use of the response spectra stipulated by code, a damping
ratio of 5% has been used within the parameter study of this thesis. Please note, that the damp-
ing ratio is considered within capacity spectra design by using 5% damped response spectra.
Within NLTHA performed in OpenSees the modal damping assumption is introduced in the
Rayleigh damping model, which is expressed as the linear combination of the damping propor-
tional to the mass and stiffness. So, for small vibration frequencies the damping proportional
to the mass is predominant. For high vibration frequencies, the damping proportional to the
stiffness is predominant. The response of the structure is quite sensitive to the assumption of
the modal damping. In order to check how it affects results of the NLTHA, a 1-storey, 2-storey,
3-storey and 4-storey structure consisting of the LFTWs with a length of 3.6 [m], sheathed with
OSB will be examined using two different modal damping coefficients £ = 3.0% and £ = 5.0%.

The results are compared in Table 6.7.

Tab. 6.7: Comparison of the NLTHA results obtained for 1-4 storey structures with the wall length
of 3.6[m] analyzed for modal damping coeflicients £ = 3.0% and £ = 5.0% in the seismic Zone Z2 with
ag = 1.0m/s%

Storey Mass Modal damping coefficient £ = 3.0% Modal damping coefficient £ = 5.0%

number m " HD force A,,y IDR DI 7 HD force A,y IDR DI
t/st] [ [kN] mm] — [%]  [] [ [kN] [mm]  [%]  []
1 576.0 2.38 219.2 60.41 2.10 0.73 2.35 218.9 57.26 1.97 0.70
Mass correction for £ = 3.0%
535.0 2.33 220.6 58.9 2.0 0.70
2 362.0 2.67 367.0 79.0 2.10 0.72 2.64 359.4 73.8 1.95 0.70
Mass correction for & = 3.0%
326.0 2.53 361.6 78.96 2.1 0.70
3 172.5 1.79 433.0 78.7 1.40 0.46 1.76 425.8 75.94 1.28 0.43
100.0 1.35 469.0 81.7 094 030 1.32 460.6 79.87 0.95 0.30

As one can see in Table 6.7, all parameters increase slightly across all of the examined
structures. The maximum increase in roof displacement and IDR is experienced by the one- and
two-storey structures. The increase of the roof displacement is approximately 7.0%. The increase
of the DI is in the range of 3% - 4%. The increase has no consequences for the structures higher
than two stories, since for those structures the vibration period becomes the limiting criterion.
The maximum admissible mass estimated for the structures with the modal damping coefficient
¢ = 5.0% should be reduced for the structures with the modal damping coefficient £ = 3.0%,
by approximatelly 7.0% for 1-storey and by 10% for 2-storey structures, in order to satisfy the

required performance objectives.
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Unfortunaltely, the discussion about the correct range of modal damping does not lead to an
end, because of the lack of a physically based mathematical model for the damping coeflicient.
Since for the modal damping coefficient the value of 5% is widely used in the standard dynamics
of structures, and supported by the results reported in [45], the modal damping assumption
seems to be acceptable. The influence of higher or lower damping ratios on the nonlinear
dynamic response of the structures and the possible adjustment of the presented parameter

study could be the matter of a further investigation.

6.3.5 Ductility

LFTWs are said to be ductile, with a ductility ratio of up to g = 5 for DCH structures. See,
for example, [1]. This apply for LFTWs sheathed with OSB panels (see e.g. [101] or [37]).
A reference value for LFTWs sheathed with GFB does not exists. The LFTWSs respond in a
nonlinear manner, even under very low lateral loads. A pronounced yield point does not exist.
Thus, the ductility ratio is a matter of judgement and despite the clear physical meaning, it is not
always easy to be estimated for LE'TWs. Moreover, in the study presented herein, the ductility
demand, not the ductility coefficient, has been estimated as the consequence of the displacement
demand and displacement capacity within the nonlinear pushover analysis. Especially in the
case of LFTWs sheathed with GFB, the ductility demand governs the design. In the parameter
study presented in Chapters 7 and 8, the ductility demand of the LF'TWs sheathed with OSB
panels has been set to p = 3.0, which is set to be the maximum ductility coefficient allowed. This
maximum value could have been exceeded in the study, considering that ductility ratios of up to
= 3.5 have been obtained for squat walls, but such results are practically irrelevant (masses are
too large, as will be shown in the parameter study). On the other hand, the ductility demand of
approximately p = 2.0 —2.5, regarded as the maximum available in the case of LEFTWs sheathed
with GFB, could not always be provided. Squat 1-storey LE'TWs sheathed with GFB are able
to provide a ductility up to 2.5. 2- and 3-storey LFTWs sheathed with GFB are only capable
of providing a ductility of up to 1.8, as will be shown in the parameter study. Due to the low
values of the ductility factor provided by the LETWs sheathed with GFB ductility factors have
not been restricted in this study. The ductility coefficients obtained in the parameter study
have exceeded the value of approximately p = 2.0 very seldomly, even for 1-storey structures.
Typical definition of the ductility as well as the ductility limit of © = 3.0 adopted in this thesis

are presented in Figure 6.25.
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Fig. 6.25: The ductility definition as well as the ductility limitation presented on a pushover curve

6.3.6 Wind

Beside earthquake excitation, the wind load is an additional load case, which has to be taken
into account within any structural analysis especially when designing the lateral load resisting
system. However, a structure subjected to wind loads should respond in the elastic range in
terms of both displacements and strength. The estimation of the wind load is a simple issue in
practice. Within this thesis, the magnitude of the wind action has been controlled by assuming
that the normalized wind load of 1.0 [’;—JZ] acting perpendicularly to the facade surface will not
exceed 55% of the LFTW'’s yield strength. Figure 6.26 shows an example of a pushover curve of
a three storey LFTW element with a length of 4.2[m|. The characteristic points which reflect the
yield strength, the maximum strength and the ultimate displacement are depicted in the figure.
By restricting the wind load so that it does not exceed the limit of 55% of Fy,, the response is
entirely in the elastic range and the serviceability of the structure is preserved with a deflection
magnitude of 26.4[mm)], corresponding to a lateral displacement of approximately %. Note that
this condition is related to the effective strength of the LFTW element, enabling estimation of
the admissible facade area exposed to the wind load. The admissible displacements caused by

wind load should be estimated separately.
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Fig. 6.26: Wind load limitation calculated from 6.7 compared with yield strength of the LEFTW sheathed
on both sides with OSB panels

Using the assumptions related to the normalized wind pressure and the admissible magnitude

of the wind load, the width of the facade surface the wind pressure is acting on can be estimated

as follows:
Fyind = qu - width - H,, < 0.55 - F, (6.6)
55 - F,
width = 0557?/ (6.7)
Nstorey * h
Using Equation 6.7, the admissible facade width would be width = % = 19.5[m], which

seems to be quite practice irrelevant, as the tributary facade width is normally up to 12[m]. In
this particular case, the wind load is probably governing design, because the admissible seismic
mass is in the range of 155 — 223[t/storey], see also Table 7.4, thus the analysis reduces to the
design due to the wind loads. Once the width of the facade is estimated, a direct comparison

with the earthquake forces can be made.

6.4 On Economic Efficiency

6.4.1 Stiffness invariant

Chapter 1 mentioned that some assumptions are necessary to be able to conduct this parameter
study. A constant stiffness along the height of the structure is assumed. A question which
could arise is, which consequences could this have for companies in the practice in terms of
competition? Since the stiffness of LFTWs is mainly due to the number of fasteners used to
connect the sheathing material to the timber frame, the answer could be rather simple. The
production in Switzerland and other European countries is fully automatic nowadays. The
machines, often robots, are provided with nails or staples, which are automatically driven into
the timber frame. Changing the algorithm to accomodate a different number of fasteners in the
machine is often more time consuming than the material savings. Moreover, if a large number

of the same elements should be produced, then it is reasonable to make them identical, in order
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to prevent mistakes and to simplify assembly at the construction site. This is not related to the
inter-storey connectors, which can provide the same stiffness, even when produced differently.
Thus, the material savings in terms of inter-storey connectors are economically relevant. The
savings are possible without an extra effort. The saving related to the number of fasteners is

not justified in terms of economic savings.

6.5 Procedure of the parameter study

6.5.1 Input and analysis

In Chapter 3, the mechanical models of single-storey LE'TWs, which can be presented as corre-
sponding SDOF systems, have been derived for different wall lengths. In Chapter 4, the seismic
analyses methods used in this thesis have been introduced and finally in this Chapter 6, the
decision related to the limits of the critical parameter quantities have been outlined. The fun-
damentals for the parameter study, which is performed in the next two chapters, have been
prepared. A flow diagram shows the input (Figure 6.27), analyses types, some of expected re-
sults, (Figure 6.28) and the check procedure whether the specified limits have been met. In
Figure 6.30, the flow chart of the IDA procedure as presented in [41], is shown.
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Fig. 6.28: Analyses performed within the parameter study and results of the analyses
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Fig. 6.29: Check if prescribed limits have been met

6.5.2 Check of the results

Generally speaking, the check procedure can end with a decision to reduce the input mass, as a
consequence of the fact that one or more of the selected criteria have not been satisfied. It can
also lead to the decision to increase the input mass if all selected criteria have been satisfied, and
the structure has also passed the IDA check. The IDA check ends positively, if the estimated
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intensity measure (IM), given the damage measure (DM), increases the elastic demand for a

considered hazard level (see Figures 6.33 and 6.34).

6.5.3 IDA procedure

/nput SPO results/

- Quadrilinear
Select SPO - Bilinear

fitting scheme _ EJastoplastic
v

Piece-wise linear
fit of SPO curve

SPO
displacements
available
at all floors?),

Input masses,
foor heights
and dynamic

characteristics

NO, roof-level only

YES
Input masses
and floor heights Estimate
and add
variability
Calculate Run SPO2IDA Convert IDA at yield due
dynamic and generate [} fractilesto | ] higher
characteristics IDA fractiles MDOF IM, EDP modes
|
Account - Define distribution Run
for model assignment of uncertain SDOF Monte Carlo
uncertainty? or MC? model parameters simulation
(Fyiasr Meapy @0, T,)
Assign By
Define limit states ﬁ
and their EDP
thresholds Update IDAs
Deterministic YES
limit state Calculate
thresholds?, fragility
Perform MC function
sampling parameters
threshold
distribution

Fig. 6.30: Flowchart of IDA procedure according [41]

The following section shows how the check within the IDA procedure works. At the begin-
ning, the static pushover curve, estimated within the parameter analysis, is introduced into the
SPO2FRAG MATLAB-based program. Subsequently, the corresponding dynamic characteris-
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tics of the system under consideration are estimated. Afterwards, a damage measure, e.g. roof
drift ratio, is defined. For a given damage measure, IDA 16%, 50% and 84% fractile curves
are generated. As Figure 6.31 indicates, 84% of all earthquakes should be scaled to the level of
Sa(ry = 0.175- g, 50% to the level of 0.217 - g and 16% of all earthquakes should be scaled to the
level of 0.28 - g in order to produce the specified RDR of 1.17%, set as the limiting displacement

corresponding to the life safety limit state. In this thesis, the intensity measures corresponding

CHAPTER 6. FUNDAMENTALS OF THE PARAMETER STUDY

to the 50% fractile IDA curve are adopted for validation of the parameter study.
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Fig. 6.31: Correlation between SPO and IDA- curves for 84%, 50% and 16% Fractile with corresponding

IM, given DM
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Fig. 6.32: Fragility curve with corresponding probability of exceedance of ID, given DM
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Fig. 6.33: Visualized check procedure within IDA for a 5-storey building with 16, 50 and 84 % IDA

-fractile quantities superimposed in RS
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Fig. 6.34: Visualized check procedure within IDA in accordance with Figure 6.30

The procedure presented here is repeated for every run of the parameter study. The results
are summarized in tabular and graphical form and discussed in Chapters 7 and 8. Note that the
IDR and DI are correlated and thus coupled to each other. However, if the IDR should slightly
overstep the maximum value stipulated in advance, which rarely occurs, the DI is considered to

be the governing criterion.
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6.6 Conclusions

The main assumptions related to the parameter quantities can be confirmed. Thus, the analysis
of the prototype building has shown that the gravity loads contribute to the reduction of HD
forces despite driving effects arising from geometric non-linearity. For this reason, the parameter
study should be performed by neglecting the gravity loads. The serviceability requirements re-
lated to the brittle nonstructural elements are best satisfied if the maximum period of vibration
is T* < 1.7[s]. The overall behaviour of LFTWs is negligibly affected by the resiliency of the
HD and inter-storey connection devices. Due to the lack of physical model for the proper math-
ematical description of damping in HRW, the most commonly used modal damping coefficient
of 5% will also be used in the present parameter study. To control the extent of the damage
intensity, the ductility demand limit is set in advance to be u < 3.0. The configuration of the
LFTWs as well as the economical consequences related to setting the stiffness as constant along
building height have been discussed. The steps within the process of the parameter study as

well as the validation process using IDA have been shown by means of a flow diagram.
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Chapter 7

Parameter Study of LFTW Sheathed
with OSB

7.1 Introduction

In this chapter, the parameter study for LFTWs sheathed with OSB is performed. The results
of the parameter study are summarized in tabular and graphical form. The IDA analysis is
performed for each run in parallel. The mass, which satisfies all conditions, is recognised as

decisive.

Within the parameter study performed in this chapter, the mechanical model of LFTW

sheathed with OSB developed in Chapter 3 and summarized in Tables 3.8 to 3.12 has been
used. The analyses have been performed for all wall elements, characterized by their lengths
of 2.4,3.0,3.6,4.2 or 4.8[m] and seismic hazard zones characterized by ground accelerations
0.6,1.0,1.3 or 1.6 corresponding to hazard zones Z1, Z2, Z3a or Z3b, as stipulated in the STA
code [3]. The LFTWs are sheathed on both sides with OSB panels. The panel thickness is
t, = 15[mm]. Nails with d = 2.87[mm], spaced at 30[mm]|, were used as fasteners to connect
the OSB panels with the timber frame.
Only soil category C has been considered in this chapter. Soil conditions C have been chosen
for the parameter study because soil rock / dense soils are often found in European regions.
Furthermore, the amplification and the plateau periods are in the median range. The results for
additional soil categories A (stiff soil) and E (soft soil) are attached in Appendix B. The outcome
of the parameter analysis is the maximum mass applicable at each storey of the structure under
consideration so that all the performance limits for the life safety (LS) limit state, derived in
Chapter 5, are satisfied. The analyses are based on the parameters briefly described in Chapter
6.

207
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7.2 Parameter Study

CHAPTER 7. PARAMETER STUDY OF LFTW SHEATHED WITH OSB

7.2.1 General considerations

The outcome of the parameter study is presented in both tabular and chart format. The results

in the tabular format are divided into the following sub-analysis parts:

e Check by means of IDA analysis

Modal analysis

Pushover analysis

NLTHA

All results of the parametric study have been also subsequently checked by means of IDA-

analysis, as presented in Chapter 5 and 6, see e.g. Figure 6.34. For illustration some of the

results are presented graphically. See also Subsection 7.3.6. The damage index (DI) in the

damage index analysis has been performed using the parameter Sp; according to Table 5.1.

7.2.2 Tabular and graphical presentation for LFTW with a length of 2.4[m]
sheathed on both sides with OSB

The results of the parametric study of the 2.4 [m] long LFTW element sheathed with OSB

panels on both sides are summarized in Table 7.1. A typical, graphical presentation is given in

Figure 7.1

Tab. 7.1: Results of the parameter study of the LFTW with a length of 2.4 [m] sheathed on both sides
with OSB

Zone Mass

IDA

Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
[ S ) F o] [N [ [mm] N [om] [ [
1- storey structure
0.6 5000 v 126 1.70 1.0 24.22 163.7 1.85 1052 170.6 57.88 2.0 0.65
1.0 408.0 v 1.14 1.50 2.85 202.5  62.67 2.20 0.70
1.3 255.0 v 0.90 1.14 3.00 1975  56.23 1.94 0.60
1.6 153.0 v 0.70 0.86 3.00 210.7  62.97 2.17 0.65
2- storey structure
0.6 230.0 v 147 1.70 1.189 344 1624 1.59 1264 254.4  45.74 1.16 0.38
1.0 2300 v 147 1.70 2.65 339.0 74.52 1.90 0.62
1.3 173.0 v 1.28 147 3.00 326.5  69.50 1.72 0.53
1.6 1120 v 1.03 1.18 3.00 341.1  77.30 2.02 0.62
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Zone Mass

IDA

Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force Aoy IDR DI
n S s F o] N [ owm] N o] [ [
3- storey structure
0.6 110.0 v 1.57 1.70 1.266 52.39 161.7 1.08 158.6 286.4 47.79 0.8 0.35
1.0 1100 v 1.52 1.70 1.80 403.0 78.3 1.26 0.40
1.3 1100 v 1.52 1.70 2.33 421.0 83.36 1.37 0.43
1.6 1100 x 1.52 1.70 2.88 496.5 118.8 2.02 0.65
85.0 v 134 149 2.53 463.2 100.7 1.75 0.55
4- storey structure
0.6 60.0 v 1.57 1.70 1.3184 80.01 1624 1.0 2174 2924  50.99 0.54 0.17
1.0 60.0 v 1.57 1.70 1.23 429.7  82.59 0.87 0.17
1.3  60.0 v 1.57 1.70 1.60 451.0 8736 1.0 0.31
1.6 60.0 v 1.57 1.70 1.97 555.3 119.4 1.50 0.47
5- storey structure
0.6 35.0 v 161 1.70 1.357 117.5 162.3 1.0 283.8 272.6 50.75 0.44 0.13
1.0  35.0 v 1.61 1.70 1.0 409.3  83.96 0.67 0.20
1.3 35.0 v 1.61 1.70 1.1 439.4  91.03 0.78 0.23
1.6 35.0 v 161 1.70 1.40 516.9 113.4 1.10 0.33
6- storey structure
0.6 21.5 v 1.61 1.70 1.386 168.6 163.0 1.0 368.3 240.1 52.16 0.40 0.10
1.0 215 v 1.61 1.70 1.0 387.8  87.73 0.61 0.15
1.3 215 v 1.61 1.70 1.0 414.0  95.97 0.67 0.19
1.6 215 v 161 1.70 1.0 499.0 1154 0.81 0.25
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Fig. 7.1: Outcome of the parameter study of the 2.4 [m] LFTW element sheathed on both sides with

OSB, see also Table 7.1

7.2.3 Tabular and graphical presentation of LFTW with a length of 3.0[m]
sheathed on both sides with OSB

The results of the parametric study of the 3.0 [m] long LFTW element sheathed with OSB

panels on both sides are summarized in Table 7.2. A typical, graphical presentation is given in

Figure 7.2.
Tab. 7.2: Results of the parameter study of theLFTW with a length of 3.0 [m] sheathed on both sides
with OSB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
e [t] s] sl [ [om] kN O[] [mm] [kN]  [mm] [] []
1- storey structure
0.6 630.0 v 114 1.70 1.0 25.82 216.5 1.72 108.0 191.7 48.1 1.66 0.66
1.0 408.0 v 092 1.28 2.48 219.9 56.0 1.93 0.70
1.3 3315 v 0.83 1.120 3.00 220.2  55.23 1.90 0.64
1.6 2000 v 0.64 0.82 3.00 234.6  60.61 2.10 0.67
2- storey structure
0.6 3450 v 145 1.70 1.187 29.68 2199 1.78 1244 3059 52.99 1.55 0.63
1.0 3075 v 137 1.59 2.8 353.7 64.1 1.74 0.66
1.3 206.5 v 1.12 1.30 3.00 366.1  66.23 1.71 0.58
1.6 1350 v 090 1.04 3.00 3729  76.84 2.08 0.69




7.2. PARAMETER STUDY 211
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r A, F, i Ay HD force Aoy IDR DI
[ S F fmw] N [ [om] kN fom] [ [
3- storey structure
0.6 165.0 v 150 1.70 1.266 47.08 216.3 1.21 153.0 329.6  49.20 0.87 0.32
1.0 165.0 v 1.50 1.70 2.02 465.5 76.1 1.70 0.51
1.3 165.0 v 1.50 1.70 2.63 479.6  86.11 1.46 0.53
1.6 1365 x 1.36 1.53 2.91 532.4  103.5 1.84 0.67
125.0 v 1.30 147 2.83 504.3 98.0 1.79 0.63
4- storey structure
0.6 92.0 v 1.57 1.70 1.318 70.32 219.1 1.0 204.1  350.3 52.0 0.62 0.22
1.0  92.0 v 157 1.70 1.40 507.71 84.81 0.95 0.34
1.3 920 v 157 1.70 1.82 522.5  87.95 1.11 0.38
1.6 92.0 v 157 1.70 2.23 o77.7  119.7 1.62 0.56
5- storey structure
0.6 54.0 v 1.61 1.70 1.357 102.5 218.2 1.0 256.3 3345 53.29 0.45 0.16
1.0 54.0 v 161 1.70 1.0 486.5 84.36 0.70 0.24
1.3  54.0 v 161 1.70 1.28 526.4  91.53 0.84 0.28
1.6 54.0 v 161 1.70 1.58 576.7  111.1 1.17 0.38
6- storey structure
0.6 335 v 164 1.70 1.386 146.0 218.2 1.0 319.6 299.9 53.59 0.40 0.12
1.0 335 v 164 1.70 1.0 483.9  88.25 0.60 0.19
1.3 335 v 164 1.70 1.0 504.61 97.34 0.70 0.22
1.6 33.5 v 164 1.70 1.58 576.7  111.1 1.17 0.38
7- storey structure
06 2175 v 167 1.70 1.41 2024 218.2 1.0 4053 269.8 57.77 0.39 0.09
1.0 21.7%5 v 1.67 1.70 1.0 424.5 91.65 0.56 0.14
1.3 21.7%5 v 1.67 1.70 1.0 458.3 101.1 0.63 0.16
1.6 21.7%5 v 1.67 1.70 1.0 580.7 134.8 0.80 0.24
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Fig. 7.2: Outcome of the parameter study of the 3.0 [m] LFTW element sheathed on both sides with
OSB, see also Table 7.2

7.2.4 Tabular and graphical presentation of LFTW with a length of 3.6[m]

The results of the parametric study of the 3.6 [m] long LFTW element sheathed with OSB
panels on both sides are summarized in Table 7.3. The typical, graphical presentation is given

in Figure 7.3

Tab. 7.3: Results of the parameter study of the LFTW with a length of 3.6 [m]

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
= [t] [s) 8] [] [wm] [kNj ] [mm] [kN]  [mm] [] [

1- storey structure

0.6 632.0 v 1148 1.70 1.0 3147 266.0 1.44 1243 179.0 39.43 1.36 048
1.0 576.0 Vv 1.10 1.60 2.35 218.9 57.26 1.97 0.70
1.3 5100 V 1.03 1.47 2.93 218.5 61.25 2.10 0.70
1.6 2500 VvV 0.72 0.95 2.76 225.9 65.13 2.25 0.70
2- storey structure

0.6 367.0 VvV 147 1.70 1.184 33.25 2639 1.59 1422  269.4 47.13 1.33 0.49
1.0 3620 VvV 1.46 1.69 2.64 359.4 73.80 1.95 0.70
1.3 2900 x 1.30 1.50 3.0 360.6 72.33 1.70 0.56

285.0 VvV 1.30 1.50 3.0 357.8 71.80 1.70 0.56
1.6 1835 x 1.04 1.20 3.0 365.4 80.53 2.0 0.63

1775 1.02 1.18 2.95 356.6 74.35 1.93 0.62
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
5 [ S8 [ fow] kN [ [mm] (N [um] [ [
3- storey structure
0.6 1725 1.51 1.70 1.256 53.19 2629 1.06 180.6 292.3 4497 0.81 0.28
1.0 1725 v 1.561 1.70 1.76 425.8 75.94 1.28 0.43
1.3 1725 1.561 1.70 2.29 446.1 81.72 1.39 0.45
1.6 1725 x 1.51 1.70 2.820 529.3  114.20 2.0 0.67
160.0 Vv 1.43 1.63 2.720 513.0 103.2 1.80 0.56
4- storey structure
0.6 100.0 vV 1.54 1.70 1.305 73.68 256.5 1.0 190.1  320.5 50.19 0.60 0.20
1.0 1000 Vv 1.54 1.70 1.32 460.6 79.87 0.95 0.30
1.3 1000 Vv 1.54 1.70 1.72 491.9 84.36 1.10 0.34
1.6 100.0 Vv 1.54 1.70 2.12 570.5 111.70 1.46 0.44
5- storey structure
0.6 60.0 v 1.57 1.70 1.343 105.6 260.8 1.0 2743 297.0 48.05 0.46 0.14
1.0 60.0 v 1.57 1.70 1.0 458.4 80.60 0.68 0.22
1.3  60.0 v 1.57 1.70 1.23 492.0 8§7.14 0.82 0.24
1.6 60.0 v 1.57 1.70 1.51 598.3 115.8 1.09 0.32
6- storey structure
0.6 39.0 v 1.61 1.70 1.373 144.7 259.7 1.0 334.2 281.0 4891 0.38 0.11
1.0  39.0 v 1.61 1.70 1.0 430.7 82.15 0.56 0.17
1.3 39.0 v 1.61 1.70 1.0 459.2 88.65 0.70 0.20
1.6 39.0 v 1.61 1.70 1.13 593.2 123.3  0.98 0.29
7- storey structure
0.6 26.0 v 1.64 1.70 1.397 194.2 259.7 1.0 397.2 259.6 52.51 0.35 0.09
1.0  26.0 v 1.64 1.70 1.0 405.5 84.30 0.52 0.14
1.3 26.0 v 1.64 1.70 1.0 444.9 94.28 0.57 0.16
1.6 26.0 v 1.64 1.70 1.0 561.1 125.0 0.78 0.23
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Fig. 7.3: Outcome of the parameter study of the 3.6 [m] LFTW element sheathed on both sides with
OSB, see also Table 7.3

7.2.5 Tabular and graphical presentation of LFTW with a length of 4.2[m]
sheathed on both sides with OSB

The results of the parametric study of the 4.20 [m] long LFTW element sheathed with OSB

panels on both sides are summarized in Table 7.4. The typical, graphical presentation is given

in Figure 7.4

Tab. 7.4: Results of the parameter study of the LFTW with a length of 4.2 [m] sheatehd on both sides
with OSB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay E, i Ay HD force A,y IDR DI
o S ) [ [om] &N [ [om] (N [mm] [ [
1- storey structure
0.6 7340 v 109 1.70 1.0 32.31 319.2 1.39 182.3 1884 39.45 1.36 0.46
1.0 7190 v 1.08 1.68 2.30 2244 60.0 2.07 0.70
1.3 693.5 x 1.06 1.64 2.97 226.0 64.72 2.22 0.70
535.0 v 0.93 1.37 2.76 222.5 59.68 2.06 0.57
1.6 367.0 x 0.77 1.06 3.00 239.3 71.25 2.46 0.66
335.0 v 074 1.0 2.90 238.4 68.05 2.35 0.60
2- storey structure
0.6 5125 v 154 1.70 1.183 29.23 316.8 1.84 194.8  300.3 53.9 1.65 0.65
1.0 441.0 v 1.42 1.58 2.83 380.7 73.17 1.97 0.70
1.3 3000 v 1.18 1.32 3.00 373.8 67.73 1.71 0.49
1.6 2040 v 097 1.09 3.00 383.3 78.73 2.1 0.55
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force A,y IDR DI
[ S ) [om] &N [] [mm] [N [mm] [ [
3- storey structure
0.6 223.0 v 148 1.70 1.255 47.77 307.0 1.17 136.8 355.2 46.55 0.89 0.29
1.0 2230 v 148 1.70 1.95 459.7 73.15 1.36 0.40
1.3 223.0 v 148 1.70 2.53 468.4 80.42 1.42 0.41
1.6 186.0 x 1.33 1.55 2.86 530.6 99.75 1.81 0.52
156.0 v 1.24 1.41 2.61 523.8 94.36 1.73 0.48
4- storey structure
0.6 1320 v 156 1.70 1.30 66.23 307.0 1.00 180.2 3474 49.62 0.66 0.23
1.0 1320 v 1.56 1.70 1.46 480.6 71.37 0.85 0.25
1.3 1320 v 1.56 1.70 1.90 530.3 84.84 1.17 0.32
1.6 1320 v 1.56 1.70 2.34 628.3 101.70 1.17 0.29
5- storey structure
0.6 80.0 v 1.59 1.70 1.332 95.52 313.2 1.00 314.9  344.7 50.03 0.50 0.14
1.0 80.0 v 1.59 1.70 1.04 519.0 82.18 0.73 0.21
1.3 80.0 v 1.59 1.70 1.36 548.4 88.30 0.88 0.23
1.6 80.0 v 159 1.70 1.67 662.3 115.7 1.19 0.31
6- storey structure
0.6 51.5 v 161 1.70 1.37 128.7 308.1 1.0 294.2 317.9 49.45 0.40 0.11
1.0 515 v 1.61 1.70 1.00 480.7 82.14 0.60 0.16
1.3 515 v 1.61 1.70 1.03 520.4 89.86 0.75 0.18
1.6 51.5 v 161 1.70 1.27 644.6 122.0 1.02 0.25
7- storey structure
0.6 34.5 v 1.64 1.70 1.395 173.2 308.2 1.00 367.1  293.8 51.52 0.34 0.08
1.0 345 v 1.64 1.70 1.00 452.6 84.46 0.52 0.13
1.3 345 v 1.64 1.70 1.00 502.1 93.60 0.60 0.14
1.6 345 v 1.64 1.70 1.00 631.7 124.7 0.84 0.20
8- storey structure
0.6 24.0 v 164 170 1.415 229.1 309.4 1.00 452.9 2814 55.94 0.32 0.06
1.0 24.0 v 1.64 1.70 1.00 436.8 88.70 0.48 0.10
1.3 24.0 v 1.64 1.70 1.00 502.1 93.60 0.60 0.14
1.6 24.0 v 1.64 1.70 1.00 631.7 124.7 0.84 0.20
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Fig. 7.4: Outcome of the parameter study of the 4.2 [m] LFTW element sheathed on both sides with

OSB, see also Table 7.4

7.2.6 Tabular and graphical presentation of LFTW with a length of 4.8[m]
sheathed on both sides with OSB

The results of the parametric study of the 4.8 [m] long LFTW element sheathed with OSB

panels on both sides are summarized in Table 7.5. A typical, graphical presentation is given in

Figure 7.5.
Tab. 7.5: Results of the parameter study of the LFTW with a length of 4.8 [m]sheazhed on both sides
with OSB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
5 Y S 5 [ fmm &N [ fmm] &N [um] [ [
1- storey structure
0.6 775.0 V 1.1 1.70 1.0 3533 371.1 1.27 162.2 182.6  38.69 1.33 0.40
1.0 775.0 Vv 1.1 1.70 2.10 225.1 60.22 2.08 0.65
1.3 7750 x 1.1 1.70 2.75 2294 6448 2.22 0.67
600.0 v 0.97 1.42 2.55 2241  59.63 2.06 0.56
1.6 4640 x 0.85 1.20 2.89 244.8  73.83 2.55 0.70
3775 v 077 1.05 2.69 242.0 67.28 2.32 0.59
2- storey structure
0.6 555.0 v 1.55 1.70 1.18 30.53 366.8 1.73 176.7 2874  51.78 1.60 0.55
1.0 525.0 v 1.50 1.65 2.80 376.9 74.76 2.05 0.70
1.3 3670 v 1.26 1.40 3.0 358.7  69.45 1.80 0.51
1.6 2470 v 1.03 1.16 3.0 382.9 7748 2.00 0.54
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, o Ay HD force A,y IDR - DI
[ S ) [ [om] &N [ [mm] [N [om] [ [
3- storey structure
0.6 2325 v 145 1.70 1.25 52.36 353.9 1.07 160.2 312.0 4552 0.9 0.29
1.0 2325 v 145 1.70 1.78 448.1 75.62 1.30 0.38
1.3 2325 v 145 1.70 2.31 464.5  80.69 1.40 0.40
1.6 2140 x 1.45 1.70 2.74 527.5  99.94 1.79 0.52
1845 v 1.30 1.50 2.55 495.5 94.13 1.80 0.49
4- storey structure
0.6 140.0 v 1.50 1.70 1.295 69.96 355.0 1.00 198.4 339.9  48.42 0.67 0.19
1.0 140.0 v 1.50 1.70 1.38 493.4  79.72 0.98 0.28
1.3 1400 v 1.50 1.70 1.79 515.2 83.34 1.16 0.31
1.6 1400 v 1.50 1.70 2.21 602.4 110.0 1.49 0.37
5- storey structure
0.6 87.0 v 1.59 1.70 1.331 97.66 356.9 1.00 247.50 323.9 46.86 0.50 0.13
1.0 87.0 v 1.59 1.70 1.01 488.4  77.58 0.74 0.20
1.3 87.0 v 1.59 1.70 1.32 532.1 86.25 0.88 0.23
1.6 87.0 v 159 1.70 1.62 630.1 111.7 1.10 0.27
6- storey structure
0.6 57.5 v 159 1.70 1.36 130.2 355.3 1.0 301.1 306.2  47.23 0.40 0.11
1.0 575 v 1.59 1.70 1.00 476.93 80.32 0.62 0.17
1.3 575 v 1.59 1.70 1.01 523.0 88.45 0.75 0.21
1.6 575 v 1.59 1.70 1.25 647.8 119.9 01.0 0.25
7- storey structure
0.6 38.0 v 1.61 1.70 1.386 172.5 356.7 1.00 370.8 288.0 49.31 0.34 0.09
1.0 38.0 v 1.61 1.70 1.00 4424  80.85 0.50 0.13
1.3 38.0 v 1.61 1.70 1.00 486.0  89.45 0.60 0.15
1.6 38.0 v 1.61 1.70 1.00 618.7 121.3 0.80 0.19
8- storey structure
0.6 27.5 v 164 1.70 1.41 223,7 356.7 1.00 453.4 267.6 51.37 0.31 0.07
1.0 275 v 1.64 1.70 1.00 423.5 84.04 0.46 0.11
1.3 275 v 1.64 1.70 1.00 467.8  93.18 0.50 0.12
1.6 275 v 1.64 1.70 1.00 598.2 126.3 0.670 0.17




218 CHAPTER 7. PARAMETER STUDY OF LFTW SHEATHED WITH OSB

900

Mass [t/st] Wall Length 4.8 [m]

775 —=—0.6 m/s2
775

—a—1.0.m/s2

700
\ 1.3 m/s2
600 600 \\\\555 ——1.6m/s2

800

500

400

300

200 4

g e
38
27.5
0 T T T T : !
0 1 2 3 4 5 6 7 8 9

Fig. 7.5: Outcome of the parameter study of the 4.8 [m] LFTW element sheathed on both sides with
OSB, see also table 7.5

7.3 Discussion

7.3.1 General considerations

LFTWs sheathed with OSB are used in timber structures in seismically prone regions due
to their deformability and large ductility. The analyses performed and presented within this
chapter show illustratively that, in all hazard zones, LEFTWs sheathed with OSB can be used for
structures with up to 7 or even 8 storeys. From Figures 7.1, 7.2, 7.3, 7.4 and 7.5, it can be seen
that all LFTWSs have the same admissible masses from 4- up to 8-storeys. This is due to the fact
that the limiting period of T = 1.7[s] is reached as soon as the structure has attained a height
of 4-storeys and more. The admissible mass for a 4-storey structure is 60 and 140 [t/storey] for

wall lengths of 2.4 [m] and 4.8 [m], respectively.

7.3.2 Inter-Storey Drift Ratio (IDR) and Damage Index (DI)

Similar to the squat LFTWs sheathed with GFB, low-rise LFTWs sheathed with OSB are also
forced to develop larger IDRs and DIs than taller walls. The admissible mass decreases and the
vibration period increases, with the structure height, resulting in continued reduction of IDR
and DL

From Tables 7.1 to 7.5, it can be seen that the limiting IDR < 2.5 and DI < 0.7, stipulated
in Chapter 5, (see Table 5.7), have been estimated only for 1- and 2-storey structures in hazard
zones Z1 and Z2. In hazard zones Z3a and Z3b, the limiting ductility demand p = 3.0 has
been reached first. For all structures with 2- to 8-storeys, IDR and DI decrease rapidly with

increasing structure height and decreasing the admissible masses.
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7.3.3 Admissible mass and mass distribution

As discussed previously in Chapter 6, Section 6.3.3, the average evenly distributed storey mass
active during an earthquake is assumed to be 450[%]. The admissible mass estimated for all
LFTW elements decreases with increasing height of the structure, exhibiting the maximum value
in the case of the 1-storey structures. Within the parameter study presented herein, the number
of storeys is increased until the admissible mass reaches approximately 25 [t/storey]. The ad-
missible mass value of 25 [t/storey] corresponds to a surface area of approximately A=25/0.45
= 56 [m?], which is considered to be in the lower range of practical applicability.

On the other hand, the average surface area of a housing unit is in the range of 120 and 150
[m?]. Between two housing units, wall elements are commonly used as a physical separation.
Thus, it is reasonable to assume that, the required physical separation can be constructed
by using LEFTWs able to sustain the lateral loads induced by winds and earthquakes. The
mass induced from these areas and subjected to a single wall element is then approximately
(120 + 150) - 0.45 = 54 =+ 67.5[t/storey], which is considered to be in the optimum range of

practical applicability.

The admissible masses, estimated during the parameter study, presented in this chapter,
reaching the values of approximately 70 < 100[t/storey] are considered to be in the upper range
of practical applicability. The corresponding surface area is defined by side dimensions of ap-
proximately 12 =+ 15 by 12 + 15[m]. The way the mass is distributed over each individual wall

length is discernible, but a general statement that applies to all elements is not possible.

Walls with a length of 2.4 [m)]

From Table 7.1 and Figure 7.1, it can be seen that the admissible mass mggm > 100[stotrey] has
been estimated for 1- to 3-storey structures in seismic zones 71, Z2 and Z3a, and for 2-storey
structures in seismic zone Z3b. One can see that, due to the large admissible mass, even in
the case of a short wall length of 2.4 [m], the earthquake excitation will not be the limiting
criteria for the applicability of LEFTWs in structures of up to three storeys. Furthermore, the
optimum range of applicability of the 2.4 [m] LETW is for structures of up to 4-storeys. Due
to the limitation provided by the inelastic period of vibration 7% =1.7 [s], the same admissible
mass of 60[t/storey| has been estimated for 4-storey structures in all hazard zones. The use of
2.4]m] LFTWs for 5- and 6-storey structures is not in the optimum range from an economical

point of view, but quite possible regarding the technical aspect.

Walls with a length of 3.0 [m]

From Table 7.2 and Figure 7.2, it can be seen that admissible masses of mggm > 100[Stoiey]

have been estimated for 1- to 3-storey structures in all seismic zones. The optimum range of

applicability of 3.0 [m] LFTWs is for structures with up to 5-storeys, with a corresponding
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admissible mass of 54.0 [t/storey]. The 3.0 [m] long LFTWs could be used for structures up to
6 storeys with a corresponding admissible mass of 33.5 [t/storey].

Due to the limitation provided by the inelastic period of vibrations 7% =1.7 [s], the same
admissible masses for all hazard zones have been estimated for all structures with 4 and more

storeys.

Walls with a length of 3.6 [m]

From Table 7.3 and Figure 7.3, it can be seen that the admissible masses mgygm > IOO[StOiey]
have been estimated for 1- to 4-storey structures in all seismic zones. The optimum range
of applicability of 3.6 [m] LFTWs is for structures of up to 5-storeys, with a corresponding
admissible mass of 60.0 [t/storey]. The 3.6 [m] long LFTWSs could be used up to 7 storeys with
a corresponding admissible mass of 26 [t/storey].

Due to the limitation provided by the inelastic period of vibrations 7% =1.7 [s], the same
admissible masses for all hazard zones have been estimated for all structures with 4 and more

storeys.

Walls with a length of 4.2 [m)]

From Table 7.4 and Figure 7.4, it can be seen that the admissible masses mggm > 100[875026@/]
have been estimated for 1- to 4-storey structures in all seismic zones. The optimum range of
applicability of 4.2 [m] LFTW is for strcutures of up to 6-storeys, with corresponding admissible
mass of 51.5 [t/storey]. The 4.2 [m] long LEFTWSs could be reasonably used for structures of up
to 7 storeys with a corresponding admissible mass of 34.5 [t/storey|. From the technical point
of view, the 4.2 [m] LFTWs could be used even for 8-storey structures, with an admissible mass
of merely 24.0 [t/storey].

Due to the limitation provided by the inelastic period of vibrations 7% =1.7 [s], the same
admissible masses for all hazard zones have been estimated for all structures with 4 and more

storeys.

Walls with a length of 4.8 [m]

From Table 7.5 and Figure 7.5, it can be seen that the admissible masses mggm > 100[8750’;%]
have been estimated for 1- to 4-storey structures in all seismic zones. The optimum range of
applicability of 4.8 [m] long LFTWs is for structures of up to 6-storeys, with a corresponding
admissible mass of 57.5 [t/storey]. The 4.8 [m] long LFTWs could be reasonably used for
structures of up to 7 storeys with corresponding admissible mass of 38.0 [t/storey]. From the
technical point of view, the 4.8 [m] LFTWs could also be used even for 8-storey structures, with
an admissible mass of merely 27.5 [t/storey].

Due to the limitation provided by the inelastic period of vibrations 7% =1.7 [s], the same
admissible masses for all hazard zones have been estimated for all structures with 4 and more

storeys.
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7.3.4 Ductility demand

Since the LFTWs which behave in the inelastic range even in the case of small displacements, the
definition of ductility is not an easy issue. In the parameter study performed and presented in
this chapter, the ductility has been estimated by using the Equal-Energy-Elastic-Plastic (EEEP)
bi-linear approximation [22] for estimation of the yield displacement and the yield force in the
pushover analysis. The initial stiffness has been defined through the point on the pushover curve
at 0.4F),4; (see also Figure 6.25). Within the parameter study presented, it has been observed
that the limitation of the ductility demand governs the design for all wall lengths in the cases of
1- and 2-storey structures in hazard zones Z3a and Z3b. In all other cases, the ductility demand
is p < 3.0.

7.3.5 Hold-Down forces

As already observed for the LFTWs sheathed with GFB, the hold-down forces vary little with
respect to the number of storeys for all wall lengths and hazard zones. So, the HD force for
the 1- storey LFTW element is in the range between 170 and 210 [kN]. The HD forces for the
wall lengths of 2.4[m| and 4.8 [m] are 183 and 242 [kN], respectively. Maximum HD forces have
been estimated in the range between 560 and 660 [kN] in the cases of 5- and 6-storey structures
of all wall lengths. According to Chapter 3, the required bearing capacity of the HD-devices
is between 760 and 890 [kN], in order to continue to respond in the elastic range. Hence, HDs
with three slotted in steel plates and 12 or 16 dowels with d=16 [mm] are required. Studs
proportioned to 300 - 300[mm] have been used.

7.3.6 Control of parameter study using IDA analysis

The parameter study performed within this chapter is based on the pushover and NLTHA anal-
yses. The pushover analysis provides yield displacement and yield force, as well as maximum
displacement capacity (see also Figure 6.25). The NLTHA provides HD-forces, roof displace-
ments, inter-storey drift ratios, storey accelerations and displacements, and damage indexes.
During the parameter study, measures were taken to ensure that all pre-defined conditions are
satisfied. Only the results which have satisfied the limitations defined in advance, have been
adopted as valid outcomes of the deterministic parameter analyses. Let us consider, for example,
the results obtained by analyzing a 1-storey structure with a 2.4 [m] wall length. The limitation
given by the inelastic period of vibrations 7% = 1.7[s] is reached first for seismic zone Z1 and a
mass of 500 [t]. The limiting IDR = 2.0 < 2.5 and DI = 0.65 < 0.7, as well as HD forces are
not reached yet. For the structure in seismic zone Z2 with a mass of 408 [t], maximum DI of
0.7 is reached first, while the ductility, the period of vibration, the HD-forces as well as the IDR
are still below the corresponding limit values. In the seismic zones Z3a and Z3b, the maximum
ductility demand p = 3.0 is reached first, while the other control parameters are still below the
corresponding limit values. An additional, independent model, capable of validating the results

obtained from the pushover and the NLTHA analyses has been used to control the outcomes
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of the parameter study. The probabilistic method used for this control is incremental dynamic
analysis (IDA), introduced in Chapter 4. A great majority of all analyses performed by means
of NLTHA have passed the IDA check. However, some of them failed. The analyses failing the
IDA check have been marked in Tables 7.1 to 7.5 by the failure sign ” x” and have been analyzed
further within the IDA-analysis framework until passing the IDA check. Unlike the IDA check
for the LFTWs sheathed with GFB, where the maximum estimated admissible masses have dif-
fered significantly for different wall lengths and hazard zones, the LEFTWs sheathed with OSB
behave similarly in the cases of all wall lengths and structures with over 4-storeys in all seismic
hazard zones. The results of the IDA analysis for 4-storey structures for all hazard zones and
the corresponding wall lengths are presented in this section.

Figure 7.6 shows the check for a 4-storey structure in all hazard zones for the same admissible
mass of 60 [t/storey]. This mass is considered to be in the optimum range for the 2.4 [m|] LETWs.
In Figure 7.6, it can be seen that the damage measure for the life safety limit state, defined as a
roof drift of 168 [mm]|, which is 1.45% of the total building height, will be reached for a spectral
acceleration of S, 7—1.7(5 of 1.9 [m/s?]. This acceleration is much higher then the accelerations
which are to be expected in Zone Z1 (0.6 [m/s?]), Z2 (1.0 [m/s?)); Z3a (1.31 [m/s*]) and
Z3b (1.62 [m/s?]). Thus, the structure has passed the IDA check for all seismic hazard zones,
characterized by ground accelerations 0.6, 1.0, 1.3 and 1.6 [m/s?].

Figure 7.7 presents the check for a 4-storey structure in all hazard zones for the same ad-
missible mass of 92 [t/storey]. This mass has been considered to be in the upper range for
the 3.0 [m] LEFTWs. From Figure 7.7, it is evident that the damage measure for the life safety
limit state, defined as a roof drift of 158 [mm], which is 1.36% of the total building height,
will be reached for a spectral acceleration of S, 17— 6s[s)) of 1.83 [m/ s?]. This acceleration is
much higher than the accelerations which are to be expected in zones Z1 (0.62 [m/s?]), Z2 (1.03
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Fig. 7.6: IDA-control of the 4-storey 2.4 [m] LFTW for a mass of 60 [t/storey]
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Fig. 7.7: IDA-control of the 4-storey 3.0 [m] LFTW for a mass of 92 [t/storey]

[m/s%]); Z3a (1.33 [m/s?]) and Z3b (1.64 [m/s?]). Note that the inelastic period of vibration
estimated within the IDA by a quadrilinear fit of the pushover curve is 7% = 1.68[s]. This is
slightly less then T = 1.70[s], estimated by using the EEEP rule within the pushover analysis
carried out in the parameter study.

Figure 7.8 shows the check for a 4-storey structure in all hazard zones for the same admissible
mass of 100 [t/storey]. This mass is considered to be within the upper limit of the upper range
for the 3.6 [m] LFTWs. From Figure 7.8, it can be seen that the damage measure for the life
safety limit state, defined as a roof drift of 150 [mm]|, which is 1.30% of the total building height,
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Fig. 7.8: IDA-control of the 4-storey 3.6 [m] LFTW for a mass of 100 [t/storey]
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will be reached for a spectral acceleration of S, (7—1.70[s)) of 1.73 [m/ s2]. This acceleration is
much higher than the accelerations which can be expected in zones Z1 (0.61 [m/s?]), Z2 (1.02
[m/s%]); Z3a (1.32 [m/s?]) and Z3b (1.62 [m/s?]). Note that the inelastic period of vibration,
estimated within the IDA Analysis by a quadrilinear fit of the pushover curve, is T* = 1.70[s].
This is equal to the period estimated by using the EEEP rule within the pushover analysis
performed in the parameter study.

Figure 7.9 presents the check for a 4-storey structure in all hazard zones for the same ad-
missible mass of 132 [t/storey]. This mass is considered to be above the upper range for the
4.2 [m] LETWs, giving a corresponding wall surface area of approximately 293 [m?], defined as
a surface with side dimensions of approximately 17 by 17 [m]. In Figure 7.9, it is evident that
the damage measure for the life safety limit state, defined as a roof drift of 150 [mm], which
is 1.30% of the total building height, will be reached for a spectral acceleration of Sa,(T=1.69]s])
of 1.75 [m/s?]. This acceleration is more than the accelerations which are to be expected in
zones Z1 (0.61 [m/s?]), Z2 (0.1.02 [m/s?]); Z3a (1.33 [m/s?]) and Z3b (1.63 [m/s?]). Note that
the inelastic period of vibration estimated within the IDA by a quadrilinear fit of the pushover
curve is T% = 1.69[s]. This is slightly smaller than the period of 7% = 1.70[s], estimated by use
of the EEEP rule within the pushover analysis conducted in the parameter study.

o
azs [oIm/s2 Wall length 4.2 [m]

e 0,6 M /52
451 4-storey
4.25 - mass = 132 t/storey =1.0m/s2
44 1.3 m/s2
DM (LS) = RDR
3.75 A 1.30% = 150.1 [mm] 1.6 m/s2

351 —|— Intersection IDA and elastic RS
3.25 4
3 -

2.75

@ (s Point from IDA

8 CP Point from IDA
25 4
2.25 T*=1.69 [s]
2
1.75
1.5
1.25
14
0.75
0.5
0.25 4
0+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Sd [m]

Fig. 7.9: IDA-control of the 4-storey 4.2 [m] LFTW for a mass of 132 [t/storey]

Figure 7.10 presents the check for a 4-storey structure in all hazard zones for the same
admissible mass of 140 [t/storey]. This mass has been considered to be above the upper range
for the 4.8 [m] LFTWs, giving a corresponding wall surface area of approximately 311 [m?],
defined as a surface with side dimensions of approximately 17.6 by 17.6 [m]. In Figure 7.10, it
is obvious that the damage measure for the life safety limit state, defined as a roof drift of 150
[mm], which is 1.30% of the total building height, will be reached for spectral acceleration of

Sa,(r=1.68[s]) of 1.75 [m/ s2]. This acceleration exceeds the accelerations which are to be expected
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in zones Z1 (0.61 [m/s?]), Z2 (0.1.02 [m/s?]); Z3a (1.33 [m/s?]) and Z3b (1.63 [m/s?]). Note
that the inelastic period of vibration 7% = 1.68[s| estimated within the IDA by a quadrilinear
fit of the pushover curve is slightly below the period of T = 1.70[s], estimated by using of the

EEEP rule within the pushover analysis carried out in the parameter study.
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Fig. 7.10: IDA-control of the 4-storey 4.8 [m] LEFTW for a mass of 140 [t/storey]
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Chapter 8

Parameter Study of LFTW Sheathed
with GFB

In this chapter, the parameter study for LEF'TWs sheathed with GFB is performed. The results
of the parameter study are summarized in tabular and graphical form. The IDA analysis is

performed for each run in parallel. The mass, which satisfies all conditions, is adopted.

8.1 Introduction

Within the parameter study presented in this chapter, the mechanical model of the LETW
sheathed on both sides with GFB developed in Chapter 3 and summarized in Tables 3.14 to
3.18 has been used. Sheathing panels have a thickness of t, = 15[mm]. Staples with d =
1.53[mm], spaced at 35[mm]|, have been used as fasteners to connect the GFB with the timber
frame. The analyses have been performed for all wall elements, characterized by their lengths of
2.4,3.0,3.6,4.2 or 4.8[m], and seismic hazard zones, characterized by design ground accelerations
of 0.6,1.0,1.3 or 1.6[ 73], corresponding to the hazard zones Z1, Z2, Z3a or Z3b, as stipulated by
the SIA code [3].

Only soil category C will be considered in this chapter. Soil conditions C have been chosen for
the parameter study because the peak amplification and the edge periods on the plateau are
in the median range for dense soils. The results for soil categories A (stiff soil) and E (soft
soil) are attached in Appendix A. The outcome of the parameter analysis is the maximum mass
applicable at each storey of the structure under consideration so that all the performance limits
for the life safety (LS) limit state, derived in Chapter 5, are satisfied. The analyses are based

on parameters described in Chapter 6.
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8.2 Parameter Study

8.2.1 General considerations

The outcome of the parameter study is presented in both tabular and chart format. The results

in the tabular format are divided into the following sub-analysis parts:

e Check by means of IDA analysis

e Modal analysis

e Pushover analysis

e NLTHA

All the results of the parametric study have been subsequently also checked by means of

IDA- analysis, as presented in Chapter 5. Only the results relevant for application in practice

are presented graphically. See also subsection 6.3.6.

The damage index (DI) as the result of the damage analysis has been estimated by using the

parameter Sp; according to Table 5.5.

8.2.2 Tabular and graphical presentation of LFTW with a length of 2.4[m]

sheathed on both sides wirh GFB

The results of the parametric study for a 2.4 [m] long LFTW element sheathed on both sides

with GFB are summarized in Table 8.1. The typical, graphical presentation is given in Figure

8.1
Tab. 8.1: Results of the parameter study of a LFTW with a length of 2.4 [m] sheathed on both sides
with GFB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, po Ay HD force A, IDR DI
B S 8 F mw] KN [ [om] N [om] [ [
1- storey structure
0.6 138.0 v 0.70 0.85 1.0 11.52 86.06 1.94 31.95 106.8 2221 077 0.79
1.0 725 v 0.52 0.61 2.50 119.1 23.19 0.80 0.80
1.3  57.0 v 0.45 0.52 2.49 118.3 23.74 0.82 0.80
1.6 39.0 X 0.38 0.43 2.10 120.5 24.0 0.83 0.80
36.0 v 0.36 0.41 1.93 116.1 21.88 0.75 0.73
2- storey structure
0.6 67.8 v 0.83 093 1.19 178 85.0 1.63 41.48 152.2 27.04 0.67 0.69
1.0 43.3 v 0.67 0.75 2.19 183.2 31.96 0.80 0.80
1.3 285 v 0.55 0.60 2.31 183.7 31.25 0.75 0.73
1.6 22.0 X 0.48 0.53 2.20 190.0 33.59 0.82 0.80
19.5 v 0.45 0.49 1.96 181.9 29.89 0.72 0.70
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, po Ay HD force A,y IDR DI
B0 S 8 [0 fow] &N [ fom] kN [om] [ [
3- storey structure
0.6 474 v 1.06 1.14 1.26 27.86 83.17 1.35 52.9 208.8 355  0.62 0.63
1.0 316 b 0.86 0.93 1.85 239.5 42,99 0.74 0.75
28.5 v 0.81 0.88 1.76 228.6 39.36 0.65 0.66
1.3 18.4 v 0.65 0.71 1.83 232.2 37.79 0.60 0.58
1.6 1224 v 0.53 0.58 1.77 233.7 38.01 0.58 0.57
4- storey structure
0.6 474 v 1.46 1.55 1.31 42.58 83.67 1.25 76.64 226.3 44.42 0.71 0.77
1.0  24.80 v 1.06 1.12 1.50 281.8 53.63 0.80 0.80
1.3  18.35 X 0.94 0.99 1.73 292.0 55.52 0.65 0.64
17.5 v 0.89 0.94 1.65 276.6 51.22  0.60 0.60
1.6 1224 b 0.74 0.79 1.69 302.8 57.85 0.74 0.73
11.0 v 0.70 0.74 1.62 291.3 54.88 0.69 0.68
5- storey structure
0.6 32.6 v 1.63 1.69 1.35 63.73 83.89 1.0 103.1 241.5 50.43 0.47 0.50
1.0  20.1 v 1.28 1.32 1.23 291.0 62.96 0.58 0.60
1.3 15.8 v 1.13 1.17 1.42 322.0 69.5 0.64 0.63
1.6 9.2 v 0.86 0.89 1.33 316.7 67.6 0.68 0.67
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Fig. 8.1: Result of the parameter study of the LFTW sheathed on both sides with GFB with a length
of 2.4 [m], see also Table 8.1
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Fig. 8.2: YPS- representation of displacement capacity and displacement (ductility) demand for a 3-
storey structure with a mass of 20.4 [t] at each storey 8.2(a): Displacement capacity and displacement

(ductility) demand for a 4-storey structure with a mass of 20.4 [t] in each storey 8.2(b)

8.2.3 Tabular and graphical presentation of LFTW with a length of 3.0[m]
sheathed on both sides with GFB

The results of the parametric study for a 3.0 [m] long LFTW element sheathed on both sides
with GFB are summarized in Table 8.2. The typical, graphical presentation is given in Figure
8.3
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Tab. 8.2: Results of the parameter study of a LFTW with a length of 3.0 [m] sheathed on both sides

with GFB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, po Ays HD force A,y IDR DI
B0 S F fmm] N [ mm] KN mm] [ [
1- storey structure
0.6 139.0 v 0.75 088 1.0 16.83 119.6 1.37 40.41 114.9 249 086 0.80
1.0 78.0 b'e 0.55 0.64 1.77 128.7 26.5 090 0.80
65.0 v 0.51 0.58 1.57 121.1 23.07 0.80 0.72
1.3  58.6 X 0.48 0.55 1.84 129.8 27.8 095 0.80
50.0 v 0.44 0.50 1.57 124.5 24.72 085 0.72
1.6 43.3 b 0.42 0.47 1.67 130.9 275 095 0.80
40.0 v 0.40 0.45 1.54 130.1 27.15 094 0.80
2- storey structure
0.6  88.0 v 1.0 1.08 1.19 253 118.1 1.33 44.57 188.7 353 080 0.78
1.0 46.0 v 0.71 0.78 1.60 201.9 39.33 086 0.77
1.3 357 b'e 0.63 0.69 1.84 210.7 41.17 091 0.77
30.0 v 0.58 0.63 1.69 206.8 40.0 0.85 0.73
1.6 245 v 0.52 0.57 1.78 214.8 42.48 090 0.77
3- storey structure
0.6 734 v 1.3 143 125 38.0 1151 1.23 64.52 217.2 42.72  0.68 0.71
1.0 377 v 0.94 1.02 1.48 266.1 53.34 0.84 0.78
1.3 30.0 v 0.83 0.90 1.71 258.9 50.49 0.82 0.71
1.6 16.8 v 0.63 0.68 1.58 279.2 55.06 0.86 0.73
4- storey structure
0.6  52.5 v 1.50 1.60 1.3 5479 1164 1.0 91.36 234.3 48.85 0.56 0.60
1.0 32.0 v 1.17 1.25 1.29 305.3 66.47 0.78 0.76
1.3 275 b'e 1.08 1.16 1.56 318.8 70.12 0.9 0.8
25.5 v 1.04 1.11 1.5 323.4 69.75 0.84 0.79
1.6 14.8 v 0.78 0.85 14 316.2 67.56 0.81 0.71
o- storey structure
0.6 36.0 v 1.60 1.69 1.33 7594 1161 1.0 119.6 243.1 54.71 048 0.53
1.0 27.0 v 1.39 1.46 1.12 331.6 77.32 0.66 0.68
1.3 245 v 1.32 1.39 1.39 346.7 84.05 0.76 0.65
1.6 11.5 v 0.89 0.94 1.16 342.7 78.66 0.77 0.67
6- storey structure
0.6 235 v 1.63 169 1.36 1034 116.6 1.0 157.0 219.0 55.23 042 0.42
1.0 235 v 1.63 1.49 1.0 346.4 90.53 0.68 0.62
1.3 215 v 1.56 1.61 1.21 352.9 92.84 0.69 0.67



232

CHAPTER 8. PARAMETER STUDY OF LFTW SHEATHED WITH GFB

1.6 8.0 v 0.96 0.99 1.0 347.6 88.06 0.65 0.56
160 -
Mass [t/st] Wall length 3.0 m
140 - 139
120 - —8—0.6 m/s2
100 - 1.0 m/s2
1.3 m/s2
80 A 65 et 1.6 M/52
60 -
40 - :
\ 23.3
40 1.5
17 14.8 11.5 B—x
0 T T T T T T 1
0 1 2 3 4 5 6n storey 7

Fig. 8.3: Result of the parameter study of the 3.0 [m] LFTW element sheathed with GFB on both sides,
see also Table 8.2.

8.2.4 Tabular and graphical presentation of LFTW with a length of 3.6[m]
sheathed on both sides with GFB

The results of the parametric study for a 3.6 [m] long LFTW element sheathed on both sides

with GFB are summarized in Table 8.3. The typical, graphical presentation is given in Figure

8.4
Tab. 8.3: Results of the parameter study of a LFTW with a length of 3.6 [m]. sheathed on both sides
with GFB
Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m  check T T* r Ay F, i Ay HD force A,y IDR DI
(=] [t ] [sf [ [wm] [N [] fmm] [kN] = [mm] [] []
1- storey structure
0.6 178.5 v 0.73 090 1.0 16.39 141.0 1.45 39.62 113.8 23.14 0.80 0.77
1.0 98.0 X 0.54 0.64 1.87 127.1 25.31 0.87 0.8
95.0 v 0.54 0.63 1.85 126.4 2443 0.84 0.77
1.3 73.5 X 0.47 0.54 1.95 127.6 26.41 0.91 0.79
71.0 v 0.46 0.53 1.89 127.3 25.37 0.87 0.76
1.6 54.0 v 0.4 046 1.77 129.5 26.48 0.91 0.80
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Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
B S 8 F o] &N [ [mm] &N o] [ [
2- storey structure
0.6 107.0 v 094 104 1.18 2244 1393 1.43 50.16 188.0 33.17 0.75 0.77
1.0  58.0 v 0.70 0.76 1.76 205.5 37.22 083 0.78
1.3  46.0 X 0.62 0.68 2.04 211.0 40.09 0.89 0.79
36.5 v 0.55 0.60 1.82 201.6 35.14 0.78 0.67
1.6  31.0 X 0.51 0.56 1.92 217.2 4093 0.89 0.8
25.0 v 0.46 0.50 1.54 121.5 32.33 0.72 0.62
3- storey structure
0.6 91.7 v 1.27 1.39 1.25 3445 138.2 1.31 58.83 225.9 41.52 0.70 0.78
1.0  46.0 v 0.89 0.97 1.56 26.3 49.95 0.82 0.79
1.3 38.75 X 0.82 0.90 1.87 267.2 49.95 0.87 0.78
31.0 v 0.74 0.8 1.67 260.0 46.11 0.73 0.65
1.6 215 X 0.61 0.66 1.71 283.4 52.93 088 0.78
17.0 v 0.55 0.59 1.54 252.6 43.84 0.66 0.58
4- storey structure
0.6  66.0 v 145 1.56 1.29 4818 137.2 1.1 80.49 245.4 46.92 0.60 0.64
1.0 408 v 1.13 1.22 1.43 316.5 63.58 0.77 0.79
1.3 30.0 X 0.98 1.04 1.60 318.7 62.18 0.72 0.66
27.0 v 0.93 0.99 1.52 306.8 544 0.66 0.61
1.6 18.86 v 0.77 0.83 1.56 332.3 65.31 0.83 0.76
5- storey structure
0.6  48.8 v 1.62 1.70 1.327 6595 1364 1.0 106.6 262.7 54.43 0.50 0.58
1.0 326 v 1.33 1.39 1.22 342.6 741  0.69 0.72
1.3 285 v 1.22 1.3 1.49 357.1 7849 0.78 0.74
1.6 13.75 v 0.85 0.90 1.27 353.2 72.31 0.71 0.65
6- storey structure
0.6 32.0 v 1.63 1.70 1.356 89.14 136.9 1.0 138.6 245.8 55.44 0.43 0.47
1.0 31.1 v 1.6 1.68 1.12 358.2 86.92 0.66 0.72
1.3 25.0 v 1.43 1.50 1.3 370.6 86.98 0.62 0.63
1.6 10.0 v 1.91 0.96 1.03 363.7 81.21 0.59 0.54
7- storey structure
0.6 22.0 v 1.64 1.70 138 117.6 136.9 1.0 177.5 227.8 55.93 0.38 0.37
1.0 220 v 1.65 1.70 1.0 355.3 91.54 0.38 0.58
1.3 220 v 1.65 1.70 1.14 380.5 100.1  0.69 0.68
1.6 8.0 v 1.0 1.04 1.0 386.1 94.94 0.57 0.51
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Fig. 8.4: Result of the parameter study of the 3.6 [m] LFTW element sheathed with GFB on both sides,
see also Table 8.3

8.2.5 Tabular and graphical presentation of LFTW with a length of 4.2[m]
sheathed on both sides with GFB

The results of the parametric study for a 4.2 [m] long LFTW element sheathed on both sides

with GFB are summarized in Table 8.4. The typical, graphical presentation is given in Figure

8.5
Tab. 8.4: Results of the parameter study of a LFTW with a length of 4.2 [m]sheathed on both sides
with GFB
Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m  check T T* r Ay E, i Ay HD force Ay, IDR DI
(] ] s] 8] [ [wm] &N} ] [mm] [kN]  [mm] [] []
1- storey structure
0.6 180.0 v 0.66 0.82 1.0 1524 168.6 1.36 30.55 117.0 20.21 0.70 0.73
1.0 112.0 X 0.51 0.61 1.86 129.8 21.96 0.75 0.8
95.0 v 0.48 0.56 1.63 120.4 19.02 0.66 0.68
1.3 833 X 0.44 0.52 1.85 131.3 22.6  0.78 0.80
71.0 v 0.41 0.48 1.58 119.2 189 0.65 0.67
1.6 585 X 0.37 0.42 1.6 130.4 224 0.77 0.80
56.0 v 0.37 0.42 1.54 127.6 21.38 0.73 0.75
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Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Ay, IDR DI
B S F fmw] &N [ o] N o] [ [
2- storey structure
0.6 110.5 v 0.85 092 1.18 20.56 165.8 1.40 40.35 179.8 2774 065 0.7
1.0 67.0 X 0.66 0.72 1.81 207.3 33.52 0.76 0.80
62.0 v 0.64 0.70 1.74 201.4 31.06 0.70 0.74
1.3  46.0 X 0.55 0.60 1.94 211.2 34.18 0.76 0.78
43.0 v 0.53 0.58 1.82 201.8 31.97 072 0.74
1.6  33.0 v 0.46 0.51 1.72 206.3 33.05 0.76 0.78
3- storey structure
0.6 918 v 1.12 1.24 1.25 32.52 165.0 1.24 55.19 240.0 37.89 0.63 0.69
1.0 520 v 0.84 0.92 1.58 272.4 45.33 0.74 0.78
1.3 36.0 v 0.84 0.92 1.58 272.4 45.33 0.74 0.78
1.6 255 v 0.55 0.60 1.67 270.0 43.76 0.67 0.70
4- storey structure
0.6 76.5 v 1.37 147 129 4482 1649 1.11 74.83 247.7 42.75 0.52 0.6
1.0 395 v 0.98 1.06 1.33 316.7 54.59 0.60 0.69
1.3 295 v 0.85 0.91 1.50 304.7 50.4 0.67 0.70
1.6 18.0 v 0.66 0.71 1.43 336.4 57.18 0.68 0.71
5- storey structure
0.6 63.0 v 1.60 1.70 1.33 61.68 1648 1.0 99.16 279.4 52.97 0.52 0.59
1.0 38.0 v 1.24 1.32 1.25 356.6 67.76 0.61 0.67
1.3 285 v 1.07 1.14 1.40 374.6 69.64 0.75 0.79
1.6 16.5 v 0.81 0.86 1.30 361.3 67.45 0.62 0.64
6- storey structure
0.6 415 v 1.63 1.70 1.35 82.55 165.6 1.0 128.5 263.9 53.02 042 048
1.0  30.6 v 1.37 1.44 1.05 361.2 75.12 0.54 0.57
1.3 285 v 1.35 141 1.32 399.6 83.50 0.62 0.66
1.6 12.5 v 0.9 0.93 1.07 378.5 75.62 0.56 0.58
7- storey structure
0.6 28.35 v 1.64 1.70 1.38 109.0 1664 1.0 164.1 252.5 54.23 0.36 0.40
1.0  28.35 v 1.64 1.70 1.0 385.0 88.48 0.55 0.57
1.3 255 v 1.56 1.61 1.16 400.0 92.58 0.58 0.63
1.6 9.2 v 0.93 0.97 1.0 378.8 81.54 0.48 0.48
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Fig. 8.5: Result of the parameter study of the 4.2 [m] LFTW element sheathed with GFB on both sides,
see also Table 8.4

8.2.6 Tabular and graphical presentation of LFTW with a length of 4.8)m]
sheathed on both sides with GFB

The results of the parametric study for a 4.8 [m] long LFTW element sheathed on both sides

with GFB are summarized in Table 8.5. The typical, graphical presentation is given in Figure

8.6
Tab. 8.5: Results of the parameter study of a LFTW with a length of 4.8 [m]
Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, po Ays HD force A, IDR DI
B S [ fw] KN [ [om] N [om] [ [
1- storey structure
0.6 245.0 v 0.72 095 1.0 16.82 180.1 1.48 39.53 109.4 24.73 0.85 0.80
1.0  139.7 X 0.55 0.67 2.0 124.5 25.77 0.89 0.80
122.5 v 0.51 0.62 1.90 119.4 22.35 0.77 0.69
1.3 105.0 X 0.47 0.57 2.19 123.8 26.94 0.93 0.80
92.5 v 0.44 0.53 1.93 120.1 23.27 0.80 0.68
1.6 76.5 X 0.4 0.47 1.97 124.0 26.87 0.93 0.80
74.0 v 0.40 0.47 1.90 124.2 26.23 0.9 0.78
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Zone Mass IDA Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
B S 8 F o] &N [ [mm] &N o] [ [
2- storey structure
0.6 140 v 0.9 099 1.178 19.23 176.7 1.57 47.66 179.3 33.63 0.83 0.79
1.0 84.0 b'e 0.70 0.76 2.00 199.2 36.4 0.87 0.80
62.5 v 0.61 0.66 1.73 179.7 2891 0.66 0.58
1.3  64.0 X 0.56 0.65 2.27 202.8 38.7 0.89 0.80
46.0 v 0.52 0.57 1.82 185.6 31.1  0.70 0.60
1.6 425 b'e 0.50 0.55 2.06 205.4 39.6 090 0.79
37.0 v 0.46 0.51 1.80 273.9 34.15 0.76 0.66
3- storey structure
0.6 112.0 v 1.16 1.30 1.243 30.75 172.2 1.39 53.17 226.6 39.57 0.71 0.71
1.0 63.23 b'e 0.88 0.97 1.76 256.9 4773 0.84 0.78
60.0 v 0.85 0.94 1.72 258.4 46.65 0.77 0.71
1.3 3773 X 0.68 0.74 1.78 252.6 42.65 0.69 0.59
34.0 v 0.64 0.71 1.70 252.8 41.6 0.65 0.55
1.6  25.0 v 0.55 0.60 1.79 256.5 44.05 0.68 0.60
4- storey structure
0.6 89.23 v 1.38 1.49 1.28 4093 172.2 1.23 70.79 238.7 44.81 0.67 0.70
1.0  55.0 v 1.09 1.18 1.61 310.1 58.87 0.81 0.78
1.3 3722 v 0.90 0.97 1.73 304.2 54.58 0.69 0.62
1.6 245 v 0.72 0.78 1.72 332.5 61.18 0.81 0.71
5- storey structure
0.6 71.0 v 1.58 1.70 1.317 56.47 173.8 1.03 96.29 270.4 52.75 0.64 0.68
1.0 45.89 v 1.27 1.36 1.39 338.3 68.75 0.76 0.75
1.3 36.2 v 1.13 1.21 1.61 358.2 71.57 0.82 0.73
1.6 19.38 v 0.83 0.88 1.45 355.9 68.45 0.81 0.72
6- storey structure
0.6  48.0 v 1.61 1.70 1.346 73.36 1724 1.0 1184 263.3 53.22 0.44 0.48
1.0 4283 v 1.52 1.61 1.29 374.7 80.32 0.71 0.72
1.3 357 v 1.39 1.46 1.53 373.3 81.23 0.76 0.72
1.6 14.78 v 0.90 0.94 1.25 379.6 77.82 0.74 0.65
7- storey structure
0.6 33.0 v 1.63 1.70 1.37 9539 1728 1.0 149.1 248.2 53.82 0.37 0.38
1.0 33.0 v 1.63 1.70 1.07 374.2 87.04 0.67 0.67
1.3 306 v 1.56 1.64 1.34 393.2 92.19 0.76 0.72
1.6 12.0 v 0.97 1.01 1.02 392.0 87.96 0.68 0.60
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Fig. 8.6: Result of the parameter study of the 4.8 [m] LFTW element sheathed with GFB on both sides,
see also Table 8.5

8.3 Discussion

8.3.1 General considerations

LFTWs sheathed with GFB are intuitivly considered to be inappropriate to sustain seismic
lateral loads due to their low ductility and quite high sensitivity to cracking. The analyses
performed and presented within this chapter show illustratively that, in the hazard zone Z1
with a ground acceleration of 0.6 [2], the walls sheathed with GFB can be reasonably used for
structures of up to 6 storeys. Even the LFTW with a length of 2.4 [m] can sustain the loads
associated with the mass of 47.4 [t/storey| in the case of structures of up to 4 storeys. Under
assumption that the avearge evenly distributed laod of a slab during an earthquake is 4.5 [%],
(see also explanations related to ths assumption in Chapter 6, section 6.3.3) the area associated
with the wall element is approximately 47.4/0.45 = 105[m?], which is approximatelly 10 by 10
[m]. In hazard zone Z2, defined by a ground acceleration of 1.0 [73], the walls with length of
4.8 [m], sheathed on both sides with GFB, can be reasonably used for structures of up to 5
storeys with an mass of 46 [t/st] and an area associated with the wall element of approximately
10 by 10 [m]. Presuming the mass of 450 [%] evenly distributed over storey surface, in hazard
zone Z3a, defined by a ground acceleration of 1.3 [73], the LFTWs sheathed with GFB can
also be used economically for structures of up to 5 storeys, with an area associated to the wall
of approximately 36/0.45 = 80[m?] which is approximately area of 9 by 9 [m]. In the hazard
zone Z3b, defined by a ground acceleration 1.6 [%3], and under the same assumption related
to the evenly distributed load of 450 [%] the LFTWs sheathed with GFB can be only used

predominantly for 1 and 2 storey structures.



8.3. DISCUSSION 239

8.3.2 Inter-Storey Drift Ratio (IDR) and Damage Index (DI)

Generally, low-rise structures are forced to develop larger IDR and DI than the taller ones.
This is because the admissible masses decrease and the vibration periods increase with height,
resulting in a continuous reduction of IDR and DI. Since it has not been possible to make
a conclusion related to the IDR and DI which generally applies to all structures, these have
been estimated consecutively for all wall elements individually. In the following subsection, the
behaviour of the LFTW elements regarding IDR and DI will be described.

Walls with a length of 2.4 [m]

From Table 8.1, it can be seen that the values for both the IDR and DI correspond very well to
the range associated with the LS limit state. The one- and two-storey wall elements are in the
upper range of approximately 0.7 - 0.8, implying that the structural bearing capacity is highly
exploited. Examples of the expected damage in this range of IDR and DI are shown in Figures
5.23 and 5.25. Structures with three to five storeys respond with moderate IDR and DI in the
range between 0.58 - 0.68. The damage associated with this DI range can be seen in Figures 5.18
and 5.19. Only the five-storey structure in seismic zone Z1 with an admissible mass of 32.6[t]
assigned at each storey, has shown an IDR in the lower range of 0.47 and a DI of 0.5. In this
specific case, the maximum vibration period of T = 1.7[s] has almost been reached, leading to

the lower seismic loads and thus to lower IDR and DI ratios.

Walls with a length of 3.0 [m]

From Table 8.2, it can be seen that structures of up to three storeys, under the masses applied,
develop IDRs in the range of 0.8 to 0.95, exceeding the value proposed in Table 5.8 as the limit
value IDR = 0.8. The parameter study has been primarily oriented to satisfy the limit value of
DI < 0.8, i.e., the value for which the admissible masses have been estimated. Similar to the 2.4
[m] LFTW, the bearing capacity of the elements of the structures with up to three storeys has
been highly exploited in the study. The structures in the range between 4 and 6 storeys respond
with moderate DIs. This implies that the damage potential decreases with increasing building

height due to both the reduction of the admissible masses and increasing of the vibration periods.

Walls with a length of 3.6 [m]

In Table 8.3, it can be seen that structures of up to three storeys develop IDRs in the range of
0.8 to 0.91, exceeding the limit value of 0.8 given in Table 5.8. The DIs are always kept below
the limit value proposed in Table 5.8. As observed for the 2.4 [m] and the 3.0 [m] LFTW, the
3.6 [m] wall elements also respond with moderate IDR and DI in the case of structures with up
to 5 storeys (range 0.5 - 0.78), and low IDR and DI in the case of structures with up to seven
storeys (range 0.37 - 0.69).
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Walls with a length of 4.2 [m)]

The IDR and DI values are consistently within the expected range of IDR = DI < 0.8, decreas-

ing continuously with increasing building height up to 7 storeys. See also Table 8.4.

Walls with a length of 4.8 [m]

The IDR values for structures of up to two storeys are in the range between 0.83 - 0.93. The DI
is kept at the proposed maximum level of DI < 0.8. See Table 8.5. Structures with 3 - 5 storeys

and structures with 6 - 7 storeys respond with moderate and low DI and IDR, respectively.

8.3.3 Admissible masses and mass distribution

The admissible mass which can be applied to the structure at each storey is the main focus of
the parameter study. In Figures 8.1, 8.3, 8.4, 8.5 and 8.6, the admissible masses applied at each
storey have been estimated for different hazard levels. The values listed in the tables have been
estimated in such a way that all limiting conditions, specified in advance, have been satisfied.
If one assumes that the realistic, evenly distributed floor load in a traditional timber structure
is approximately qg = 4.5[%], the area associated with the shear wall can be easily estimated
as A = 2 regardless of whether the shape of the area is quadratic or rectangular.

gst’

Walls with a length of 2.4 [m]

For the relatively short wall length of 2.4 m and the average evenly distributed load of ¢5 =
4.5[%], the surface area associated with the shear wall element of approximately 7 by 7 [m] seems

to be realistic. However, this surface area of approximately 50 [m?] and the admissible masses

of 22.5[st0iey} are at the lower boundary of practical relevance. From this simple observation, it
can be easily concluded that the 2.4[m| long LFTW sheathed with the GFB can be reasonably
used in hazard zone Z1 for structures of up to 5 storeys, in hazard zone Z2 for structures of
up to 4 storeys and in hazard zones Z3a and Z3b for structures of up to 2 storeys. The results
discussed here are all related to soil conditions C. Moreover, it has been observed that, in the
transition zone between 3 and 4 storeys, the same or almost the same admissible masses have
been estimated for both 3 and 4 storey structures. This indicates that for structures of up to
3 storeys, the IDR and the ductility demands, which can not be satisfied for larger masses,
are the predominant limitations. Both the ductility demand and the IDR are attenuated with
increasing height and vibration period and hence lead to a decrease of the lateral loads induced

by earthquakes.

Walls with a length of 3.0 [m]

Using the same criteria as in the previous discussion about the 2.4 [m] wall element, from Table

8.2, it can be concluded that the 3.0 [m] wall element with applied masses of up to 30.0[--1—]

storey
can be reasonably used for structures of up to 5 storeys in Zone 1, 4 storeys in Zone 2, 3 storeys

in Zone 3a and 1 storey in Zone 3b. The associated area is then approximately 8.0 by 8.0 [m].
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Note that the results obtained by using NLUTHA will be checked by means of IDA analysis and

are discussed in a separate section ” Control of parameter study results by IDA”.

Walls with a length of 3.6 [m)]

t
storey

The same admissible mass of 30.0[ | applied to a 3.6 [m] wall element can be reasonably
used for structures of up to 6-storeys in hazard zones Z1 and Z2, structures of up to 3 storeys

in hazard zone Z3a and structures of up to 2-storeys in hazard zone Z3b.

Walls with a length of 4.2 [m]

Applying the criteria that the mass which can be applied to the 4.2 [m] wall element is in
the range > 30.0[%], one can conclude from Table 8.4, that the 4.2 [m] wall element can
reasonably be used for structures of up to 6 storeys in hazard zone Z1, structures of up to 5

storeys in hazard zone Z2, structures of up to 3-storeys in hazard zone Z3a, and structures

of up to 2 storeys in hazard zone Z3b. The area related to the mass of 33.0[--%—] is then

storey

approximately 8.5 by 8.5 [m].

Walls with a length of 4.8 [m]

Applying the criteria that the mass which can be applied to the 4.8 [m] wall element is in the
range of > 35.0[-L—

storey
reasonably be used for structures of up to 6 storeys in hazard zone Z1 and Z2, structures of up

], one can conclude from Table 8.5, that the 4.8 [m] wall element can

to 5-storeys in hazard zone Z3a, and structures of up to 2 storeys in hazard zone Z3b. The area

related to the mass of 35.0[—-L—] is then approximately 8.8 by 8.8 [m]. Please note that the

storey
t

storey

inelastic period of vibration T* = 1.7[s] has been reached. The check with IDA has revealed
that the mass of 35.0[--L—] is realistic with a related period of T* = 1.69[s]. The differences in

storey

admissible mass for a 7 storey structure in hazard zones Z1 and Z2 is 33.0] | because the

the vibration periods estimated within the IDA and the pushover analysis within the parameter
study are due to the better quadrilinear fit of the pushover curve within the IDA analysis when
compared with the EEEP approximation used in the parameter study. Additionally, by taking

a closer look at Table 8.5, one can see that the admissible mass in hazard zone 3a is almost

t
storey

constant for a 3 and 6-storey structure, ranging from 35.7 to 37.7 | ]. All these values have

been confirmed with the IDA analysis. Thus, the maximum admissible mass in hazard zone Z3a

t
storey

is approximately 35 | | for all structures between 3 and 6 storeys.

8.3.4 Ductility demand

The displacement capacity of LETW sheathed with GFB is quite small. Nevertheless, the
structure is able to satisfy ductility demands of up to 2.5, depending on the period of vibration
and the requirements imposed by the hazard zone. It has been observed that the ductility
demand governs the design of LFTW sheathed with GFB in the range of up to 3-storeys. This
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is the reason why the mass for low rise structures is still a moderate value, remaining almost

constant also for structures with more than 3 storeys.

From Table 8.1, referring to 3 and 4 storey structures and hazard zone 3a, it can be seen
that the admissible mass is surprisingly larger (or equal for some other hazard zones) for the 4
storey structure, which seems to be incomprehensible at first sight. In Figures 8.2(a) and 8.2(b),
the displacement capacity, displacement demand (and thus the ductility demand) are presented
for a mass of 20.4 [t] assigned at each floor, of both 3-storey and 4-storey structures, which is
slightly more mass than that which satisfied the given condition. In both cases, the ductility
demand governs the design. If the mass applied to the storey gives a period of vibration that
satisfies the condition related to the ductility demand, NLUTHA analysis is to be performed. In
this case, the IDR and DI are sometimes much smaller than the limiting value of approximately
0.8, since the ductility demand governs the design. Similar observations have also been made for
the 4.8 [m] wall element, as discussed in the previous section about admissible mass and mass

distribution.

8.3.5 Hold-Down forces

As expected, the hold-down forces increase with increasing building height, covering the range
of approximately 100 to 375 [kN]. Despite huge differences in admissible masses, feasible storey
number and element length, the HD forces change only slightly, given a specific number of storeys
as well as a certain hazard zone. The HD force for one storey structures and all lengths of wall
elements is in the range between 106 and 130 [kN]. In the case of 5 storey structures, the HD
forces differ approximately 50 [kN] within the same hazard zone. According to Figure 3.4, the
hold-down devices with one slotted in steel plate and either 9 or 12 dowels, would be sufficient
for structures with up to 3 storeys. The 5 storey structures require two slotted in steel plates
and connections with 8 or 12 dowels. See Figure 3.5. The maximal HD-force in the case of a
specific solution of practical relevance is approximately 373 [kN]. This is for a 4.6 [m] wall in a
6 storey structure in Zone 3a. Hence, a HD-device with two slotted-in plates and 12 dowels is
needed. In summary, structures with up to 3 storeys require stud dimensions of 200 x 200 [mm)]
with one slotted in steel plate, while the structures with 4 to 7-storeys require stud dimensions
of 240x240 [mm] and two slotted-in steel plates.

8.3.6 Wind loads

The influence of the wind load upon a structure in terms of an earthquake analysis is described
in Chapter 6 in more detail. It has been concluded that the wind load influence is a rather easy
to estimate by simple checking if the requirement given by Equation 6.6 is satisfied. Since the
check as to whether the wind loads govern the design is a straightforward issue, which is not
the subject of the presented work, it has not been considered in more details in the subsequent

sections.
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8.3.7 Control of parameter study results by IDA

As already mentioned in Section 8.2.1, the results obtained by the parameter study based on
NLTHA have been checked by incremental dynamic analysis (IDA), which is an independent
procedure presented in Chapter 4. In the parameter analysis, the theoretically admissible masses
for all wall elements and hazard zones have been estimated, regardless their practical relevance.

The minimum mass estimated for mid-rise buildings with 5 -7 storeys for hazard zone 3b is in

the range of 8 to 12 [Sw’;ey]. This is irrelevant for practical applications due to the relatively
small surface area that results from the admissible masses for the assumed evenly distributed
load of 4.5[’:71—]\2]]. These surface areas are being in the range of 4.2 by 4.2 [m] and 5.1 by 5.1 [m] for
5 and 7 storeys, respectively. The minimum admissible masses considered relevant in practice
have been estimated for surfaces with minimum side dimensions between 7.0 by 7.0 up to 8.8

by 8.8 [m] for the 2.4 and 4.8 [m]| wall element, respectively. Hence, the minimum admissible

masses considered as practically relevant are in the range between 22.5 and 35 |- toi,ey]. A detailed
review related to the practice-relevance of the masses estimated in the parametric study is given
in the previous Section 8.3.3 ” Admissible Masses and Mass Distribution”. The relevant results
of the parameter study for practical applicability have been checked by IDA analysis. A short
overview related to the results obtained by IDA is the subject of this section.

Note that all results obtained within the parameter study have been checked by IDA. Structures
that have passed the control have been assigned a positive check-mark (v') in the table. Those
that have not passed the check have been assigned negative x-mark. The IDA analysis has been

repeated until the structure passed the check for given damage measure (DM).
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Wall with length of 2.4 [m]

Figure 8.7 shows the IDA-check for 5-, 4-, 2-, and 1-storey buildings located in hazard zones
71, 72, 7Z3a and Z3b. The satisfaction of the LS performance objectives, given by the damage
measure as an inter-storey drift ratio (IDR) or roof drift ratio (RDR), as stipulated in Chapter
5, is represented by the intersection of the 50%-fractile IDA curve and the elastic response
spectrum of the corresponding hazard zone. These intersection points are labeled 1 - 4. For
all cases where points 1 - 4, representing the LS limit state on the IDA curve, lie beyond the
intersection with the elastic RS, the structure has passed the IDA-check. As seen in Figure 8.7,
the admissible masses meet the conditions well. Thus, the results of the parameter analysis for
the 2.4 [m] wall element have been confirmed by IDA. For illustration, in the case of 1-storey
structure, in hazard Zone 3b, the admissible mass obtained in the parameter study has not been
confirmed by the IDA analysis. The IDA result has been adopted, as presented in Figure 8.7.
Note that IDA analysis is based on the pushover curve and depends strongly on the chosen
intensity of the damage measure, herein called a roof drift ratio, which has been specified for all
structures in accordance with Figure 5.27. Generally, smaller masses as resulting from NLTHA

or IDA analysis have been accepted as decisive and introduced in the graphical representation.
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Fig. 8.7: Control of the results of the parameter study by incremental dynamic analysis (IDA) for masses
of practice-relevance superimposed in YPS for the 2.4 [m] LFTW element, see also Table 8.1
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Wall with a length of 3.0 [m]

Figure 8.8 shows the IDA-check for 5-, 4-, 3-, and 1-storey buildings situated in hazard zones
71, 72, Z3a and Z3b. As shown in Figure 8.8, the admissible masses meet the conditions well
in hazard zones Z3a and Z3b, implying that the structural capacity is highly utilized. The
distances between points 1 and 1’ as well as 2 and 2’, representing buildings in hazard zones Z1
and 72, implies, that the structural capacity is entirely utilized. Nevertheless, an increase in the
admissible masses is not possible since another limiting criterion has been reached first. In this
case, the limiting criteria are the ductility demand and the period of vibration T™ for Z2 and
Z1, respectively. Thus, the results of the parameter analysis for the 3.0 [m] wall element have
been confirmed by IDA.

5

Belm/s2] [, ., 18 ———===- 1-storey
4.75 | m/s3] 4=4 &3‘ T*=0.46 [3] mass = 40 t/storey Wall length 3.0 [m]
. P e 0.6 M/S2
T .om/s
45 1 Ls=465 |/ .
4.25 ! L T=0.85]s] 1.0 m/s2
]
4 - N 1.3 m/s2
1 |
3.75 - ) —1.6 m/s2
1 .
351 II —|— Intersection IDA and elastic RS
3.25 - ) X 3-storey .
;| , gg_ __\&as_s =30 tstorey ® LS Point from IDA
,.: $3 ' CP Point from IDA
27> 1 T*=1.17 [s]
25 - LS =264
-7 4-storey

2.25 mass = 32 t/storey
\

2 4 AN T T == - ‘—__7,_
1.75 , T
/ 4 i f""/——5'St0feN
1.5 ) el 22
. P < ’_,/’ % mass = 36 t/storey
1.25 \ L. 1 —/’_/’—/
1 / e d | _—r

0.75 -
0.5
025 1 gl sd [m]
0 T T T T T T T T T T T T T T !
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Fig. 8.8: Control of the results of the parameter study by incremental dynamic analysis (IDA) for masses

of practice-relevance superimposed in YPS for the 3.0 [m] LFTW element, see also Table 8.2
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Wall with a length of 3.6 [m]

Figure 8.9 shows the IDA-check for 6-, 3- and 1-storey buildings located in hazard zones 71,

Z3a and Z3b. In Figure 8.9, one can see that the admissible masses for the 6-storey structure

in zones Z1 and Z2 are equal. The points 1 and 1’ as well 2 and 2’ which represent the LS li

states on the 50% fractile IDA curve, are on the same curve. This is due to the same period of

vibration which is limiting for both structures. The results of the parameter analysis for the

[m] wall element have been confirmed by IDA.
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Fig. 8.9: Control of the results of the parameter study by incremental dynamic analysis (IDA) for masses

of practice-relevance superimposed in YPS for the 3.6 [m] LFTW element, see also Table 8.3
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Wall with a length of 4.2 [m]

Figure 8.10 shows the IDA-check for 6-, 4- and 2-storey buildings located in hazard zones Z1,
72, 7Z3a and Z3b. One can see from Figure 8.10 that the admissible masses for the 6-storey
structure in zone Z1 and Z2 differ, leading to different periods of vibrations. In any case, points
1 and 1’ as well 2 and 2’, which represent the LS limit states on the 50% fractile IDA curve, lie
beyond the intersection with the elastic RS. Again, the results of the parameter analysis for the

4.2 [m] wall element have been confirmed by IDA.
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Fig. 8.10: Control of the results of the parameter study by incremental dynamic analysis (IDA) for

masses of practice-relevance superimposed in YPS for the 4.2 [m] LETW element, see also Table 8.4



248 CHAPTER 8. PARAMETER STUDY OF LFTW SHEATHED WITH GFB

Wall with a length of 4.8 [m]

Figure 8.11 shows the IDA-check for 7-, 6- 3- and 2-storey buildings situated in hazard zones
71, 72, Z3a and Z3b. One can see from Figure 8.11 that the admissible masses for the 6-storey
structure in zones 71 and Z2 differ, leading to different periods of vibrations. In any case, points
1 and 1’ as well 2 and 2’, which represent the LS limit states on the 50% fractile IDA curve lie,
beyond the intersection with the elastic RS. The results of the parameter analysis for the 4.8
[m] wall element have been confirmed by IDA.
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Fig. 8.11: Countrol of the results of the parameter study by incremental dynamic analysis (IDA) for

masses of practice-relevance superimposed in YPS for the 4.8 [m] LFTW element, see also Table 8.5

8.4 Comparison of the LFTWs Sheathed with OSB and GFB

Panels

Although, the GFB is a material which does not behave in a ductile way under tension and
shear loading, the response of the LFTWSs sheathed with GFB to the cyclic loading is a stable,
closed hysteresis, as has been observed during the testing. The results presented in the previous
section are related to the seismic analysis of structures being placed in regions with type C
subsoil conditions. The results for subsoil conditions of type A and E are given in Appendix
Al and A2 for LEFTWs sheathed with GFB and B1 and B2 for LFTWs sheathed with OSB. In

Appendix C, the results for all examined wall lengths have been compared for soil conditions A,
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C and E for both sheathing materials. In general, it can be stated that the best performance
of LF'TWs sheathed with GFB lies under the worst performance of the LE'TWs sheathed with
OSB.The best performance means the maximum admissible storey mass, estimated steadily for
the hazard zone with the lowest design ground acceleration 71, and worst means the maximum
admissible storey mass estimated steadily for the hazard zone with the maximum design ground

acceleration Z3b.

8.4.1 Comparison of LFTWs sheathed with OSB and GFB for soil conditions
of type A

Depending on the wall length the LETWs sheathed with GFB can reasonably be used in struc-
tures of up to 5 storeys, including in the hazard zone Z3b. Even LFTWs with wall lengths of
2.4 [m] can be used in the buildings up to 4 storeys in the hazard zones Z1 and Z2. Curiously,
the admissible masses per storey estimated for the LFTWs sheathed with OSB are represented
by the same curve for all hazard zones. This is due to the inelastic vibration period, the limiting
criterion reached in each analysis, despite varying hazard zones and the storey numbers. The
LFTWs sheathed with OSB can reasonably be used in the structures of up to six storeys, (see
also Figures C.1 to C.5).

8.4.2 Comparison of LFTWs sheathed with OSB and GFB for soil conditions
of type C

The use of LFTWs sheathed with GFB in the structures situated in regions with subsoil condi-
tions of type C have been discussed in the previous section in more detail. From Figures C.6 to
C.10 it is apparent that the LFTWs sheathed with GFB can be reasonably used for up to 5 and
4 storeys in the hazard Zones Z1 and Z2, respectively. In the hazard zones Z3a and Z3b the use
of the LFTWs sheathed with GFB is limited to 1 and 2 storey structures. Again, due to the
limiting vibration period reached in each analysis of the structures with more than four storeys,
the LF'TWs sheathed with OSB can be used in structures of up to 6 storeys, independent of the

hazard zone.

8.4.3 Comparison of LFTWs sheathed with OSB and GFB for soil conditions
of type E

The LETWs sheathed with GFB built in the regions with the soil conditions E can be reasonably
used in structures of up to 5 storeys in the hazard zones Z1 and Z2. In the hazard zones Z3a
and Z3b, the LFTWs sheathed with GFB can be rationally used for 1-storey structures only.
The use of the LETWSs sheathed with OSB can be justified for structures of up to six storeys,
(see Figures C.11 to C.15).



250 CHAPTER 8. PARAMETER STUDY OF LFTW SHEATHED WITH GFB



Chapter 9

Comparison of FBD vs PBE

Using a prototype building, analyzed in the literature and currently used as a guideline for
seismic design of timber structures in Switzerland, the differences between force based design
and performance based engineering are evaluated. The comparison points out that stiff and
strong structures do not necessarily have higher levels of protection than weaker and more
flexible ones. Furthermore, it is shown that the real behaviour of the structure designed using
FBD are for the most part unknown in contrast to the structures designed using PBE, which

enables attaining full control of the structural behaviour under seismic excitation.

9.1 Introduction

The behaviour of LEFTWs sheathed with GFB or OSB panels is inelastic, even in the case of
quite small displacements. Because of fastener distortion at the connection with the timber
material, LFTW elements sheathed with OSB PANELS have large displacement capacities,
and consequently large displacement ductility. The estimation of the ductility of the LFTWs
is not simple to define because a pronounced yield point does not exist. In order to enable
estimation of a quasi yield-point and introduce a unified nomenclature, national codes (see e.g.
[91], [20] or [39]) have adopted the proposal presented in Figure 9.1. The bearing capacity is
estimated by using a simple equation based on the shear field theory (see also Chapter 3 and
[91]). The strength estimation is based on the code requirements. In the analysis, a force-
displacement relationship covering the entire displacement range up to failure is not required,
and it is generally unknown. The bearing capacity of a single fastener and hence of the entire
wall element is at the design level Ry.

The procedure is used for estimation of some characteristic points and has little in common
with the real shear wall behaviour. Despite the fact that the code-based estimation of the
strength and displacement is a straightforward procedure, literature dealing with lateral load
resisting systems composed of LETWs is rare. A significant attempt to address the design of
shear walls subjected to seismic loads has been made recently by a group of Swiss professionals,
who have worked out a document, presented in [6]. It has been used in Switzerland as the

guidelines for earthquake design of timber structures. The brochure gives a comprehensive
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Fig. 9.1: The definition of yield point, yield force and ductility ratio in the Swiss standard STA 265 [91]
and DIN EN 12512 [20]

overview of the mechanical characteristics of timber connections, the main configurations of
LFTWs, as well as a review related to seismic actions, ductility estimation, code requirements
and capacity design. The analysis used is force-based. In order to compare the performance-
based engineering (PBE) procedure presented in this work with the results obtained using the
force-based seismic design (FBD), the wall element TW X1 (see Figure: 9.2), designed in [6], is

chosen as the subject of comparison.
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9.2 Geometry of the Prototype Building

The prototype building, proposed in [6], is used as a model for introducing the design of LFTWs
subjected to earthquake loads. It is presented in Figure 9.2.

The structure represents a 4-storey residential building with plan-view dimensions of 12 by
16 [m]. The basement storey, constructed of reinforced concrete, is considered to be infinitely
stiff and therefore it is neglected in the further analysis. The storey height is 2.9 [m] and remains
constant over the building height. The floor masses are the same for all the storeys. They are
calculated for an evenly distributed dead load of g. = 6.33[%\2{] and a live load of g. = 2.0[23].
The contribution of the live load in the earthquake scenario is taken into account by using
a reduction factor for the quasi-static loads of ¥y = 0.3. This gives a reduced live load of
Y2 -q.=0.3-2.0= 0.6[%]. The roof mass is estimated to be approximately 50% of the storey
mass. It is calculated for evenly distributed dead loads of g.p, = 3.54[:1—]\2[]. No additional live loads
acting at the roof level are considered. The total mass estimated is m; = ma = mg = 150]t], and
my4 = 77[t] at the roof level. In Figures 9.2 and 9.3, the plan view of the building and a typical
wall configuration are shown. The lateral load resisting system consists of two 4.0 [m] LFTWs
oriented in the Y-direction and one 3.0 [m] and one 4.0 [m] long LFTW element oriented in the

X direction. Thus, the lateral load resisting system is symmetric with respect to the Y direction
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Fig. 9.2: Plan view of the prototype building analyzed in [6]
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Fig. 9.3: Typical wall configuration of LFTWSs as well as HD devices and inter-storey connectors used
for the prototype building analyzed in [6]

and asymmetric with respect to the X direction. The building is situated in hazard zone Z3b
with soil conditions C' and importance class I. The behaviour factor in design has been taken
as ¢ = 3.0, which is equal to the ductility ration of u = 3 in the velocity sensitive region of RS,
characterieted with periods of vibration between 0.6 and 2.0 [s], which is to be expected in this

specific case. For more details, see [6].

9.3 Outcome of the Force-Based Analysis Conducted in [6]

In [6], the basic assumptions, the procedure for estimating the equivalent stiffness and model
properties, the modal analysis, the estimation of the torsion effects as well as the estimation of
the number of fasteners and their arrangement are described in detail.

The geometry, the main assumptions related to the seismic impact as well as the results of

the force-based seismic analysis are summarized in Tables 9.1, 9.2 and 9.3.

Tab. 9.1: Geometry of the wall TW X3

Wall Storey  Storey Building Storey Roof OSB Staple Staple Row
length number height  height mass mass thickness diameter spacing number
[m] [ [m] [m] [t] [t] [mm] [mm]  [mm] §

3.0 4 2.90 11.6 75 37.5 15.0 1.53 24.0 2
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Tab. 9.2: Seismic hazard: input data

Hazard Ground Soil Edge Coefficient Building Coefficient Ductility
zone acceleration category period T¢ S class Vf

[ [m/s?] [ [s] [ [ [ [
Z3b 1.60 C 0.6 1.15 1.0 1 3.0

Tab. 9.3: Results of the force-based analysis conducted in [6]

Period of Base shear Bearing
vibrations according calculated capacity
T, SIA161 (2013) translation P — A torsion total after [6]
[s] [kN] [kN]  [kN]  [kN]  [kN]

a T,
1.51 2.5 ﬁ g S T? 141.4%* 32.35%  24.3*  198.0 238.0

*) values in accordance with Figure 79, distributed in accordance with Figure 92 in [6].

Shear force estimation in accordance with calculation presented on page 83 in [6].
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Fig. 9.4: Results obtained by force-based seismic design after [6], summarized and presented in yield

point response spectra
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In Figure 9.4, the ductility assumption of y = 3.0 and the result of the analysis based on
an equivalent elastic beam element, represented by the period of vibration Ty = 1.51[s]| are
superimposed on the response spectra, resulting in the required strength expressed as yield base
shear coefficient C = 0.61[m/s*]. Wall TW X is designed in such a way to provide strength
of Cy = 1.096[m/ %] with the corresponding effective ductility demand of u = 1.67. Note that
the mass participation factor o has been estimated within the modal analysis (see also the
next section). The displacement demand of the equivalent SDOF system, represented in the
RS in Figure 9.4, is 106[mm]. The corresponding roof displacement capacity demand is then
Avoor =T+ A = 1.409 - 106 = 149[mm)]

No iteration has been performed following the effective design. Strictly speaking, the increase
in strength and stiffness has consequences for the ductility demand as well as for the period of
vibrations and hence, the base shear coefficient. The assumed strength is 133[kN], and the
effective strength is 238[kN]. This is an increase by 80%.

During the design process, it is stated that the rules of capacity design can be applied.
This means that the material overstrength in the ”plastic hinge” can be exploited. Thus the
staples behave in the inelastic range, developing plastic deformations, while all other elements
behave elastically. According to the specification in the Swiss standard for the design of timber
structures STA265 [91] the elements subjected to shear (OSB panels) should be over dimensioned

by approximately 20% in order to avoid brittle failure.

9.4 Performance Based Engineering (PBE)

9.4.1 Different wall length combinations and torsion effects

This chapter compares the results of two different seismic design procedures. At the same time,
a description is provided about how the elements with different wall lengths and stiffnesses can

be combined within a structure in order to enable use of the results presented in this thesis.

Structures which are perfectly symmetric in plan view are rare. It is much more common,
that the lateral load resisting systems contain walls of different lengths in an asymmetrical
arrangement. Consequently, the center of stiffness moves away from the center of mass towards
the elements with larger flexural or shear rigidity. This produces torsion effects if a structure is
subjected to lateral loads or an earthquake excitation. Additionally, as a result of the increasing
large deformation along the height of the structure, the eccentricity increases with increasing
building height. Moreover, the codes [3] and [1] require an increase of eccentricity due to random
eccentricity and possible random collapse patterns. It is difficult to consider all of these effects
in an analysis of a 2D-model. Nowadays, structures are generally analyzed using 3D linear
elastic models. Thus, the estimation of the load distribution between different bearing elements
is generally not a big problem. In the brochure [6], the eccentricity has been estimated by using
a 3D beam model based on an equivalent elastic beam element. Although in computer based FE

analysis, the distribution of the lateral loads, including an asymmetric arrangement of LFTWs,
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is a straightforward issue, a simplified handling of this problem is briefly presented in this section

for completeness.

9.4.2 Asymmetric wall arrangement

In Figure 9.5, a lateral load resisting system consisting of 4 LF'TWs, 2 in each direction, is
presented. Due to the different wall lengths of wall TW X, 3.0[m] and wall TW X5, 4.0[m] along
the X-axis, the centers of stiffness and mass do not lie on the axis of symmetry. The position
of the center of rigidity is load independent, since it is a function of the structural properties.
On the other side the earthquake forces act at the center of mass with the consequence that in
addition to bending, torsion effects occur as well. The total displacement vector can be expressed
as a linear combination of the translation (work done by shear forces) and the rotation (work

done by torsion) within the floor plane.

ki o Kiz - Yeyi
F=—2Y "E;+ Mpgn, - d d 9.1
Ykia a+ M, > (K- yzi + kyi - xgz) ©-1)

Translation

The lateral load is distributed over the bearing elements proportional to their lateral stiffness.

This is expressed as follows:
_ ki,m
YKz

where Fj is the force in wall i and Ey is the total earthquake load acting at the center of mass.

F, By (9.2)
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Fig. 9.5: Lateral load resisting system at plan view with mass and stiffness centroid (left), distribution

of the shear force due to translation (left) and torsion (right)

In Figure 9.6, the total earthquake force, induced by masses mq and ms, is sustained by walls

TW X1 and TW X5. The total mass of the system is m = mj 4+ ms. For uncoupled, separately
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acting systems applies w? = :Tll and w3 = r% Taking into account only translation, following
applies for a coupled system: w; = wo, and thus 7% = % The mass, and hence the force
distribution, is proportional to stiffness % = %, the fact reflected in Equation 9.2.
Fis
4}\:\1,9|_| P—
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1
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Fig. 9.6: Distribution of lateral load due to translation

Torsion

In order to estimate the load distribution on the individual walls due to torsion, the stiffness
center should be estimated, and the eccentricity over the building height should be estimated
in accordance with the wall stiffnesses. Since the structure is asymmetric for earthquake forces
along the x- axis, only the eccentricity along y-axis will be investigated. From simple statics,

the stiffness center can be estimated as follows:
Do kiewi
Ys = =7 (9.3)
Z ki,:(;
Equation 9.3 is related to the stiffness distribution in plane. The stiffness distribution along

the height of the structure is estimated using a static pushover curve. The results are summarized
in Table 9.4. See also Figure 9.7.

Tab. 9.4: Stiffness of W1 and W5 for 1-; 2- 3- and 4-storey building

storey Wall with length 3[m| (TW X;) Wall with length 4[m] (TW X3)
Ay [mm]  Fy [kN] ki, [EN/mm] Aylmm] F, [kN] kynlkN/mm]

1 28.81 495.7 17.206 30.68 708.1 23.08

2 51.33 491.87 9.58 52.4 702.6 13.4

3 85.51 488.0 5.70 85.04 697.1 8.197

4 133.0 482.0 3.62 128.1 694.2 5.419

The position of the stiffness center in each storey is to be estimated separately:



9.4. PERFORMANCE BASED ENGINEERING (PBE) 259

kig-y1+keg-y2  17.206-12 4+ 23.08 -0

ve dst = e e 1720642308 o2
Ys, 258 = 9.52:5182;133.44 = = 5.00m

Ya, 35t = 5‘7%.'710? 8§i19977 = = 4.0220m

s, A5t = 3'623..6122—:— 5?441199 = = 4:300(m]

so, the eccentricity along the height of the structure is:

el,y =6.0 — 5.125 = 0.875[m]

€2,y = 6.0 — 5.00 = 1.0[m)]
€3,y = 6.0 — 4.922 = 1.078[m]
ed,y = 6.0 — 4.806 = 1.194[m]

In Figure 9.7, the distribution of the earthquake forces along the height of the structure is
presented. The eccentricity at the considered level is influenced not only by the forces acting at
this level, but also by the forces acting at the levels above. For example, on the forth storey-level,
only forces on this level affect the eccentricity here. On the first level, all forces above the first

level contribute to an increase of the eccentricity here. This can be expressed as follows:

025 : Ed
—>
esy = 1.194 [m] ky 4 = 5419 [kN /mm]
0.375- E,4
—>
k1'3 = 570 [kN/mm]
e3y = 1.078 [m] ky3 = 8.197 [kN /mm]
kl'z - 958 [kN/mm]
eZ,y = 10 [m] k2’2 = 13.4‘ [kN/mm]
0.125- E,4
ki1 =17.206[kN/mm]
e1y = 0.875 [m]
Ly ky, = 23.08 [kN /mm]

Fig. 9.7: Distribution of lateral load along the height of the structure with corresponding eccentricities
and stiffness
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_ ) (Ed,n : en,y)
6eff,n — ZEd
n
L _025-1.194+0.375-1.07840.25-1.0+0.125 - 0.875 _ 1.062 _ 062[m)
effit = 0.25 4+ 0.375 + 0.25 + 0.125 10
0.25-1.194 4 0.375 - 1.078 +-0.25- 1.0 _ 0.95275 _ 089[m)
e e = = . m
eff:2 0.25 + 0.375 + 0.25 0.875
0.25-1.194 4+ 0.375-1.078  0.70275
Ceff3 = = = 1.124[m]
0.25 + 0.375 0.625
0.25-1.194  0.2985
— — =1.194
CelIA T 025 0.25 )

The values of the effective eccentricity, estimated above on the basis of the structural prop-
erties, are the real eccentricities. In order to take into account a random failure, the torsion
moment acting at each level should be increased as required by the code (see [3]), leading to the

design quantities of the eccentricity, as follows:

€dn =\ €effm +Aey =15 ecprn+0.05-b
eq1 = 1.5-1.06240.05-12 = 1.593 4+ 0.6 = 2.193[m)]
eqs =15-1.089 4 0.05 - 12 = 1.633 + 0.6 = 2.234[m]
eqs=1.5-1.124+0.05-12 = 1.686 + 0.6 = 2.286[m]
eqq=15-1.194+0.05-12 = 1.791 + 0.6 = 2.391[m]

where A = 1.5 for an analysis based on an equivalent lateral load and A = 1.0 for an analysis
based on a response spectrum. Note that, in the following analyses, the value A = 1.5 is used in
order to enable comparison with the analyses conducted in [6].

The design torsion moments are distributed as follows:

Mra, = Z Eqn-eqn

Mygy = Eq-2.193 = 2.193 - Eg[kNm]

Mrgo = 0.875 - By - 2.234 = 1.955 - E4[kNm)
Mrgs = 0.625 - By - 2.286 = 1.429 - E4[kNm)
Mygs =025 Eg-2.391 = 0.598 - Ey[kNm)

For completion of Equation 9.1, > (ky; - y% + ky.i - %) should be estimated.
The total force distribution on the first storey can be estimated as a linear combination of

the translation and the torsion as follows:

F,TL: 1,2 'Ed +Md . 2,2 c,
i Zki,z R Td,n Z(ka:,z . ygz + k’y,i . le)
E,-17.206 17.206 - 6.875
F = d 42193 By — ==Y 0427 E; +0.0593 - E; = 0.486 - E,

(17.206 + 23.08) 4374.0
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Tab. 9.5: Estimation of the torsional stiffness

storey Walls in x-direction Walls in y-directiontran
k1,2 Ye,1 k2, Ye,2 kay Tep > (ki -y + iy - 22;)
[kN/mm] [m] [kN/mm] [m] [kEN/mm)] [m)] [kNm)
1 17.206  6.875 23.08 5.125 23.08 8.0 4374.0
2 9.58 7.0 13.4 5.0 13.4 8.0 2520.0
3 5.70 7.078 8.197 4.922 8.197 8.0 1533.0
4 3.62 7.194 5.419 4.806 5.419 8.0 1006.0

For the purposes of comparison, the total mass is distributed between walls W7 and W5 in a
ratio of 50% : 50% for all storeys, Thus the mass subjected to the wall 1 is my_3 = 75 [t/storey],

and mass on the roof is my = 37.5][t].

9.5 Analysis Based on PBE

9.5.1 One storey shear wall
Geometry and constitutive modeling

The basic constitutive element of the model is the mechanical model of a 1 storey shear wall.
For this purpose, a wall with a length of 3.0 [m] is created and analyzed in MCASHEW [31].
The main geometrical and mechanical properties of the model are presented in Figure 9.8. The

fasteners used to connect the OSB panels with the timber frame are staples with a diameter of
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[« N

d

Fig. 9.8: Geometrical properties and constitutive components of the model of a one-storey 3.0 [m] shear

wall element
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= 1.53[mm)] araringed in two rows. The fastener behaviour is represented by its hysteresis,
characterized by the 10 Stewart parameters (see also Table 3.6). The wall element is sheathed
with OSB panels with t, = 15[mm] on both sides. The HD devices behave predominantly
elastically with a stiffness of 358 [kN/mm]. This is approximately 50% of the stiffness provided
by a HD device consisting of 16 dowel-type connectors with d=10 [mm] and 3 slotted-in steel
plates. This stiffness is estimated as Kgp = 7.22- 16 - 6 = 693[kN/mm] (see also Table 3.1).
With 50% of the effective stiffness provided by the HD devices, the stiffnesses of the inter-storey

connectors have been accounted for.

Hysteresis

The mechanical characteristics of two wall elements used in the analysis of prototype building
are estimated for monotonic, Mergo-Beyer and CUREE loading protocols. The hysteresis are
presented in graphical form in Figure 9.9 and 9.10, as well in tabular form in Tables 9.6 and 9.7
for LFTWs with length 3.0 and 4.0[m], respectively.

The parameters estimated by using the Mergos-Beyer loading protocol are used in further

PBE analyses, for both considered wall lengths.

Tab. 9.6: Estimated parameters of the Stewart hysteresis for a wall length of 3000[mm]|, wall height of
2900[mm]; both sides sheathed with OSB3, t, = 15[mm]; fasteners: two-rowed staples with d = 1.53[mm],

spacing 24[mm]; fastener hysteresis according to Table 3.6

0SB KO Ry Ry R3 Ry FO F; Amam « B Fraz
#  [kN/mm] [ [ [ [l kN [kN] [mm] [] [] [kN]
CASHEW monotonic loading

2 23.53 0.045 -0.438 - - 531.14 - 71.21 - - 580.70

CASHEW Mergos-Beyer loading protocol

2 23.01 0.028 -0.132 1.009 0.050 569.19 79.51 67.20 1.0 1.01 571.70

CASHEW CUREE loading protocol

2 23.33 0.018 -0.150 1.065 0.04 569.14 70.34 67.63 1.0 1.11 560.30
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Ko 23.53
1 0.045
2 -0.438
3 0.000
4 0.000
Fo 531.14)
Fi 0.00

s 71.21
o 0.00

4 0.00

... |Fussoes] ]

" 0.028
2 -0.132
3 1.009
r4 0.050
Fo 569.19
Fi 79.51
5 67.20
o 1.00

3 1.01

Fu 571.68]

Fig. 9.9: Hysteretic parameters of the 3.0 [m] LFTW, estimated under monotonic loading 9.9(a): under
the Mergos-Beyer loading protocol, 9.9(b): under the CUREE loading protocol, 9.9(c)
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Tab. 9.7: Estimated parameters of the Stewart hysteresis for a wall length of 4000[mm], wall height
of 2900[mm]; both sides sheathed with OSB3, ¢, = 15[mm)]; fasteners: two- rowed staples with d =
1.53[mm], spacing 24[mm]; fastener hysteresis according to Table 3.6

OSB Ky Ry Rs Rs Ry Foy E; Az (&% B Froe

#  [kN/mm] ] [ [ o &N KN fmm] (][] [KN]

CASHEW monotonic loading

2 31.826  0.020 -0.295 - - 824.31 - 74.77 - - 825.73

CASHEW Mergos-Beyer loading protocol

2 30.62 0.032 -0.162 1.07 0.052 809.3 120.68 71.42 1.0 1.06 820.04

CASHEW CUREE loading protocol

2 30.89 0.022 -0.350 1.137 0.035 820.21 95.53 6546 0.95 1.05 790.30

Parameters needed for damage index (DI) analysis

In order to be able to perform complete damage analysis, parameter 5 should be estimated
according to Equation 5.2. For this purpose, the energy dissipated during both the Mergos-
Beyer and the CUREE loading protocols has been estimated. In Figure 9.12 and 9.11, the
dissipated energy is presented for LFTWs with length 3.0 and 4.0[m] respectively.

Tab. 9.8: Estimation of coefficient Sp; from the CASHEW hysteretic and static pushover analysis
performed for the 3.0 and 4.0 [m] LFTW, presented schematically in Figure 9.8

OSB Lw Au,st Fy ArespCE ArespMB deCE deMB ﬂC’E BMB BDI
#  [m] [mm] [kN]  [mm] = f[mm]  [kNm]  [kNm] [ [ [

2 3.0 106.5 495.7 67.63 67.20 226.4 253.7  0.0851 0.0768 0.081

2 4.0 1054 708.1 65.46 71.41 290.4 357.7 0.098 0.067 0.083

9.5.2 Four storey shear wall

A four-storey structure is created by stacking equivalent 1-storey LE'TW elements on top of each

other and connecing them.
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Fig. 9.10: Mechanical model of the LFTW with the length of 4[m], response to monotonic loading,

Mergos-Beyer and CUREE laoding protocol.



266 CHAPTER 9. COMPARISON OF FBD vs PBE

5
42107 : : : : : : : :
35+ e
X 4964
Y 3.565e+05
3r -
251
2t
15
1k
0.5 ~oo- Data |7
Model

0 500 1000 1500 2000 2500 3000 3500 4000 4500 500

x10°
35F T T =
X 5950
3k Y 2.904e+05
.
25 b
2t 4
1.5 4
1+
0.5 b
0 . Data |
Model
. . | . |
0 1000 2000 3000 4000 5000 6000

Force [KN]

120

Displacement [mm]

Fig. 9.11: Numerical energy dissipation due to the Mergos-Beyer and CUREE loading protocol, esti-
mated for LFTW with length of 4[m)

In the first step, a modal analysis is performed. The mass of 75 [t], estimated in the previous
section is constant for all residential floors. The mass on the top of the building is 37.5 [t]. The
stiffness of the single-storey element used to build the four-storey structure is constant along
the height of the building.
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Fig. 9.12: Energy dissipated during the Mergos-Beyer loading protocol, 9.12(a)
loading protocol, 9.12(b): pushover curve of the one-storey LFTW with a length of 3.0 [m], 9.12(c)
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Modal analysis

In Figure 9.13 (right), the first three mode shapes of a 3.0 [m] long LEFTW are shown.

The modal mass, the modal mass participation factor I';, the periods of vibration and the mass

CHAPTER 9. COMPARISON OF FBD vs PBE

participation factor «; can be estimated as follows:
m* = YXm; - ¢jj = 75-(0.238 4 0.522 4+ 0.795) + 37.5 - 1.0 = 154.125[t] = 2.055 - m

for the first mode applies:

_ X maidin 2052 _
I = S mi-¢?, 145628 — 1.409
_ Tim* _ 1.409-2.055 _
=S = 3E = 0.8273
0smQ - Al
E
@
N
}I:
0.792
@) o
E
A
~N
E
3 0.522 .
m [ 2.1 -
e A
T )
o i
m=75[t] I
v 0.238 i
Y 1
E
@
i Di1
—— \4 0

X:0.5219
) Y:2

Fig. 9.13: Four storey-model, the first mode shape extracted (left) and shapes of the first three modes

(right)

Pushover analysis

In Figure 9.14, the pushover curve for the 4-storey structure is presented. From the figure, it can

be seen that the yield force and the yield displacement are 482 [kN] and 133 [mm)], respectively.

Mode Shape [

The displacement capacity at the roof level is 223.7 [mm)] (see Figure 9.14).

Ay = % = 133 — 94.4[mm], see also Figure 9.15

1 1.409 —

Fy 482

Cy = SSmg ~ 3575981

=0.1872- g = 1.84[m/s?]
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Fig. 9.14: Pushover curve (force-roof-displacement relationship) for the 3.0 [m], 4-storey LFTW

* F, .
C, = TSy = 0‘8273_31?52,75,9481 = 0.2266 - g = 2.22[m/s?], see also Figure 9.15

_ [ Ay _ /9439  _

The pushover curve shows an almost linear rising branch up to the maximum bearing ca-
pacity of 572 [kN]. The yield force and the yield displacement are estimated by using the EEEP
approach. At the same time, a service-level wind load of 60[kN] = 12-0.5 -4 - 2.9 - quing =
69.6[m?] - 0.862[kN/m?] is superimposed on the pushover curve. The wind load is about 12.5%
of the yield strength of the wall, so the wind is not likely to govern the design.
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Fig. 9.15: Response spectra for hazard zone Z3b and capacity curve of the wall

The pushover curve is transformed into a capacity curve and is superimposed on the RS in
Figure 9.15. Since the yiled point characterized by displacement of 94.6[mm] lies beyond elastic
spectra, it can be seen that the ductility demand is 1.0, and the structure responde elastically in
the case of an design earthquake excitation with the displacement demand of 90.2[mm], which
is the intersection point of the capacity curve and the RS for 7% = 1.29[s]. At the intersection
point between the capacity curve and the RS, the base shear coefficient is 2.14, resulting in an
earthquake force of 464.64 [kN]. This implies that the earthquake lateral load is less than the

elastic strength of the structure.
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9.5.3 Damage index analysis
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Fig. 9.16: Average Damage Index estimated from 10 earthquake records
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The damage index has been estimated using Equation 5.1, as presented in Figure 9.16. The

value of D = 0.34 < 0.4 reveals that, according to Table 5.7, the structure would experience

slight damage and the elements would preserve their strength and stiffness. This response better

applies to the immediate occupancy limit state than the life safety limit state.

9.5.4 The results of the NLTHA

0.5

Fig. 9.17: Average displacements, accelerations, IDR and shear forces
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Figure 9.17 shows the results obtained by NLTHA. The maximum estimated shear force is
Fps nrrHA = 379[kN], which is approximately 79% of the yield strength (see Figures 9.14 and
9.20). The maximum roof displacement is 106[mm], corresponding to a RDR= 0.91% and a
maximum IDR of approximately 1.11%. The IDR of 1%, estimated for the first storey level is,
according to Table 5.7, the threshold value between the IO and the LS limit state.

9.5.5 Tabular results presentation for prototype LFTW

Similar to the parameter study performed in Chapters 6 and 7 for LFTWSs sheathed with GFB
and OSB, the results of the IDA, modal, pushover and NLTH analyses are summarized in Table
9.9 and 9.10 for walls with length 3.0 and 4.0[m], respectively.

As can be seen from the table 9.9 and 9.10, no limit parameter values used in the parameter
study have been exceeded, except the hold-down forces, which are in the range of 927[kN| and
940.5[kN]. It is significant to note that, even for hazard zone 3b, the system still behaves in the
linear elastic range, with a ductility demand of p = 1.0. The consequences are discussed later

in this chapter.

Tab. 9.9: Results of PBE analysis performed for a prototype 4-storey LEFTW with a length of 3.0 [m]

Zone  Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, o Ays HD force Aoy IDR DI
[55] [t] ] [s] [] [mm] [kN] [] [mm] [kN]  [mm] [] []

4- storey structure

1.6 75.0/37.5 v 1.16 1.29 1.41 133.0 482.0 1.0 223.7 926.7 1056 1.11 0.34

Tab. 9.10: Results of PBE analysis performed for a prototype 4-storey LFTW with a length of 4.0 [m]

Zone  Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, o Ays HD force A,y IDR DI
(%] [t] ] [s] [] [mm] [kN] [] [mm] [kN]  [mm] [] []

4- storey structure

1.6 75.0/375 v 096 1.08 1.39 128.1 694.2 1.0 234.0 940.5 90.34 0.95 0.30




9.5. ANALYSIS BASED ON PBE 273

9.5.6 IDA analysis

IDA analysis has been performed by using the pushover curve presented in Figure 9.14. The
dynamic analysis is based on a quadrilinear fit of the inserted pushover curve and the yielding
period of vibration of T = 1.24[s]. This period is slightly different from 7% = 1.29[s] estimated
by using the EEEP approach within the pushover analysis.

Fractile IDA curves
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Fig. 9.18: Roof drift ratio of 1.5% as a damage measure (DM), selected directly from the quadrilinear
fit of the pushover curve, 9.18(a): Fractile IDA curves for a roof drift ratio of 1.5% as a damage measure
(DM), in terms of spectral acceleration S, (7—1.24[5) as an intensity measure (IM), 9.18(b): Fragility curve
for spectral acceleration as an intensity measure for 7' = 1.24[s], 9.18(c)
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Fig. 9.19: 50% fractile IDA-curve estimated for DM = RDR of 1.5% in terms of the spectral acceleration
Sy used as the intensity measure for vibration period of T' = 1.24(s] superimposed on YPS for hazard
zone Z3b

The damage measure (DM) corresponding to the life safety limit state is chosen to be a roof
drift ratio of RDR = 1.5% = 174[mm)] (see also Figure 9.18. The intensity measure (IM) for
which the DM will be reached is estimated to be a spectral acceleration of S, = 0.3453 - g =
3.39[m/s?] at T* = 1.24[s], see Figure 9.18. The results obtained using the pushover and the
IDA analyses are summarized in Figure 9.19. The intersection point between the elastic RS and
the IDA fractile curve, illustrated by 1’, is at the spectral acceleration of 2.23 < 3.39[m/s?].
This implies that the bearing capacity of the system is not entirely exploited, according to the
IDA analysis. Another calculation, which is not given here, shows that a spectral acceleration
of Sy r=1.24[s) = 0.2238 - g produces a roof drift ratio, and hence DM of = 1%, characteristic of
the IO limit state. The corresponding roof displacement is 116[mm|, which is also evidence of a

stiff structure.
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9.5.7 Discussion
Earthquake forces and ductility demand

In Figure 9.20, the results of the force based seismic design performed in [6] and the results of
the pushover analysis of the LETW T'W X7 are summarized. The assumption, made in advance,
is that the ductility provided by the system is p = 3.0. Independent of the analysis method used
for estimation of the earthquake forces, the ductility factor, and hence the behaviour factor in
the velocity sensitive region of the RS, is always understood as a reduction coefficient, which
defines the required strength of the structure. See also Figure 9.4.

From Figure 9.4, the earthquake force, defined as the intersection point with the elastic RS
for the given period of vibration Ty = 1.51[s], is Eq¢ = 1.83-0.8273 - 3.5 - 75 = 397[kN]. The
required strength is only Rgreq = 0.61-0.8273-3.5-75 = 132.5[kN], provided the structure can
exhibit a displacement of T"-10.55[cm] = 148.6[mm], as required by the equal displacement rule.

As it is typical for force-based seismic design, the structure is designed in a way to pro-
vide a bearing capacity larger than the assumed earthquake force. Consequently, the strength
(238[kN]) and stiffness, and hence the ductility demand (u = 1.96) are modified without an im-
pact on the design. At this point, it is clear that the condition for applicability of the capacity
design (= ¢ > 3.0 required for the DCH structural class), does not apply.

The capacity curve, estimated by carrying out a pushover analysis, reveals that the period
of vibration of 71 = 1.29[s| leads to a moderate increase of the shear base coefficient from
1.83 to 2.14, which is an increase of 17%. Moreover, the pushover analysis gives a system
strength larger than the earthquake force. Consequently, the earthquake force, estimated as
Ege = 2.14-0.8273 - 3.5 - 75 = 464.7[kN], is less than the structural yield strength, estimated
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Fig. 9.20: Results of the FB analysis performed in [6] and the pushover analysis for wall TW X,
superimposed on the yield point response spectra
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at R, = 482[kN], leading to elastic behaviour of the system.

Conclusion:

In capacity design, the ratio of the effective strength to the design strength is called the over-
strength ratio. In this case the overstrength ratio OSR = 2.0, and the ratio of the effective
strength to the required strength is 3.6. The assumption about the ductility ratio, which is the
ductility demand achieved by effective design, differs significantly from the real ductility demand
estimated by pushover analysis. It can be said that the design process started with assuming a

ductile structure and ended with an non-ductile structure in reality.

Generally, the design of the structure does not meet the requirements, since neither ductility

nor strength are estimated properly. The stiffness however, is estimated sufficiently well.

Considering how the structure is constructed, one can say that the system does not behave
in the desired manner, but thanks to its rigidity and strength, it provides enough safety for both

people and properties. The truth of this statement will be evaluated in the next section.

Overall behaviour

The overall behaviour of the designed prototype structure can be examined based on the results
obtained by the NLTHA. The values of IDR = 1%, DI = 0.34 and a roof displacement of
Aroof = 105.6[mm] indicate a fairly stiff structure, which would experience small deformations
and only slight damage if subjected to the designed earthquake associated with hazard zone

Z3b. On the other hand, the high strength of the structure, even with the unchanging stiffness,
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Fig. 9.21: Distribution of earthquake forces estimated using the ductility assumption p = 3.0, the
designed strength of the wall element (see [6]), the effective strength and the base shear force estimated
by performing NLTHA over the building height, as well as the clamping moment and corresponding
HD-forces
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7attracts” larger inertial forces, producing an increase in the HD-forces, as can be seen from the
NLTHA. A closer look into the response of the structure with an increased strength will provide
answers to whether the increase in strength causes any consequences for the HD devices.

In Figure 9.21, four different earthquake forces, estimated using the basic ductility assumption,
designed strength, effective strength as well as the base shear force of 379.4[kN], see Figure 9.17
estimated by the NLTHA, are distributed along the height of the building in accordance with
the first mode shape. The corresponding clamping moments and HD-forces are estimated. The
"exact” value of the HD-force is estimated by means of the NLTHA HDyrrra = 926.7[kN]
(see also Table 9.9). It is less than the HD force obtained from simple distribution of the force
379.4[kN] over the building height in accordance with the first mode shape.

From the results presented in Figure 9.21, it can be seen that the increase in strength causes
an increase in the force-response to the earthquake excitation and hence, an increase of the
HD-forces. It can be concluded that the rigid structure attracts significantly larger earthquake
forces, which cannot be sustained by the HD devices, as stipulated within this thesis. Although
the structure is considered to be ductile, in fact, the structure has been built as non-ductile, at-
tracting significantly larger seismic forces than presumed. The weakest elements have suddenly
become not the fasteners, but the HD devices, which would either behave inelastically or would
rupture. This would cause a kind of an uncontrolled rocking mode, while the entire overlying

structure would still remain stiff and elastic over the entire building height.

9.5.8 Design according results of the parameter study presented in previous
chapter

The previous section has concluded that the structure of the prototype building analyzed in this
section would probably fail, due to the overloading of the HD devices. Regarding the example
discussed here, one can ask what would be an appropriate result of the design procedure accord-
ing to PBE, as presented in previous chapters. For this purpose, the results of the parameter
study of LFTWs sheathed with OSB panels are recalled. In Table 7.2, the 4-storey LE'TW
with a length of 3.0[m] has reached the limiting period of vibration of T = 1.7[s] for a storey
mass of 92[t] at each level. Note that nails with d = 2.87[mm] have been used here instead
of staples with d = 1.53[mm]. The structure has a strength of 220[kN], which is of the same
order of magnitude as the strength of 238[kN] of the wall designed in [6]. From Table 7.2, it
can be seen that the ductility demand for the structure under consideration is p = 2.23, the
HD force is 577.7[kN], the roof displacement is 119.7[mm], the IDR = 1.62 and the DI = 0.56.
All limit criteria specified in the parametric study are satisfied, even for larger storey masses of
92[t] > 75[t]. Furthermore, the wall of length 4.0 [m], can be replaced with a length of 3.0 [m],
which would optimize the structure for both directions. This would have the additional benefit
of eliminating the torsional effects. Despite material savings and the elimination of the torsional
effects, the most beneficial effect would be gaining of the control over the overall behaviour of

the structure in an earthquake excitation. The analysis of the same wall for an effective storey
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mass of 75[%] revealed 7% = 1.406[s], a ductility demand p = 1.96, a roof displacement
104.5[mm], IDR = 1.37 and DI = 0.45.

The design according PBE has clearly pointed out that not the assumed ductility and the
designed strength, but the effective ductility demand, the effective strength and the displace-
ment capacity govern the seismic design. Hence, it can be concluded that, in the case of an
earthquake event, stronger structures do not necessarily behave better than weaker ones, pro-

vided a displacement capacity is available and provided certain damage can be accepted.

By using the over-strength ratio (OSR), the current seismic design practice confirms the
awareness that the structures have larger load-bearing capacities than calculated. This is in-
consistent at least with regard to two points. First, with an increase of the bearing capacity,
which will be presumed by considering the OSR, the earthquake loads also increase, with the
consequence that the overturning moment and thus the HD-forces increase simultaneously. This
fact is suppressed within the constant period design procedure (FBD). The second consequence
is the change in ductility demand, which violates a major assumption of the FBD. Finally,
the design loses clearity and consistency, providing unreliable results. For these reasons, it is
strongly recommended to use PBE or at least PBD as a design procedure for seismic design of

timber structures.

9.6 Conclusion

By comparing the results obtained by using the force-based seismic design and the performance-

based engineering, the following conclusions can be made:

e The drawbacks of the force-based seismic design, as described in Chapter 2, section 2.3.1,

have been confirmed.

e The properties of the effective designed structural member have not been questioned and
thus have not been compared with the assumptions made at the beginning of the design

process.

e The actual behaviour of the system designed by use of the force-based seismic design is

unknown.

e The safety factor of the structure designed by use of the force-based seismic design is

basically unknown, see also [5].
e The collapse of the structure cannot be predicted sufficiently well.
e The weakest member in the structure can not be satisfactorily determined.

e Within the capacity design, the mechanical overstrength cannot be applied without ac-

counting for the corresponding ductility and stiffness.
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e Due to the strength underestimation, the force-based seismic design leaves an erroneous

impression that an extra safety margin exists.

e The force-based seismic design is due to the poor prediction of both strength and ductility
demand, inappropriate for the design of LFTWs.

Comment:

It is outside the scope of this thesis to suggest improvements to the force-based seismic
design of timber structures. In the author’s opinion, the results of both analyses would have
probably been in the same range, if the estimation of strength had been more realistic within

the force-based analysis. This can be achieved in two different ways:

e Since the strength of a LFTW depends on the strenrth of a single fastener, its strength
estimation should be more realistic, and that means not necessary code-based so called
design strength. It is more appropriate to use the characteristic strength instead. Chap-
ter 3 shows how to estimate the more realistic bearing capacity of a fastener by using

Johansen’s failure mechanism, corrected by a regression function, fitted to the test results.

e An additional approach within the force based seismic design could be to consider the
overstrength ratio, which has been a constitutive part of the capacity design from the very
beginning. In the literature, the overstrength ratios are said to be in the range between 1.5
and 2.2 (see for example [86], [88] and [36]). So, the design value of the fastener capacity
could be multiplied by the OSR in order to estimate the strength and the corresponding
ductility demand more realisticaly. The estimation of the stiffness can still be based on an

equivalent elastic beam element, as presented in [6].
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Chapter 10

Summary and further developments

10.1 Summary

For decades, the requirements of the fire protection regulations have limited the use of timber
structures In Switzerland to buildings of up to only 5-storeys. Since new fire provisions have
been adpted in January 2015 [51], this limitation has been lifted. At the same time, the question
arose weather traditionally-used lateral load resisting systems in timber structures can still be
used to sustain earthquake loads in structures with a height of more than 5-storeys. An estima-
tion of the applicability range of both LFTWs sheathed with GFB and OSB is required.

In order to estimate the realistic properties of LE'TW, reliable and effective mechanical models
are required. To find out whether LF'TWs can be used in an economic way in seismic regions
of low to moderate seismicity, a reasonable combination of both powerful mechanical models as
well as appropriate seismic design philosophy is necessary.

The behaviour of a LF'TW depends on the behaviour of a single fastener within the timber
connection under monotonic and cyclic loading [16], [91], [74]. Therefore, a mechanical model
of a single fastener has first been estimated by testing. After characterizing the response of
the single fastener by Stewart’s 10-parameter hysteresis [92], the numerical model of the LFTW
element is created and analyzed in the MatLab based program, MCASHEW [31]. The LFTW
element consists of a timber frame, sheathing panels, hold-down devices and fasteners, where
every single fastener used to connect the sheathing panels with the timber frame is considered.
The numerical response of the LETW-model is validated by means of testing. Finally, each wall
element, sheathed with GFB or OSB panels, with a length of 2.4, 3.0, 3.6, 4.2 or 4.8 m has been
defined by Stewart’s 10-parameter hysteresis.

Since force-based seismic design is stipulated as inappropriate for reliable performance esti-
mation of LETWs, performance based seismic engineering, based on a nonlinear static (pushover)
analysis and a NLTHA analysis is performed. Moreover, the design standards SIA265 and Eu-
rocode 8 do not provide precise information with respect to the definition of the performance
limits or how to apply performance-based seismic design to timber structures. Therefore, the

performance limits: Immediate Occupancy (I10), Life Safety (LS) and Collapse Prevention (CP),
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are proposed within this thesis for both LEF'TWs sheathed with GFB and OSB panels. The pro-

posal has been based on damage index analysis.

The feasibility range, represented by the admissible mass applied to the LFTW at each storey
is estimated by simultaneously fulfilling multiple performance objectives: limiting the period of
vibration (7% < 1.7[s]), limiting the ductility demand (p < 3.0), HD-forces HD < T25[kN].
The following objects apply to LFTWSs sheathed with GFB and OSB, respectively, /DR < 0.8,
DI <0.8and IDR < 2.5 and DI <0.7.

Furthermore, the outcome of the parametric analysis is checked and verified by the probability

based Incremental Dynamic Analysis (IDA).

It have been shown that the LFTWs sheathed with GFB and OSB can perform IDRs of
0.8% and 2.5% of the storey height, experiencing moderate damages. At the same time, the
partition walls, ventilation cables, installation pipes and building equipment should be designed
and constructed in such a way to be capable of sustaining the displacements imposed by a design
earthquake. Particular attention must be paid to the fastening of the facade construction to the
load-bearing structure.

The efficiency and transparency of PBE have been demonstrated using an example in which
the results of the seismic design procedure presented within this work are compared to those of

the traditionally-used force-based seismic design.

The main contributions of this thesis can be summarized as follows:

e reliable mechanical models for both LFTWs sheathed with OSB and GFB have been
established

e the methodology for how to perform Performance Based Seismic Engineering and how to

apply it to Light Frame Timber Walls has been developed

e the set of major parameters which affect the performance of LEFTWs have been defined

and justified in advance

e the performance objectives and performance limits for both LFTWs sheathed with OSB
and GFB have been proposed

e a comprehensive parameter study of LETWs sheathed with OSB and GFB, with different

wall lengths for regions of low to moderate seismicity, has been performed

e reliable results of the parameter study narrow down the applicability range of LEFTWs in

regions of low to moderate seismicity

a set of easy-to-use diagrams and tables suitable for practical use have been established
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e the design procedure starts with previously designed elements, with known characteristics,

behaviour and performance

e the reliable design results supply engineers with verified data supporting them in the use

of LFTWs as the lateral load resisting system for mid-rise buildings up to eight storeys

Regarding the type of the LFTW, soil conditions and seismic hazard zone, it can be stated
that:

e The LFTWs sheathed with GFB can be used in an economic way for structures up to 5
and 6 storeys in seismic zones Z1 and Z2, and 1-2 storeys and 5 to 6 storeys for seismic

zones Z3a and Z3b, depending on the soil conditions.

e The LFTWs sheathed with OSB can be used in an economic way for structures up to 6

and 8 storeys depending on the soil class but independent of the seismic zone.

10.2 Further developments

10.2.1 Mechanical modeling

The main objective of this study is to narrow the scope of application of traditionally used
LFTWs, sheathed with GFB and OSB panels and exposed to earthquake excitation in regions
of low to moderate seismicity. To achieve this goal, reliable mechanical models of the LEFTW

elements used have been developed.

The behaviour of LFTWSs depends on the behaviour of the individual fasteners used to con-
nect the sheathing panels to the timber frames. In order to obtain a realistic response of a single
fastener to cyclic loading, a few fastener types have been investigated experimentally. For more
data about the fastener response to the cyclic loading, comprehensive investigation into different
fastener types is recommended. Some investigations, which cover a huge spectrum of fasteners

used in Switzerland, have already been carried out within a NRP 66 project [37].

Within this thesis, mechanical models of LFTW elements with minimal fastener spacing have
been derived. An additional study of LF'TWs with fasteners attached at a moderate spacing
of 50 or 75[mm| as well as two-rowed fasteners at a minimal spacing of 30 or 35[mm]| would
provide information about how the applicability of LFTWs changes with the change of stiffness
and strength.

Strong and robust hold-down devices have not been investigated within the presented work.
In order to consider the contribution of the hold-down devices to the overall response of the
LFTWs to lateral loading, the stiffness and strength proposed by the code [91] are used. There
are some indications that the real stiffness and strength of dowel type connections with slotted-

in steel plates are not in accordance with those obtained by use of the code provisions [91].
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Although the contribution of HD devices to the overall response, even in the case of a multi-
storey structure, is rather small, experimental investigations on hold-down devices and inter-

storey connectors with slotted-in steel plates are recommended.

10.2.2 Geometry

In the first step, LFTWs with five different wall lengths, ranging between 2.4 and 4.8|m|, are
analyzed. The LFTW elements are sheathed on both sides, have no openings and remain con-
stant along the building height. A mechanical model for a LFTWs sheathed on one side has
been developed and is presented in Chapter 3, but analyses for these LF'TW elements have not
been conducted. LFTW elements sheathed only on one side are extensively used in practice for
facade walls. Often a combination of OSB (outside) and GFB (inside) appears in real structures.

In order to close this gap, a feasibility study for LF'TWs sheathed on one side would be benefical.

A wall length of 6[m] and more, without windows or door openings , is not common for
practical reasons. Further investigations should take into account the influence of the openings
on the overall behaviour of shear wall elements. The combination of wall elements with different

lengths should also be investigated.

10.2.3 Basic analysis parameters

At the beginning of the presented work, the parameters related to the ductility demand pu, the
inelastic vibration period T* and the hold-down forces have been fixed. The main idea behind
fixing these analysis parameters was to avoid producing structures that are too weak. However,
it would be interesting to see how the applicability of LF'TWs would change with changing these
parameters. The ductility demand could be assumed to be y = 3.5, and the inelastic vibration
period could increase to a value of T* = 2.0[s], which seems to be realistic.

Moreover, the inter-storey drift ratio for LE'T'Ws sheathed with OSB panels and GFB is assumed
to be IDR < 2% and IDR < 0.8%, respectively. Within the damage analysis, the IDR as the
limiting displacement for LFTWs sheathed with OSB panels, has been modified to the value of
IDR = 2.5%. The IDR for LFTWs sheathed with GFB is estimated in accordance with the
damage index analysis, based on experimental testing. The IDR for LFTWs sheathed with OSB
is not yet confirmed by testing. Although an IDR = 2.5% has no practical relevance, validation
of the assumed IDR-limit for LFTWs sheathed with OSB, based on the results of experimental

testing, is necessary.

NLTHA has been performed for soil condition C. In Appendices A and B, the results of the
NLTHA for soil conditions A and E are presented. Additional analyses for soil conditions B and

D should be performed for completion.
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10.2.4 Applicability and codification of LFTWs

The results of the presented work showed that LFTWs can be used in an economic way in
structures with up to 5 storeys in LE'TWs sheathed with GFB and 8 storeys in LF'TWs sheathed
with OSB. It has been shown that the limits for the usage of the LFTWs are artificially influenced
by the lack of knowledge about how the LFTWs actually perform and by the analysis method
applied. The force based-seismic design, which has not been upgraded for more than 30 years,
is still mainly used in seismic design of structures in Switzerland and FEurope. Regarding the
definition of appropriate performance limit states the presented study revealed have outlined
that regulations in the actual Swiss design code do not exist and that those in Eurocode 8 are
insufficient. In the future code development, the focus should be on performance-based design,

for new buildings in general and in particular for analysis of existing structures.
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Nomenclature

Abbreviations
CASHEW  Cyclic Analysis of Shear Walls, Software provided by Floz and Filiatrault

CUREE Consortium of Universities for Research in Earthquake Engineering

DCH Ductility Class High

DCL Ductility Class Low

DCM Ductility Class Middle

DI Damage Index

DIA Damage Index Analysis

DL Damage Limitation

EEEP Equivalent Energy Elastic Plastic
EI Stiffness

EYM European Yield Model

FBD Force Based Seismic Design
FEMA Federal Emergency Management Agency
GFB Gipsum Board

IDA Incremental Dynamic Analysis
IDR Inter-storey Drift Ratio

LFTW Light Frame Timber Wall

MDOF Multi Degree of Freedom

NC Near Collapse

NLTHA Nonlinear Time History Analysis
OPENSEES Open Source for Earthquake Engineering
OSB Oriented Strand Board



288

PBD
PBE
PoE
RP
RS

SAWS

SD

SDOF

SLS
SPO
ULS

NOMENCLATURE

Performance Based Design

Performance Based Engineering
Probability of Exceedance

Repeat Period

Response Spectra

Seismic Analysis of Woodframe Structures
Significant Damage

Single Degree of Freedom

Serviceability Limit State

Static pushover

Ultimate Limit State

Upper-case roman letters

A*

Effective shear cross section area

Asymptotic wall element strength

Stud cross section area

Width of the wall element

Width of the sheathing panel

Measure of elastic-plastic wall response to the lateral loading
Kinetic energy

Young’s modulus parallel to the grain

Modulus of elasticity perpendicular to the grain
Damping energy

Equivalent earthquake load

Relative input energy in i-th storey

Relative input energy

Energy dissipated in one cycle of loading

Strain energy

Force

Time depending force

Force at intersection point between asymptotic line and force axis



NOMENCLATURE

FRawall
Fstud
Fan
Fuind
G

H

Hp

Ky

K

Ko

Ky
Kup,ser
Kup ser
Kot
K

Ky

M

M

My r
Nyoof
Nstorey
Ry

Ry

R3

Ry

Ry

Ry
Rehcate
Sa

Sa

Sy

Ultimate shear wall strength
Stud force

Force of a wall element

Wind load

Shear modulus

Height of the wall element
Height of the sheathing panel

Initial stiffness of a wall element

Asymptotic, post-yielding stiffness of a wall element
Decreasing stiffness of a wall element

Geometric constant accounts for fastener arrangement on panel periphery

HD device stiffness

Stiffness of the hold-down device
Rotational spring stiffness

Secant stiffness

Tangent stiffness of a wall element
Moment, Moment area

Moment area due to the unit force
Yield moment of the fastener
Axial force at roof level

Axial force per storey level
Asymptotic stiffness

Descending stiffness

Unloading stiffness

Reloading stiffness

Asymptotic stiffness of a wall element as percentage of initial wall stiffness
Decreasing stiffness of a wall element as percentage of initial wall stiffness

Calculated characteristic bearing strength

Spectral acceleration
Spectral displacement

Spectral velocity
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T Elastic vibration period

T* Inelastic vibration period

To Fundamental, elastic vibration period
Weq Equivalent section modulus of inertia

Lower-case roman letters

ag Asymptotic fastener strength

aro mass-proportional damping coefficient

arl stiffness-proportional damping coefficient

bo Measure of elastic-plastic fastener response to the lateral loading
d Diameter of dowel-type fastener

degq Equivalent staple diameter

dst Staple diameter

fn Nail force

fs Staple force

fo Fastener force at intersection point between asymptotic line and force axis
Jeok Compression strength parallel to the grain

fe,90.k Compression strength perpendicular to the grain
frast Individual fastener force

Tnak Embedment strength strength parallel to the grain
fh2k Embedment strength perpendicular to the grain
Jmaz Maximum individual fastener force

Ju,as Asymptotic fastener strength

Juk Characteristic value of steel tensile strength

h* Equivalent height

k Stiffness

kg Shear cross section coefficient

k; i-th storey stiffness

m Mass

Ne Number of loading steps

71 Asymptotic stiffness of a fastener as percentage of initial stiffness
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r9 Decreasing stiffness of a fastener as percentage of initial stiffness
S Spacing

tp Thickness of the sheathing panel

tw Thickness of the wall

Upper-case greek letters

Az Maximum displacement corresponding to maximum force

A, Wall displacement due to the fastener slip

Aresp Maximum response of the wall element due to the earthquake loading
Ay st Ultimate displacement of the wall element due to the monotonic loading
T Modal participation factor

D, Mode shape

Q Shear force

Q' Shear force diagram due to unit shear force

Lower-case greek letters
Q Parameter which controls the stiffness degradation

Qe Coefficient which controls the best fit between rough and smooth amplitudes of a

loading protocol

I} Parameter which controls the stiffness degradation related to the previous cycle

Bpr Strength degradation ratio

By, 1» Parameter which controls the variability in transition from the SDOF to the MDOF
System

Byo Parameter which controls the variability in yield strength of the mechanical model

Ty Ground acceleration

x Acceleration of the storey mass

) Displacement of a fastener

01 Flexural deformation of the timber frame

09 Shear deformation of the sheathing panel

03 Rigid body deformation of the frame

04 Deformation due to the fastener slip
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dst,comp
Ostud
dult
Ty

T

n

1
fim
Wn,
bi;j
(0

p

3

&n

Maximum displacement of a fastener
Fastener distortion at service level
Elongation of the Hold-down device
Fastener distortion

Compression of the stud
Deformation of the stud

Ultimate displacement of a fastener
Ground velocity

Velocity of the storey mass
Logarithmic mean deviation
Ductility ratio

Mean deviation

natural circular frequency

Value at position ¢, in Mode shape j
Quasi-permanent gravity load coefficient
Density

equivalent viscose damping

critical damping ratio

Logarithmic standard deviation
Equivalent mass

Behaviour factor

Evenly distributed wind load
Displacement of the storey mass

Ground displacement

NOMENCLATURE
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Appendix



Appendix A

Parameter Study of LFTWs
Sheathed with GFB

A.1 Soil Conditions A

Figures A.1 to A.4 show the resultant means of 10 earthquake records, selected and scaled to
the hazard Zone 71, Z2, Z3a and Z3b for soil conditions A.

Average
———-Code

Zone Z1

Soil Conditions A

Acceleration[g]

Period [s]

Fig. A.1: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone Z1

for soil conditions A superimposed on elastic RS.
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Fig. A.2: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone Z2

for soil conditions A superimposed on elastic RS..
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Fig. A.3: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone

Z3a for soil conditions A superimposed on elastic RS..
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Fig. A.4: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone
Z3b for soil conditions A superimposed on elastic RS..

A.1.1 Tabular and graphical presentation for LFTW of a length 2.4[m| sheathed
on both sides with GFB

The results of the parametric study for a 2.4 [m] long LFTW element sheathed with GFB on

both sides are summarized in Table A.1. The typical, graphical presentation is given in Figure
A5

Tab. A.1: Results of the parameter study of a LFTW with a length of 2.4 [m] sheathed on both sides
with GFB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, o Ay HD force Aoy IDR DI
(=] [t] ) [s) H [om] &N} [] [mm] [kN]  [mm] [] [

1- storey structure

0.6 4180 v 1228 1.70 1.0 15.0 86.40 1.71 31.95 1059 18.49 0.66 0.72
1.0 1940 x 0.83 1.04 2.16 1114 21.66 0.75 0.80
140.0 Vv 0.70 0.86 1.89 107.7  17.11 0.59 0.62
1.3 1275 x 0.68 0.82 2.36 116.0 22.7 0.78 0.80
78.0 v 0.53 0.62 1.90 109.4  17.11 0.59 0.62
1.6 96.0 X 0.59 0.69 2.57 117.3 22.8 0.79 0.80
49.0 v 0.42 0.48 1.90 102.6 15.7 0.54 0.53
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
Bl S 8 [ fmm] (N [ [mm] (N um] [ [
2- storey structure
0.6 2100 VvV 1.48 1.69 1.186 18.66 85.0 1.62 41.89 1429 21.86 0.54 0.61
1.0 1220 x 1.13 1.27 2.19 183.2 3196 0.80 0.80
100 v 1.0 1.14 1.91 154.4 25,5 0.63 0.67
1.3  75.0 X 0.88 0.98 2.15 178.6 30.5 0.77 0.79
61.5 v 0.80 0.89 1.96 169.9 27.73 0.7 0.7
1.6 56.0 X 0.80 0.89 2.31 184.3 31.3 0.75 0.76
40.0 v 0.65 0.71 1.95 169.0  26.15 0.61 0.61
3- storey structure
0.6 105.0 Vv 1.56 1.70 1.263 28.57 83.96 1.15 53.45 83.96 22.73 0.42 0.46
1.0 100.0 Vv 1.52 1.66 1.87 208.4  37.22 0.64 0.75
1.3  59.0 v 1.17 1.27 1.88 232.5  39.41 0.61 0.65
1.6 385 v 0.95 1.0 1.88 216.4  37.74 0.65 0.66
4- storey structure
0.6 57.0 v 1.60 1.70 1.31 42.68 83.67 1.0 74.66 86.3 24.09 0.35 0.37
1.0 57.0 v 1.60 1.70 1.33 222.9  40.04 0.51 0.57
1.3 425 v 1.4 1.46 1.5 242.8 44.66 0.61 0.63
1.6 355 X 1.26 1.34 1.68 251.0 49.15 0.67 0.7
29.0 v 1.14 1.21 1.52 248.5  47.77 0.58 0.60
5- storey structure
0.6 34.0 v 1.64 1.70 1.353 62.52 83.92 1.0 101.6 162.7 27.78 0.29 0.30
1.0 34.0 v 1.64 1.70 1.0 202.8 4094 0.43 0.47
1.3 305 v 1.55 1.62 1.16 244.5  50.95 0.60 0.60
1.6 26.5 v 1.43 1.49 1.31 262.3 57.04 0.61 0.63
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450 4

Mass [t/st] 418 Wall Length 2.4 m
400 -
350
200 | —a—0.6 m/s2
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Fig. A.5: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a
length of 2.4 [m], see also Table A.1

A.1.2 Tabular and graphical presentation for LFTW of a length 3.0[m| sheathed
on both sides with GFB

The results of the parametric study for a 3.0 [m] long LFTW element sheathed with GFB on
both sides are summarized in Table A.2. The typical, graphical presentation is given in Figure
A6

Tab. A.2: Results of the parameter study of a LFTW with a length of 3.0 [m] sheathed on both sides
with GFB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay E, i Ay HD force A,y IDR - DI
(=] [t] s) () ] [om] [kN] [] [wm] [kN]  [mm] [} []

1- storey structure

06 38.0 v 124 162 1.0 20.82 120.1 1.19 4217 1122 21.79 0.75 0.80
1.0 181.0 v 0.85 1.02 1.48 1174 23.3 0.80 0.80
1.3 1377 x 0.74 0.87 1.71 122.5  25.27 0.87 0.80

126.0 v 0.70 0.83 1.65 120.0 2347 0.81 0.73
1.6 89.0 x  0.60 0.68 1.73 127.3 26.1 0.90 0.80

79.0 v 0.56 0.64 1.65 123.7 2439 0.84 0.73

2- storey structure

0.6 2120 v 153 1.70 1.186 25.91 118.1 1.18 53.19 156.8 25.97 0.65 0.70
1.0 1220 v 1.16 1.28 1.5 169.3 30.8 0.74 0.80
1.3 870 v 0.98 1.08 1.66 196.5 371 0.84 0.8
1.6 69.0 v 0.87 0.96 1.82 1974  37.65 0.81 0.78
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, i Ay HD force A,y IDR DI
(=] [t] s] [s] F] [mm] kN [] [mm] [kN]  [mm] [] [

3- storey structure

0.6 103.0 v 155 1.70 1.25 38.42 115.6 1.0 64.65 154.2 26.21 0.48 0.50
1.0  92.0 v 1.46 1.60 1.33 212.8  41.92 0.72 0.80
1.3 76.5 v 1.36 1.46 1.58 228.4  45.44 0.77 0.78
1.6 49.0 v 1.07 1.16 1.56 236.0 48.3 0.73 0.71
4- storey structure
0.6 59.0 v 1.60 1.70 1.295 54.81 1164 1.0 91.36 147.0 27.43 0.38 0.37
1.0 59.0 v 1.60 1.70 1.02 206.9 42.4 0.60 0.64
1.3 555 v 1.53 1.65 1.28 248.2 53.57 0.82 0.79
1.6 44.5 v 137 147 1.42 286.6 61.24 0.76 0.77
5- storey structure
0.6 36.5 v 164 1.70 1.331 76.01 116.1 1.0 119.3 140.1 27.77 0.32 0.30
1.0 36.5 v 1.64 1.70 1.0 208.6  46.03 0.46 0.47
1.3  36.5 v 1.64 1.70 1.0 255.3 57.87 0.61 0.6
1.6 33.0 v 1.54 1.62 1.15 2944 69.85 0.75 0.73
6- storey structure
0.6 235 v 163 1.70 1.36 103.4 116.1 1.0 157.0 135.3 29.73 0.27 0.24
1.0 235 v 1.63 1.70 1.0 201.0 4723 0.37 0.37
1.3 235 v 1.63 1.70 1.0 238.8 58.08 0.47 0.43
1.6 235 v 1.63 1.70 1.0 288.3 73.4 0.61 0.58
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Fig. A.6: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a

length of 3.0 [m], see also Table A.2

A.1.3 Tabular and graphical presentation for LFTW of a length 3.6[m| sheathed
on both sides with GFB

The results of the parametric study for a 3.6 [m] long LEFTW element sheathed with GFB on

both sides are summarized in Table A.3. The typical, graphical presentation is given in Figure

AT

Tab. A.3: Results of the parameter study of a LFTW with a length of 3.6 [m] sheathed on both sides
with GFB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force A,y IDR DI
3 [ S ) F [om] &N [ [mm] N [om] [ [
1- storey structure
0.6 460.0 v 1.18 1.66 1.0 20.76 142.1 1.16 41.57 105.8  21.18 0.73 0.80
1.0 2270 v 0.83 1.05 1.53 1176  22.59 0.80 0.80
1.3 171.0 v 0.72 0.88 1.79 121.0 24.8 0.85 0.80
1.6 1150 v 0.59 0.70 1.86 115.0 25.2 0.87 0.8
2- storey structure
0.6 280.0 v 154 1.69 1.18 2259 139.3 1.34 50.23 160.65 25.39 0.68 0.79
1.0 1480 v 1.16 1.22 1.63 1773  29.73 0.73 0.79
1.3 107.0 x 0.95 1.04 1.80 196.0  35.56 0.84 0.80
1000 v 092 1.0 1.74 191.1 3446 0.82 0.77
1.6  81.0 x 0.85 0.93 2.0 201.6  36.27 0.81 0.79
65.0 v 072 0.8 1.73 188.8 31.6 0.72 0.66
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
Bl S 0 fn) N [ [mm] kN fmm] [ [
3- storey structure
0.6 1350 v 154 1.70 1.248 35.72 138.2 1.0 66.56 166.9 26.4 0.52 0.56
1.0 1145 v 1.42 1.56 1.41 223.5  40.62 0.70 0.80
1.3 94.0 x 128 1.41 1.67 237.8 44.05 0.78 0.80
90.0 v 125 1.38 1.64 243.0 43.32 0.73 0.75
1.6 68.0 x 1.08 1.18 1.74 256.9 48.94 0.79 0.80
60.0 v 1.03 1.13 1.67 261.5 45.64 0.72 0.71
4- storey structure
0.6 78.0 v 157 1.69 1.292 48.51 137.2 1.0 &80.73 150.1  26.59 0.40 0.41
1.0 78.0 v 1.57 1.69 1.15 221.1 4197 0.59 0.67
1.3 69.0 v 148 1.59 1.40 2589 51.86 0.8 0.8
1.6 56.5 v 135 1.44 1.56 292.5  57.84 0.78 0.8
5- storey structure
0.6 49.0 v 160 1.70 1.327 66.12 136.4 1.0 106.6 1545  27.77 0.34 0.33
1.0  49.0 v 1.60 1.70 1.0 224.7  45.74 0.46 0.50
1.3 49.0 v 1.6 1.7 1.13 272.0  56.62 0.68 0.67
1.6 420 v 148 1.57 1.28 299.0 64.8 0.76 0.74
6- storey structure
0.6 32.0 v 163 1.70 1.36 89.18 136.9 1.0 150.78 138.6  29.24 0.28 0.27
1.0  32.0 v 1.63 1.70 1.0 218.3  46.33 0.39 0.40
1.3 320 v 1.63 1.70 1.0 264.5  58.28 0.49 0.47
1.6 320 v 1.63 1.70 1.05 306.8  72.74 0.76 0.73
7- storey structure
0.6 2175 v 165 1.70 1.38 1176 136.9 1.0 177.5 149.3 32.1 0.24 0.22
1.0 21.7%5 v 1.65 1.70 1.0 205.0 47.22 0.34 0.33
1.3 21.75 v 1.65 1.70 1.0 242.9  59.03 0.42 0.39
1.6 21.75 v 1.65 1.70 1.0 296.3 7426 0.5 049
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Fig. A.7: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a

length of 3.6 [m], see also Table A.3

A.1.4 Tabular and graphical presentation for LFTW of a length 4.2[m| sheathed
on both sides with GFB

The results of the parametric study for a 4.2 [m] long LEFTW element sheathed with GFB on

both sides are summarized in Table A.4. The typical, graphical presentation is given in Figure

AS8.

Tab. A.4: Results of the parameter study of a LFTW with a length of 4.2 [m] sheathed on both sides
with GFB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, o Ay HD force A,y IDR DI
@ [ S B [ fmm N [ fmm] kN mw] [ [
1- storey structure
0.6 540.0 v 113 169 1.0 231 1679 1.11 33.99 116.2 23.1  0.71 0.80
1.0 273.0 v 0.80 1.05 1.53 121.5 21.2  0.73 0.80
1.3 1870 x 0.67 0.83 1.73 127.5 2195 0.75 0.8
175.0 v 0.64 0.8 1.68 126.8 21.36 0.74 0.77
1.6 1100 v 0.50 0.61 1.71 126.1 21.6 0.75 0.77
2- storey structure
0.6 3240 v 146 156 1.18 20.02 1165.08 1.4 40.1 24.36 0.69 0.79
1.0 171.0 v 1.06 1.15 1.68 181.4 28.09 0.73 0.80
1.3 1100 v 0.85 0.92 1.75 195.9 304 0.76 0.8
1.6 89.5 x 0.77 0.84 1.94 200.0 31.79 0.75 0.8
82.5 v 073 0.8 1.86 198.9 30.93 0.72 0.75
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Ay, IDR DI
G S8 [ fmm] N [ fmm] N fmw] [ [
3- storey structure
0.6 170.0 v 1.52 1.70 1.246 33.3 165.0 1.0 55.57 179.2 25.44 0.52 0.59
1.0 1240 v 130 1.44 1.39 208.0 434.02 0.66 0.75
1.3 1070 Vv 1.3 1.35 1.68 256.8 41.71 0.70 0.76
1.6 570 v 0.88 0.97 1.53 238.7 38.67 0.64 0.67
4- storey structure
0.6 1025 v 159 1.70 1.289 4491 1649 1.0 74.88 173.0 264 043 048
1.0 1025 v 1.59 1.70 1.24 245.9 41.87 0.60 0.71
1.3 770 v 137 148 1.40 276.1 46.82 0.69 0.74
1.6  59.0 v 1.0 1.29 1.50 297.6 49.41 0.70 0.71
5- storey structure
0.6 63.0 v 1.60 1.70 1.325 61.63 164.8 1.0 99.13 154.5 2777 0.34 0.33
1.0 63.0 v 1.60 1.70 1.0 247.2 43.99 048 0.54
1.3  60.0 v 1.56 1.66 1.18 286.9 54.44 0.7 0.76
1.6 48.0 v 140 148 1.29 312.5 59.11 0.63 0.68
6- storey structure
0.6 41.5 v 1.63 1.70 1.354 82.59 165.6 1.0 1285  167.3 28.66 0.31 0.33
1.0 415 v 1.63 1.70 1.0 233.8 45.24 0.42 0.46
1.3 415 v 1.63 1.70 1.0 291.2 57.76  0.51 0.55
1.6 355 v 1.50 1.58 1.04 317.4 64.45 0.55 0.60
7- storey structure
0.6 28.5 v 165 1.70 1.38 109.0 166.4 1.0 164.1 168.5 32.29 0.26 0.28
1.0 285 v 1.65 1.70 1.0 225.8 45.5 0.36 0.39
1.3 285 v 1.65 1.70 1.0 268.8 57.56 0.44 0.46
1.6 28.5 v 1.65 1.70 1.0 322.9 72.46 0.55 0.59
8- storey structure
0.6 20.0 v 1.68 1.70 1.40 141.3 167.0 1.0 206.5 165.1 34.75 0.23 0.24
1.0  20.0 v 1.68 1.70 1.0 221.5 50.0 0.31 0.33
1.3 20.0 v 1.68 1.70 1.0 246.8 57.83 0.37 0.39
1.6 20.0 v 1.68 1.70 1.0 303.0 74.07 0.46 0.49
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Fig. A.8: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a

length of 4.2 [m], see also Table A.4

A.1.5 Tabular and graphical presentation for LFTW of a length 4.8[m| sheathed

on both sides with GFB

The results of the parametric study for a 4.8 [m] long LFTW element sheathed with GFB on

both sides are summarized in Table A.5. The typical, graphical presentation is given in Figure

A9,
Tab. A.5: Results of the parameter study of a LFTW with a length of 4.8 [m] sheathed on both sides
with GFB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, o Ay HD force Aoy IDR - DI
(] [t] s] s [ fwm] [kNJ [] [mm] [kN]  [mm] [] []
1- storey structure
0.6 550.0 v 110 1.70 1.0 23.14 1829 1.10 4231 104.0 20.2 0.70 0.71
1.0 3235 x 084 1.14 1.57 115.5  23.59 0.81 0.80
310 v 081 1.11 1.55 1155 2256 0.78 0.75
1.3 2350 x 0.71 0.92 1.83 117.1 25.29 0.87 0.79
190.0 v 0.64 0.80 1.7 117.1 21.66 0.75 0.67
1.6 150.0 x 0.6 0.75 2.0 122.8 2547 0.88 0.79
12000 v 0.51 0.61 1.74 122.8  21.58 0.74 0.65
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A, IDR DI
Bl S F fmm] 6N [ fmm] &N fmm] [ [
2- storey structure
0.6 367.0 v 147 1.53 1.178 19.07 176.7 1.53 47.59 163.1  24.71 0.72 0.80
1.0 2000 v 1.06 1.15 1.68 181.4  28.09 0.73 0.80
1.3 152 x 0.95 1.018 2.06 1909 33.89 086 0.8
120 v 0.82 0.89 1.78 180.0  29.27 0.75 0.67
1.6 12000 x 0.84 0.90 2.24 196.4  35.25 0.85 0.80
76.0 v 0.67 0.73 1.77 184.3  29.76 0.67 0.59
3- storey structure
0.6 1835 v 149 170 1243 31.8 1722 1.0 53.67 163.6 24.5 0.53 0.56
1.0 1530 v 136 1.54 1.55 2119 3778 0.71 0.78
1.3 1070 v 114 1.27 1.71 236.6  40.49 0.66 0.64
1.6 735 v 094 1.05 1.76 232.8  40.24 0.65 0.61
4- storey structure
0.6 1150 v 157 1.70 1.284 4095 1722 1.0 708 164.6  25.83 0.46 0.47
1.0 1150 v 1.57 1.70 1.35 229.7 40.9 0.63 0.70
1.3  93.8 v o 142 1.54 1.59 269.2  50.31 0.80 0.77
1.6 735 v 126 1.36 1.73 283.0 53.2 0.72 0.71
5- storey structure
0.6 71.0 v 158 1.70 1.317 656.55 173.5 1.0 96.33 160.7 25.85 0.36 0.36
1.0 71.0 v 158 1.70 1.0 247.2 4399 0.48 0.54
1.3 69.0 v 156 1.67 1.28 276.2 54.8 0.77 0.73
1.6 57.0 v o 142 1.52 1.44 305.2 60.0 0.75 0.72
6- storey structure
0.6 47.5 v 160 1.70 1.346 73.4 1724 1.0 118.8 1544  26.46 0.31 0.29
1.0 475 v 160 1.70 1.0 233.8  45.24 0.42 0.46
1.3 475 v 1.60 1.70 1.03 284.2  57.85 0.56 0.53
1.6 445 v’ 155 1.64 1.22 308.3  67.71 0.78 0.72
7- storey structure
0.6 33.0 v 164 170 1.37 9542 172.8 1.0 149.1 172.8 29.48 0.27 0.25
1.0 33.0 v 164 1.70 1.0 224.0 4597 0.37 0.3.6
1.3 33.0 v o164 1.70 1.0 271.0  58.19 0.45 0.41
1.6 33.0 v 164 1.70 1.0
8- storey structure
0.6 23.75 v 165 1.70 1.392 1224 173.7 1.0 186.6 162.1 3233 0.24 0.21
1.0 237 v 165 1.7 1.0 216.3 4783 0.32 0.30
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1.3 23.75 v 1.65 1.70 1.0 252.8 57.93 0.35 0.38
1.6 23.75 v 1.65 1.70 1.0 304.7 72.92 0.48 0.44
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Fig. A.9: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a
length of 4.8 [m], see also Table A.5

A.2 Soil conditions E

Figures A.10 to A.13 show the different resultant means of 10 earthquake records, selected and
scaled to the hazard Zone Z1, Z2, Z3a and Z3b for soil conditions E.

Note that the scaled earthquake record samples for hazard zones Z3a and Z3b do not satisfy
90%-condition required by Eurocode 8 for all vibration periods. The period-range where the
condition is not satisfied is rather narrow, being less than 0.25 and 0.4 [s] for Zone Z3a and
Z3b, respectively. Thus, it was decided to use the sample in further analysis, because the 90%-
condition is satisfied in the remaining period range. Moreover, the non-conservative solutions
will be checked and where necessary corrected by means of IDA analysis, (see for e.g. A.6 with

period range up to 0.5 [s]).
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Fig. A.10: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone
Z1 for soil conditions F superimposed on elastic RS..
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Fig. A.11: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone
Z2 for soil conditions E superimposed on elastic RS..
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Fig. A.12: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone
Z3a for soil conditions F superimposed on elastic RS..
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Fig. A.13: Resultant average of 10 earthquake records selected and scaled to the hazard level of Zone
Z3b for soil conditions E superimposed on elastic RS..
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A.2.1 Tabular and graphical presentation for LFTW of a length 2.4[m| sheathed
on both sides with GFB

The results of the parametric study for a 2.4 [m] long LFTW element sheathed with GFB on
both sides are summarized in Table A.6. The typical, graphical presentation is given in Figure
A.14

Tab. A.6: Results of the parameter study of a LFTW with a length of 2.4 [m] sheathed on both sides
with GFB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, i Ay HD force Aoy IDR DI
(=] [t] s| [s) ] [om] [kN] [] [wmm] [kN]  [mm] [} ]

1- storey structure

06 173.0 x 079 097 1.0 11.95 86.06 2.17 33.53 118.6 22.29 0.77 0.79
130.0 v 0.68 0.82 1.92 111.9 19.16 0.66 0.67
1.0 705 x  0.50 0.59 2.45 109.6 23.49 081 0.8
46.0 v 040 0.47 1.88 105.7 16.46 0.57 0.55
1.3  46.0 X 0.4 047 2.46 120.0 23.28 0.8 0.79
35.0 v 036 041 1.86 105.0 16.43 0.57 0.55
1.6 35.0 x 0.36 041 2.3 119.2 23.42 081 0.8
28.0 v 031 0.36 1.83 103.2 15.75 0.54 0.53
2- storey structure
0.6 1070 x 1.06 1.18 1.19 18.0 85.0 2.07 41.58 1784  29.78 0.76 0.80
1000 v 1.02 1.14 2.0 179.1 28.49 0.70 0.72
1.0 45.0 x  0.68 0.75 2.24 183.8 3246 0.8 0.8
33.0 v 0.59 0.65 1.94 176.4  27.58 0.65 0.65
1.3 255 x  0.51 0.57 2.22 187.8  33.74 0.81 0.8
20.5 v 046 0.51 2.0 176.7  27.53 0.62 0.61
1.6 16.5 v 041 0.46 2.02 1794  29.52 0.71 0.70
3- storey structure
0.6 72.0 v 129 140 1.263 28.05 83.17 1.69 52.9 202.0 35.63 0.67 0.71
1.0 295 x  0.83 0.90 1.83 239.0 40.78 0.62 0.62
27.0 v 0.79 0.86 1.73 236.6  38.97 0.59 0.58
1.3  16.0 v 0.6 0.65 1.73 229.3 38.49 0.63 0.6
1.6 10.0 v 048 0.52 1.67 213.0 3441 0.6 0.58
4- storey structure
0.6 55.0 v 157 1.67 1.31 4258 83.67 1.37 74.66 2139 39.26 0.62 0.66
1.0  29.0 v o 114 1.21 1.66 268.4  52.69 0.7 0.71
1.3 185 X 0.9 0.96 1.72 315.8  63.52 0.72 0.72
17.5 v 0.89 0.94 1.68 313.7  62.13 0.71 0.71
1.6 11.50 v 0.72 0.77 1.70 301.2 58.0 0.78 0.77
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay E, i Ay HD force A,y IDR DI
(] [t] s] [s] ] [mom] kN [] [mm] [kN]  [mm] [] [

9- storey structure

0.6 34.0 v 1.65 1.70 1.35 62.5 8&83.92 1.0 101.6 217.1 42.24 042 0.43
1.0 33.0 v 1.60 1.67 1.6 317.0 71.83 0.68 0.72
1.3 19.5 v 1.24 1.29 1.61 346.4 77.68 0.71 0.74
1.6 11.5 v 096 1.0 1.54 338.3 73.94 0.64 0.64
140 4
Mass [t/st] 130 Wall Length 2.4 m
120 4
—8—0.6 m/s2
100 -+ 100
—o—1.0 m/s2
80 1 1.3 m/s2
60 - —»—1.6 m/s2
40 A 33 34
5 29 33
3 27
20 - \5\‘_’_—' 19.5
, 16.5 10 115 115
0 1 2 3 4 5 n_Storey 6

Fig. A.14: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a
length of 2.4 [m], see also Table A.6

A.2.2 Tabular and graphical presentation for LFTW of a length 3.0[m| sheathed
on both sides with GFB

The results of the parametric study for a 3.0 [m] long LFTW element sheathed with GFB on
both sides are summarized in Table A.7. The typical, graphical presentation is given in Figure
A.15
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Tab. A.7: Results of the parameter study of a LFTW with a length of 3.0 [m] sheathed on both sides
with GFB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, i Ay HD force Apop IDR - DI
(=] [t] s] [sJ ] [mm] kN [] [mm] [kN] [mm] [] []

1- storey structure

0.6 1730 v 083 10 1.0 1737 1196 1.52 40.66 123.2 25.0 0.86 0.80
1.0 785 v 0.55 0.64 1.77 128.8  26.67 0.92 0.80
1.3 50.0 v 045 0.50 1.9 130.0  27.54 0.95 0.80
1.6 375 v 0.39 043 1.76 130.3  27.64 0.95 0.80
2- storey structure
0.6 120.0 v 1.15 1.27 1.181 25.53 118.1 1.57 53.01 183.6  33.41 0.81 0.80
1.0 525 v 176 1.14 1.74 207.5 3992 0.92 0.80
1.3 305 v 0.59 0.64 1.73 208.5 40.82 0.95 0.8
1.6  20.0 v 047 05 208.5 40.39 0.95 0.8
3- storey structure
0.6 92.0 v 146 1.60 1.25 38.17 115.1 1.39 64.6 207.0 4121 0.75 0.80
1.0 455 v 1.03 1.12 1.64 273.6  56.18 0.87 0.80
1.3 285 v 0.8 0.89 1.70 300.7  59.82 0.87 0.8
1.6 16.5 v 0.62 0.67 1.58 2771 55.14 0.86 0.69
4- storey structure
0.6 60.0 v 160 1.70 1.295 b54.6 116.4 1.08 89.41 212.2  42.44 0.53 0.57
1.0 320 v o 117 1.25 1.3 286.0 61.09 0.79 0.71
1.3 25.0 v 1.03 1.10 1.5 351.0  78.42 0.82 0.79
1.6 185 v 0.88 0.94 1.59 339.6  73.44 0.81 0.77
5- storey structure
0.6 36.5 v 161 170 1.331 75.95 116.1 1.0 119.6 208.8 44.25 0.44 0.44
1.0 36.5 v 161 1.70 1.32 333.2 79.96 0.70 0.66
1.3  26.5 v o 137 144 1.46 284.0 94.88 0.81 0.8
1.6 175 v o111 1.7 1.46 388.8 91.5 0.77 0.79
6- storey structure
0.6 237 v 164 170 1.36 1034 116.1 1.0 157.0 195.6 46.0 0.38 0.35
1.0 237 v 1.64 1.70 1.0 326.0  75.98 0.63 0.52
1.3 237 v 164 1.70 1.29 389.5 1079 0.78 0.78
1.6 14.0 v 126 1.31 1.22 419.1 111.2 0.77 0.78
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Fig. A.15: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a
length of 3.0 [m], see also Table A.7

A.2.3 Tabular and graphical presentation for LFTW of a length 3.6[m)]

The results of the parametric study for a 3.6 [m] long LFTW element sheathed with GFB on

both sides are summarized in Table A.8. The typical, graphical presentation is given in Figure

A.16

Tab. A.8: Results of the parameter study of a LFTW with a length of 3.6 [m]

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay E, i Ay HD force A,y IDR - DI
3 [ S ) F (o] &N [] [om] [N [mm] [ [
1- storey structure
0.6 2190 v 081 1.02 1.0 17.21 141.6 1.59 39.97 1243 24.55 0.85 0.80
1.0 99.0 x  0.54 0.64 1.90 128.3  26.24 0.90 0.80
54.0 v' 0.50 0.59 1.78 1249  24.14 0.830 0.71
1.3 63.5 x 0.44 0.50 2.0 129.1 27.02 0.93 0.80
62.0 v 043 0.5 2.0 128.6  26.39 091 0.78
1.6 475 v 0.38 043 1.9 1294 26.89 093 0.8
2- storey structure
0.6 1440 v 1.10 1.20 1.18 22.47 139.3 1.69 50.17 1859 31.55 0.80 0.79
1.0 66.0 x 0.74 0.81 1.90 211.0 38.66 0.89 0.80
56.0 v 0.69 0.75 1.76 1984  34.36 0.80 0.71
1.3  38.0 x  0.57 0.62 1.89 211.0 39.16 0.91 0.80
31.5 v 0.51 0.56 1.71 195.6  34.75 0.80 0.68
1.6 25.0 x 045 0.5 1.88 206.3 3854 0.94 0.8
23.75 v 045 049 1.79 203.0 36.8 0.88 0.75
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force Aoy IDR - DI
@ [ S ) F (o] &N] [] [om] [N [mm] [ [
3- storey structure
0.6 112.0 v 140 1.55 1.248 34.22 138.2 1.47 65.86 223.3 40.22 0.75 0.80
1.0 57.0 X 1.0 1.09 1.76 281.7  53.73 0.83 0.78
50.0 v 090 1.02 1.65 275.8  50.61 0.75 0.68
1.3 35.0 x 0.7 0.86 1.8 298.2  56.08 0.86 0.79
30.0 v 072 0.78 1.67 283.5 51.19 0.81 0.72
1.6 19.5 v 0.58 0.63 1.66 278.9  51.09 0.82 0.72
4- storey structure
0.6 78.5 v 1.58 1.70 1.292 48.21 137.2 1.20 844 226.1  41.63 0.57 0.62
1.0 58.0 v 1.36 1.46 1.73 309.8  65.95 0.79 0.80
1.3 30.0 v 097 1.04 1.62 361.7 744  0.85 0.80
1.6 20.5 v 0.8 0.86 1.65 338.2 67.16 0.8 0.74
5- storey structure
0.6 49.0 v 1.60 1.70 1.327 66.06 136.4 1.0 106.6 223.6  43.27 0.45 047
1.0 49.0 v 1.60 1.70 1.32 333.2 79.96 0.70 0.66
1.3 315 v 129 1.36 1.59 399.0 88.39 0.78 0.80
1.6 215 x 1.07 1.13 1.62 402.8 87.0 0.76 0.78
20.5 v 0.9 1.1 1.57 398.7 85.1 0.74 0.74
6- storey structure
0.6 32.0 v 162 1.70 1.36 89.15 136.9 1.0 138.6 215.0 45.31 0.41 0.39
1.0 320 v 162 1.70 1.15 350.0 81.35 0.60 0.56
1.3 295 v 1.57 1.64 1.43 411.8 102.7 0.78 0.78
1.6 18.5 v o 1.24 1.29 1.40 436.9 106.4 0.76 0.80
7- storey structure
0.6 2175 v 164 1.70 1.38 1176 136.9 1.0 177.5 202.1 46.71 0.33 0.32
1.0 21.7%5 v 1.62 1.70 1.0 328.1  83.99 0.46 0.45
1.3 21.7%5 v 1.57 1.64 1.15 4117 107.1 0.62 0.62
1.6 17.0 v 145 1.50 1.25 437.0 117.8 0.70 0.75
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PARAMETER STUDY OF LFTWS SHEATHED WITH GFB

Fig. A.16: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a

length of 3.6 [m], see also Table A.8

A.2.4 Tabular and graphical presentation for LFTW of a length 4.2[m| sheathed
on both sides with GFB

The results of the parametric study for a 4.2 [m] long LFTW element sheathed with GFB on

both sides are summarized in Table A.9. The typical, graphical presentation is given in Figure

A7

Tab. A.9: Results of the parameter study of a LFTW with a length of 4.2 [m] sheathed on both sides
with GFB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force Aoy IDR DI
(=] [t] s] ] [ [om] kN O[] [mm] [kN]  [mm] [] [
1- storey structure
06 2430 v 076 098 1.0 17.03 1679 1.53 31.31 127.1  21.91 0.75 0.80
1.0 984 x  0.48 0.57 1.80 128.7 2246 0.77 0.80
90.0 v 046 0.54 1.72 12.5 20.54 0.71 0.72
1.3 71.0 x 041 048 1.92 130.3 2249 0.78 0.8
68.5 v 040 047 1.86 128.0  21.48 0.74 0.76
1.6 54.0 v 036 041 1.80 129.3 22,59 0.78 0.8
2- storey structure
0.6 161.0 v 102 1.11 1.18 20.43 165.8 1.71 40.42 193.0 29.65 0.75 0.80
1.0 67.0 x 0.66 0.72 1.83 204.3 3227 0.77 0.80
64.0 v 0.65 0.71 1.79 200.4  31.03 0.75 0.77
1.3 39.0 v 0.50 0.55 1.81 208.1  33.85 0.78 0.8
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1.6 28.0 v 043 047 1.79 208.7  33.52 0.78 0.8
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
Bl S 0 wn &N [ fom] kN fmm] [ [
3- storey structure
0.6 1255 v 1.31 1.46 1.246 32.95 165.0 1.47 5540 2304 36.35 0.66 0.72
1.0 60.0 x 090 0.99 1.71 282.8 46.83 0.72 0.76
54.0 v 0.86 0.94 1.63 272.3 44.01 0.70 0.73
1.3 335 x 0.68 0.74 1.68 289.7 4792 0.77 0.80
30.5 v 0.65 0.71 1.60 280.4 4594 0.75 0.78
1.6 2275 x 0.56 0.61 1.71 288.0 47.30 0.76 0.80
18.0 v 0.50 0.54 1.52 261.6  40.82 0.68 0.70
4- storey structure
0.6 94.0 v 152 1.63 1.29 44.88 164.90 1.25 74.86 239.5 40.39 0.8 0.64
1.0 54.0 v 1.36 1.46 1.73 309.8  65.95 0.79 0.80
1.3  26.5 v 0.80 0.87 1.44 3339.2  56.57 0.65 0.67
1.6 17.0 v 0.64 0.69 1.42 336.2  56.46 0.66 0.68
5- storey structure
0.6 62.5 v 160 1.70 1.325 61.7 164.8 1.0 99.17 242.7 42.44 0.48 0.53
1.0 338 v o117 1.24 1.19 323.9 60.6 0.75 0.79
1.3 220 v 095 1.0 1.25 390.2  73.34 0.63 0.66
1.6 170 v 0.83 0.88 1.35 385.2  68.73 0.61 0.64
6- storey structure
0.6 41.5 v 162 1.70 1.353 82.53 165.6 1.0 128.5  228.1 43.7 0.41 0.44
1.0 415 v 1.62 1.70 1.24 378.2  79.83 0.60 0.62
1.3 205 v o 114 1.19 1.13 408.6 85.0 0.59 0.63
1.6 21.0 x 1.15 1.21 1.41 436.9  94.43 0.65 0.71
18.0 v 1.07 1.12 1.31 427.0  86.24 0.59 0.62
7- storey structure
0.6 28.5 v 165 1.70 1.38 1089 1664 1.0 164.1 218.8 4548 0.36 0.38
1.0 28.5 v 1.65 1.70 1.0 359.7  81.25 0.36 0.38
1.3 28.0 v 1.63 1.69 1.23 435.0 103.5 0.66 0.68
1.6 19.5 v 1.38 1.42 1.28 469.0 111.6 0.70 0.75
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Fig. A.17: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a

length of 4.2 [m], see also Table A.9

A.2.5 Tabular and graphical presentation for LFTW of a length 4.8[m| sheathed

on both sides with GFB

The results of the parametric study for a 4.8 [m] long LFTW element sheathed with GFB on

both sides are summarized in Table A.10. The typical, graphical presentation is given in Figure

A.18

Tab. A.10: Results of the parameter study of a LFTW with a length of 4.8 [m] sheathed on both sides
with GFB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, o Ay HD force A,,,p IDR DI
(2] [t] ) s [] [om] [kN] [] [mm] [N} [mm] [] []
1- storey structure

06 306.0 x 081 1.10 1.0 17.12 180.1 1.62 39.55 119.8 24.87 0.86 0.80
260.0 v 0.75 0.99 1.54 117.0  21.91 0.75 0.69

1.0 138.0 x 0.54 0.66 2.02 124.1 26.52 0.91 0.80
105.0 v 0.48 0.57 1.80 117.1 21.87 0.75 0.64

1.3 89.0 x  0.43 0.52 2.19 125.0  27.25 0.94 0.80
80.0 v 0.42 049 2.04 122.7 24.0 0.83 0.70

1.6 66.0 x  0.38 0.44 2.07 124.4  27.33 0.94 0.80
64.0 v 037 0.43 2.0 124.1 26.0 0.90 0.76
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Ay IDR - DI
Bl S 0 ] N [ o] N mm] [ [
2- storey structure
0.6 2030 X 109 1.17 1.178 19.09 176.7 1.94 4759 181.3 30.81 0.84 0.80
1775 v 1.02 1.1 1.80 180.5  29.57 0.77 0.72
1.0 93.0 x 0.74 0.80 2.14 203.7 3794 0.91 0.80
55.0 v 0.57 0.62 1.64 171.0  26.72 0.66 0.56
1.3  53.0 x  0.56 0.61 2.1 201.9  38.45 0.93 0.80
37.0 v 047 0.51 1.75 181.9  29.48 0.65 0.55
1.6 345 x 0.45 049 2.04 1975  37.62 095 0.8
29.5 v 041 0.46 1.75 188.9 0.41 0.46
3- storey structure
0.6 1440 v 1.32 1.50 1.243 31.21 172.7 1.58 53.39 220.7 38.62 0.77 0.77
1.0  62.0 x 0.86 0.96 1.77 258.9  44.97 0.69 0.62
56.0 v 082 0.91 1.69 257.0 43.06 0.69 0.60
1.3 370 x  0.67 0.73 1.78 272.1  47.48 0.78 0.68
29.5 v 0.60 0.66 1.60 2494  41.31 0.68 0.57
1.6 24.0 x  0.54 0.59 1.78 268.7  46.12 0.77 0.66
21.0 v' 0.50 0.55 1.67 253.2  42.08 0.73 0.62
4- storey structure
0.6 109.0 v 1.53 1.656 1.29 44.88 164.90 1.284 74.86 239.5 40.39 0.8 0.64
1.0 61.0 x 1.15 1.24 1.73 307.7  57.89 0.86 0.78
56.0 v 110 1.19 1.65 309.7  56.90 0.74 0.67
1.3 36.0 x  0.88 0.95 1.73 351.0 67.11 0.85 0.75
31.0 v 081 0.88 1.60 331.9  58.41 0.68 0.61
5- storey structure
0.6 715 v 1.58 1.70 1.317 56.48 173.4 1.05 96.30 234.9 41.82 0.48 0.49
1.0 65.0 x 1.52 1.63 1.69 3529  73.47 0.81 0.78
54.5 v 139 148 1.54 334.9  67.75 0.69 0.65
1.3 39.0 x 1.17 1.26 1.70 390.3  79.62 0.76 0.72
30.0 v 1.03 1.10 1.49 385.0 76.11 0.73 0.67
1.6  26.0 x 0.96 1.03 1.71 400.0  79.43 0.74 0.70
19.0 v 0.84 0.88 1.46 366.0 68.11 0.64 0.57
6- storey structure
0.6 48.0 v 161 170 1.346 73.4 1724 1.0 119.1 2278 43.38 0.42 0.41
1.0 48.0 v 161 1.70 1.38 368.2  78.39 0.58 0.57
1.3 375 x 142 1.50 1.59 415.9  94.05 0.80 0.78
28.0 v 1.23 1.30 1.38 401.8  84.58 0.64 0.60
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1.6 25.0 x 1.18 1.24 1.62 4273  95.19 0.78 0.78
18.0 v 099 1.04 1.36 398.8  81.13 0.57 0.53

7- storey structure

0.6 33.0 v 163 1.70 1.37 9542 1728 1.0 149.1 2174 4492 0.36 0.34

1.0  33.0 v 1.63 1.70 1.08 355.9  79.89 0.50 0.48

1.3  33.0 v 1.63 1.70 1.41 429.0 106.4 0.76 0.74

1.6 26.5 x 146 1.52 1.55 450.8  110.2 0.73 0.77
21.5 v 131 1.37 1.40 454.0  107.8 0.69 0.69
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Fig. A.18: Outcome of the parameter study of the LFTW sheathed on both sides with GFB with a
length of 4.8 [m], see also Table A.10



Appendix B

Parameter Study of LFTWs
Sheathed with OSB

B.1 Soil conditions A

B.1.1 Tabular and graphical presentation for LFTW of a length 2.4[m] sheathed
on both sides with OSB

The results of the parametric study for a 2.4 [m] long LFTW element sheathed with OSB on
both sides are summarized in Table B.1. The typical, graphical presentation is given in Figure
B.1

Tab. B.1: Results of the parameter study of a LFTW with a length of 2.4 [m] sheathed on both sides
with OSB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* Tr Ay F, i Ay HD force Aoy IDR DI
(] [t] ] [s] [] [mom] [kN] [] [mm] [kN]  [mm] [] []

1- storey structure

0.6 500.0 v 127 1.71 1.0 19.98 163.0 1.08 103.2 1455 20.01 0.69 0.21
1.0 5000 v 127 1.71 1.79 1744 20.01 0.69 0.21
1.3 5000 v 127 1.71 2.32 187.2 49.3 1.70 0.54
1.6 5000 v 127 1.71 2.86 197.2  60.51 2.09 0.67
2- storey structure
0.6 230.0 v 147 1.70 1.188 33.48 162.4 1.0 125.8 189.1 22,50 0.54 0.17
1.0 2300 v 1.47 1.70 1.54 260.7 3751 0.90 0.29
1.3 2300 v 147 1.70 2.00 280.7 52,99 1.34 041
1.6 2300 v 1.47 1.70 2.46 297.5  68.07 1.80 0.57
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Ayopp IDR DI
Bl S 8 0 fon] N [ fom] &N fom] [ [
3- storey structure
0.6 110.0 v 1.3 1.70 1.267 52.76 161.7 1.0 158.6 188.4  23.14 0.41 0.12
1.0 1100 v 1.53 1.70 1.04 268.6 384 0.66 0.21
1.3 1100 v 1.53 1.70 1.35 3214  54.37 0.92 0.28
1.6 1100 v 1.3 1.70 1.67 369.1 71.32 1.30 0.39
4- storey structure
0.6 60.0 v 158 1.70 1.318 79.92 1624 1.0 2174 176.2 24.59 0.31 0.09
1.0 60.0 v 1.60 1.70 1.0 265.3 41.42 0.46 0.14
1.3 60.0 v 1.60 1.70 1.0 319.9  54.43 0.68 0.21
1.6 60.0 v 1.60 1.70 1.14 369.6 71.21 0.94 0.28
5- storey structure
0.6 35.0 v 1.62 1.70 1.357 117.5 162.3 1.0 283.7 168.9  27.17 0.25 0.08
1.0  35.0 v 1.62 1.70 1.0 240.9  43.27 0.38 0.11
1.3 35.0 v 1.62 1.70 1.0 299.3 54.39 0.48 0.14
1.6  35.0 v o 1.62 1.70 1.0 356.7  69.72 0.66 0.20
6- storey structure
0.6 22.0 v 1.65 1.70 1.386 168.6 163.0 1.0 368.3 158.7 31.06 0.21 0.06
1.0 220 v 1.65 1.70 1.0 214.5  45.76 0.37 0.09
1.3 220 v 1.65 1.70 1.0 254.5 54.69 0.44 0.11
1.6 22.0 v 1.65 1.70 1.0 318.9 7224 0.54 0.14
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Fig. B.1: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length

of 2.4 [m], see also Table B.1

B.1.2 Tabular and graphical presentation for LFTW of a length 3.0[m| sheathed
on both sides with OSB

The results of the parametric study for a 3.0 [m] long LETW element sheathed with OSB on

both sides are summarized in Table B.2. The typical, graphical presentation is given in Figure

B.2

Tab. B.2: Results of the parameter study of a LFTW with a length of 3.0 [m] sheathed on both sides
with OSB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force Aoy IDR - DI
G S 5 [ wm] N [ fww] kN om] [ [
1- storey structure
0.6 6220 v 113 1.70 1.0 258 220.8 1.0 103.9 1574  20.24 0.70 0.24
1.0 6220 v 1.13 1.70 1.66 187.8  33.27 1.1 0.42
1.3 6220 v 1.13 1.70 2.16 206.4 47.05 1.6 0.58
1.6 570.0 v 1.09 1.59 2.59 216.1  56.87 2.0 0.70
2- storey structure
0.6 3520 v 146 1.71 1.188 29.33 219.9 1.04 120.5 230.7 23.5 0.66 0.23
1.0 3520 v 146 1.71 1.73 298.2 3845 1.0 0.38
1.3 3520 v 146 1.71 2.25 3144  53.88 1.43 0.51
1.6 3520 v 146 1.71 2.77 329.1  68.15 1.93 0.70
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force A,qop IDR - DI
@ [ S 5 [ wm] N [ fow] kN om] [ [
3- storey structure
0.6 167.0 v 151 1.70 1.266 46.89 219.0 1.0 156.8 220.8 23.58 0.47 0.16
1.0 167.0 v 1.51 1.70 1.17 320.6  40.57 0.75 0.27
1.3 1670 v 151 1.70 1.51 371.1 53556 1.0 0.34
1.6 1670 v 1.51 1.70 1.86 422.6  73.02 1.37 047
4- storey structure
0.6 92.0 v 157 1.70 1.318 70.21 219.1 1.0 200.1 214.5 25.3 037 0.12
1.0  92.0 v 1.57 1.70 1.0 303.8  40.98 0.52 0.18
1.3 92.0 v 1.57 1.70 1.05 385.7  56.47 0.76 0.25
1.6 92.0 v 1.57 1.70 1.30 438.8 74.12 1.06 0.34
5- storey structure
0.6 54.0 v 1.61 1.70 1.357 102.5 218.2 1.0 252.5  203.7 27.6 0.30 0.093
1.0 54.0 v 1.62 1.70 1.0 291.7 43.7 0.41 0.14
1.3  54.0 v o 1.62 1.70 1.0 363.9  56.39 0.55 0.17
1.6 54.0 v 1.62 1.70 1.0 413.8 714 0.73 0.23
6- storey structure
0.6 34.0 v 1.65 1.70 1.386 1459 218.1 1.0 316.8 201.2 30.96 0.23 0.07
1.0 34.0 v 1.65 1.70 1.0 268.1  48.42 0.33 0.11
1.3  34.0 v 1.65 1.70 1.0 319.0 55.81 0.44 0.14
1.6 34.0 v 1.65 1.70 1.0 402.7  74.62 0.53 0.17
7- storey structure
0.6 22.0 v 167 1.70 1.409 202.4 218.1 1.0 316.8 187.5  34.13 0.20 0.06
1.0 220 v 1.67 1.70 1.0 238.7  48.41 0.27 0.085
1.3 220 v 1.67 1.70 1.0 289.8 57.4 0.35 0.108
1.6 220 v 1.67 1.70 1.0 370.7  77.43 0.44 0.134
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Fig. B.2: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 3.0 [m], see also Table B.2

B.1.3 Tabular and graphical presentation for LFTW of a length 3.6[m| sheathed
on both sides with OSB

The results of the parametric study for a 3.6 [m] long LFTW element sheathed with OSB on
both sides are summarized in Table B.3. The typical, graphical presentation is given in Figure
B.3

Tab. B.3: Results of the parameter study of a LFTW with a length of 3.6 [m] sheathed on both sides
with OSB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* Tr Ay F, o Ay HD force Aoy IDR DI
(] [t] s] [s] [] [mom] [kN] [] [mm] [kN]  [mm] [] []

1- storey structure

0.6 6350 v 115 1.70 1.0 30.36 260.8 1.0 98.83 140.6  20.57 0.70 0.22
1.0 6350 v 1.15 1.70 1.43 173.9 33.09 1.1 0.38
1.3 6350 v 1.15 1.70 1.85 193.3 45.11 1.6 0.50
1.6 6350 v 1.15 1.70 2.28 209.3  57.65 1.99 0.65
2- storey structure
0.6 3675 v 147 1.70 1.183 32.73 258.7 1.0 117.0 196.5 22.3 0.66 0.21
1.0 3520 v 147 1.71 1.56 266.6  36.57 1.0 0.33
1.3 3520 v 147 1.71 2.03 297.2  52.98 1.40 0.46
1.6 3520 v 147 1.71 2.49 3123 6748 19 0.64
3- storey structure
0.6 173.0 v 148 1.70 1.256 52.6 258.7 1.0 155.5 194.8 2221 0.48 0.15
1.0 173.0 v 1.48 1.70 1.04 279.6  36.89 0.68 0.23

1.3 173.0 v 148 1.70 1.35 338.0 5192 0.96 0.29
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1.6 173.0 v 148 1.70 1.66 393.7  69.63 1.26 0.38
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Ayopp IDR DI
EG S 8 [ fom] N [ ] N fow] [ [
4- storey structure
0.6 100.0 v 1.8 1.70 1.305 73.95 257.7 1.0 198.2 180.4  22.54 0.38 0.11
1.0 100.0 v 1.58 1.70 1.0 276.5  39.09 0.55 0.17
1.3 100.0 v 1.58 1.70 1.0 348.3  53.51 0.74 0.22
1.6 100.0 v 1.8 1.70 1.22 403.7  71.09 0.98 0.29
5- storey structure
0.6 60.5 v 1.61 1.70 1.343 104.3 257.7 1.0 249.0 1879 25.63 0.31 0.09
1.0 60.5 v 1.62 1.70 1.0 260.7  40.51 0.45 0.13
1.3 60.5 v 1.62 1.70 1.0 337.7  53.55 0.56 0.16
1.6  60.5 v 1.62 1.70 1.0 391.6  67.79 0.69 0.20
6- storey structure
0.6 39.0 v 1.61 1.70 1.373 143.5 257.5 1.0 315.8 190.7 28.63 0.27 0.07
1.0 39.0 v 1.65 1.70 1.0 246.8  43.77 0.38 0.11
1.3 39.0 v 1.65 1.70 1.0 303.6  54.02 0.45 0.12
1.6  39.0 v 1.65 1.70 1.0 363.7  67.41 0.53 0.15
7- storey structure
0.6 26.0 v 167 1.70 1.397 194.2 258.6 1.0 3972 187.0 32.03 0.23 0.06
1.0  26.0 v 1.67 1.70 1.0 237.8  45.78 0.31 0.09
1.3 26.0 v 1.67 1.70 1.0 280.0 54.6 0.37 0.1
1.6  26.0 v 1.67 1.70 1.0 345.1 71.42 045 0.13
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Fig. B.3: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 3.6 [m], see also Table B.3

B.1.4 Tabular and graphical presentation for LFTW of a length 4.2[m] sheathed
on both sides with OSB

The results of the parametric study for a 4.2 [m] long LFTW element sheathed with OSB on

both sides are summarized in Table B.4. The typical, graphical presentation is given in Figure

B4
Tab. B.4: Results of the parameter study of a LFTW with a length of 4.2 [m] sheathed on both sides
with OSB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, o Ay HD force Aoy IDR - DI
3 [ S ] [ [om] &N [] [mm] [N  [mm] [] [
1- storey structure
0.6 730.0 V 1.1 170 1.0 31.34 3144 1.0 1073 157.1 219 0.75 0.20
1.0 7300 Vv 1.1 1.70 1.36 188.5  33.64 1.16 0.34
1.3 7300 Vv 1.1 1.70 1.77 204.7 4438 1.53 0.43
1.6 7300 Vv 1.1 1.70 2.18 218.0 56.04 1.93 0.56
2- storey structure
0.6 510.0 v 153 1.70 1.183 28.48 310.7 1.08 1199 198.66 23.18 0.8 0.25
1.0 5100 v 1.53 1.70 1.81 2943 3743 11 041
1.3 5100 v 1.53 1.70 2.35 315.3 54.0 1.52 0.49
1.6 5100 v 1.53 1.70 2.90 336.0 68.73 2.06 0.68
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force A,opp IDR - DI
Bl S 8 F o) N [ fmm] kN fmm] [ [
3- storey structure
0.6 2225 v 148 1.70 1.255 48.3 309.5 1.0 154.8 2122 22.72 0.55 0.15
1.0 2225 v 148 1.70 1.12 313.0 3795 0.78 0.24
1.3 2225 v 148 1.70 1.45 366.6  52.39 1.02 0.28
160 2225 v 148 1.70 1.79 4184  70.39 1.30 0.35
4- storey structure
06 131.0 v 155 1.70 1.303 66.92 309.5 1.0 193.5 201.2 22.53 042 0.11
1.0 131.0 v 1.55 1.70 1.0 321.6  39.54 0.59 0.17
1.3 131.0 v 1.55 1.70 1.09 383.8 54.24 0.80 0.20
1.6 131.0 v 1.55 1.70 1.34 443.3 723 1.05 0.26
5- storey structure
0.6 80.0 v 159 1.70 1.34 94.17 308.3 1.0 240.2 212.0 25.51 0.34 0.08
1.0 80.0 v 1.59 1.70 1.0 302.4  40.05 0.48 0.13
1.3 80.0 v 1.59 1.70 1.0 378.7  54.62 0.62 0.15
1.6 80.0 v 159 1.70 1.0 433.0 68.65 0.77 0.19
6- storey structure
0.6 51.5 v 162 1.70 1.37 128.8 308.2 1.0 294.2 212.5 28.68 0.29 0.07
1.0 515 v o 1.62 1.70 1.0 282.9 44.0 0.40 0.10
1.3  51.5 v 162 1.70 1.0 345.7  53.55 048 0.11
1.6 51.5 v 162 1.70 1.0 4144  68.32 0.58 0.14
7- storey structure
0.6 34.5 v 164 1.70 1.395 173.1 308.2 1.0 367.1 208.7 3147 0.25 0.05
1.0 345 v 164 1.70 1.0 276.3 4727 0.33 0.07
1.3 345 v 1.64 1.70 1.0 316.5 53.99 0.40 0.08
1.6  34.5 v 1.64 1.70 1.0 391.0 70.92 0.49 0.106
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Fig. B.4: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 4.2 [m], see also Table B.4

B.1.5 Tabular and graphical presentation for LFTW of a length 4.8[m| sheathed
on both sides with OSB

The results of the parametric study for a 4.8 [m] long LFTW element sheathed with OSB on

both sides are summarized in Table B.5. The typical, graphical presentation is given in Figure

B.5

Tab. B.5: Results of the parameter study of a LFTW with a length of 4.8 [m] sheathed on both sides
with OSB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Aoy IDR DI
3 [ S 8 F fow] N [ om] N [om] [ [
1- storey structure
06 771.0 v 109 1.70 1.0 3442 3626 1.0 107.1 144.1 22.14 0.76 0.20
1.0 7710 v 1.09 1.70 1.25 179.6  33.38 1.15 0.33
1.3 771.0 v 1.09 1.70 1.63 197.6 43.5 1.50 0.41
160 771.0 v 1.09 1.70 2.0 213.2  53.13 1.80 0.52
2- storey structure
0.6 555.0 v 155 1.70 1.18 29.52 3524 1.05 100.5 217.1  23.18 0.81 0.25
1.0 555.0 v 1.55 1.70 1.74 280.5 3751 1.1 04
1.3 555.0 v 1.55 1.70 2.27 3079  53.75 1.53 047
163 555.0 v 1.55 1.70 2.79 330.5  69.11 2.04 0.65
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Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,y IDR DI
EG S8 [ o] &N [ fmm] &N um] [ [
3- storey structure
0.6 2325 v 145 1.70 1.25 528 3583 1.0 160.2 198.0 21.73 0.53 0.14
1.0 2325 v 145 1.70 1.02 285.6  36.27 0.74 0.22
1.3 2325 v 145 1.70 1.32 343.1 50.18 0.99 0.27
1.6 2325 v 145 1.70 1.63 404.6 68.0 1.30 0.35
4- storey structure
0.6 1420 v 1.3 1.70 1.2953 70.26 356.8 1.0 199.3 187.0 21.15 0.43 0.11
1.0 1420 v 1.53 1.70 1.0 290.8  37.77 0.59 0.17
1.3 1420 v 1.53 1.70 1.03 364.2  54.25 0.80 0.20
1.6 1420 v 1.53 1.70 1.27 431.2 70.0 1.0 0.26
5- storey structure
06 8750 v 156 1.70 1.33 97.67 356.9 1.0 247.5 1979 24.14 0.35 0.09
1.0 8750 v 1.56 1.70 1.0 281.1 39.16 0.47 0.13
1.3 8750 v 156 1.70 1.0 365.9  52.32 0.62 0.15
1.6 8750 v 156 1.70 1.0 4216  66.63 0.74 0.19
6- storey structure
0.6 575 v 159 1.70 1.36 130.2 355.3 1.0 301.1 198.1 26.29 0.30 0.07
1.0 57.5 v 1.59 1.70 1.0 2717 41.68 0.40 0.09
1.3 575 v 1.59 1.70 1.0 335.8 51.4 048 0.11
1.6 57.5 v 1.59 1.70 1.0 399.2  65.54 0.57 0.14
7- storey structure
0.6 390 v 162 1.70 1.39 1725 356.7 1.0 370.8  206.2 29.6 0.26 0.06
1.0  39.0 v 162 1.70 1.0 268.3  43.71 0.34 0.08
1.3 39.0 v 1.62 1.70 1.0 314.0  51.61 0.40 0.09
1.6 39.0 v 162 1.70 1.0 379.9 67.33 0.48 0.11
8- storey structure
0.6 275 v 1.64 1.70 1.406 223.7 356.7 1.0 453.4 202.0 34.26 0.22 0.05
1.0 275 v 1.64 1.70 1.0 255.0  46.72 0.29 0.07
1.3 275 v 1.64 1.70 1.0 290.0 53.64 0.34 0.07
1.6 275 v 1.64 1.70 1.0 363.8  71.67 0.42 0.09
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Fig. B.5: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 4.8 [m], see also Table B.5

B.2 Soil conditions E

B.2.1 Tabular and graphical presentation for LFTW of a length 2.4[m] sheathed
on both sides with OSB

The results of the parametric study for a 2.4 [m] long LFTW element sheathed with OSB on
both sides are summarized in Table B.6. The typical, graphical presentation is given in Figure
B.6

Tab. B.6: Results of the parameter study of a LFTW with a length of 2.4 [m] sheathed on both sides
with OSB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* Tr Ay F, o Ay HD force Aoy IDR DI
(] [t] s] [s] [] [mom] [kN] [] [mm] [kN]  [mm] [] []

1- storey structure

0.6 500.0 v 127 1.70 1.0 24.22 163.7 1.88 105.1 1709 52.13 1.80 0.56
1.0 446 v 120 1.59 3.0 198.9 577 2.0 0.63
1.3 2375 v 087 1.1 3.0 208.5 61.22 2.0 0.65
1.6 1470 v 0.69 0.84 3.0 212.5 64.81 2.2 0.68
2- storey structure
0.6 230.0 v 147 1.70 1.188 33.48 162.4 1.62 125.9 2521  44.48 1.17 0.36
1.0 2300 v 147 1.70 2.69 323.3  70.21 1.69 0.53
1.3 1670 v 1.25 1.44 3.0 344.8  80.15 1.92 0.60
1.6 1120 v  1.02 1.17 3.0 358.7 79.1 2.0 0.63
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Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* r Ay F, i Ay HD force Ayopp IDR DI
G S 8 [ fom] N [ ] N o] [ [
3- storey structure
0.6 110.0 v 1.52 1.70 1.266 52.38 161.7 1.09 158.6 267.8 39.34 0.63 0.20
1.0 1100 v 1.52 1.70 1.82 380.9  69.12 1.09 0.33
1.3 1100 v 1.52 1.70 2.37 4304 93.26 1.40 0.44
1.6 1100 x 1.52 1.70 2.92 476.5 109.9 2.06 0.65
97.0 v 143 1.59 2.74 468.0 104.3 1.82 0.58
4- storey structure
0.6 60.0 v 158 1.70 1.318 79.85 162.4 1.0 217.4 256.1 41.57 0.48 0.14
1.0 60.0 v 1.58 1.70 1.25 392.2 71.09 0.78 0.24
1.3 60.0 v 1.58 1.70 1.62 454.6 95.6 1.11 0.35
1.6 60.0 v 1.58 1.70 2.0 5124  110.5 1.28 041
5- storey structure
0.6 35.0 v 161 1.70 1.357 117.5 162.3 1.0 283.7 241.0 43.18 0.38 0.11
1.0 35.0 v 1.62 1.70 1.0 373.1 73.86 0.58 0.17
1.3  35.0 v o 1.62 1.70 1.0 465.9 102.7 0.81 0.25
1.6 35.0 v 1.62 1.70 1.39 516.1 114.3 0.98 0.31
6- storey structure
0.6 22.0 v 1.66 1.71 1.386 168.6 163.0 1.0 368.3 216.3 45.27 0.30 0.09
1.0 22.0 v 166 1.71 1.0 346.4  78.92 0.44 0.13
1.3 220 v 166 1.71 1.0 436.5 104.9 0.64 0.19
1.6 220 v 166 1.71 1.0 489.1 118.6 0.75 0.24
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Fig. B.6: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 2.4 [m], see also Table B.6

B.2.2 Tabular and graphical presentation for LFTW of a length 3.0[m] sheathed
on both sides with OSB

The results of the parametric study for a 3.0 [m] long LFTW element sheathed with OSB on

both sides are summarized in Table B.7. The typical, graphical presentation is given in Figure

B.7

Tab. B.7: Results of the parameter study of a LFTW with a length of 3.0 [m] sheathed on both sides
with OSB

Zone Mass

IDA  Modal analysis

Pushover analysis

NLTH analysis

ag m check T T* T Ay F, i Ay HD force Aoy IDR - DI
(2] [t] ] s [] [mm] [kN] [] [mm] [kN] = [mm] [] []
1- storey structure
0.6 6220 v 113 1.70 1.0 25.8 220.8 1.75 103.9 190.5 47.56 1.6 0.574
1.0 5915 1.1 1.63 2.86 219.1 1.9 0.70
1.3 301.0 v 0.79 1.05 2.93 231.9 60.43 2.08 0.70
1.6 189.0 v 0.63 0.80 3.0 234.0 61.73 2.10 0.70
2- storey structure
0.6 352.0 v 146 1.71 1.188 29.69 219.9 1.82 120.5 290.9 48.66 1.4 0.50
1.0 3520 «x 146 1.71 3.03 359.7 70.8 1.76 0.65
315.0 v 138 1.61 2.87 359.6 67.97 1.65 0.60
1.3 2040 x 1.11 1.29 3.03 375.6 74.65 1.82 0.66
1.3 195.0 v 1.09 1.26 2.97 3777  72.96 1.78 0.63
1.6 1345 x 0.90 1.04 3.04 385.1 77.36 2.0 0.69
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1175 v 0.85 0.97 2.85 378.3  73.28 1.93 0.65
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,opp IDR - DI
Bl S [0 ] &N [ om] N fuw] 0 [
3- storey structure
0.6 167.0 v 151 1.70 1.266 46.89 219.0 1.22 156.8 306.0 39.72 0.72 0.25
1.0 1670 v 1.51 1.70 2.04 434.5 7.1 1.19 041
1.3 167.0 v 151 1.70 2.65 488.8  95.41 1.51 0.57
1.6 136.0 x 1.36 1.53 2.96 527.3  101.1 1.85 0.68
1075 v 1.21 1.35 2.63 485.7  89.57 1.60 0.60
Continuation of Table B.7
4- storey structure
0.6 92.0 v 1.57 1.70 1.318 70.21 219.1 1.0 200.1 306.1  40.97 0.55 0.18
1.0  92.0 v 1.57 1.70 1.42 461.4  72.82 0.88 0.29
1.3 920 v 1.57 1.70 1.84 535.0 97.01 1.20 0.41
1.6 92.0 v 1.57 1.70 2.27 589.4  116.6 1.44 0.54
9- storey structure
0.6  54.0 v 161 1.70 1.357 102.5 2182 1.0 252.5 289.6 43.95 042 0.14
1.0 54.0 v 1.62 1.70 1.0 448.4  74.38 0.63 0.20
1.3  54.0 v 1.62 1.70 1.3 532.4  97.26 0.87 0.28
1.6 54.0 v 1.62 1.70 1.6 618.8 118.7 1.0 0.37
6- storey structure
0.6 34.0 v 1.65 1.70 1.386 145.9 2181 1.0 316.8 2757 47.56 0.33 0.10
1.0 34.0 v 1.65 1.70 1.0 419.2  79.38 0.49 0.16
1.3  34.0 v 1.65 1.70 1.0 521.7 1055 0.69 0.23
1.6 34.0 v 1.65 1.70 1.15 584.6  119.8 0.80 0.28
7- storey structure
0.6 22.0 v 1.67 1.70 1.409 202.4 218.1 1.0 316.8 247.1  49.45 0.25 0.08
1.0 220 v 1.67 1.70 1.0 381.5 8346 0.39 0.12
1.3 220 v 1.67 1.70 1.0 483.9 1084 0.52 0.17
1.6 22.0 v 1.67 1.70 1.0 549.6  127.1 0.64 0.22
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Fig. B.7: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 3.0 [m], see also Table B.7

B.2.3 Tabular and graphical presentation for LFTW of a length 3.6[m] sheathed
on both sides with OSB

The results of the parametric study for a 3.6 [m] long LFTW element sheathed with OSB on
both sides are summarized in Table B.8. The typical, graphical presentation is given in Figure
B.8

Tab. B.8: Results of the parameter study of a LFTW with a length of 3.6 [m] sheathed on both sides
with OSB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, o Ay HD force Aoy IDR DI
(=] [t] s] [s] [] [mom] [kN] [] [mm] [kN]  [mm] [] []

1- storey structure

0.6 6350 v 115 1.70 1.0 30.36 260.8 1.0 98.83 180.9 40.27 1.39 0.44
1.0 6350 v 1.15 1.70 2.49 213.2 56.0 2.0 0.65
1.3 3800 x 0.87 1.22 2.72 226.7 64.29 2.2 0.70
3525 v 0.85 1.16 2.65 227.0  60.44 2.08 0.64
1.6 251.0 x 0.72 094 2.85 231.1  66.32 2.3 0.70
200.0 v 0.65 0.83 2.60 228.9  60.77 2.1 0.61
2- storey structure
0.6 3675 v 147 1.70 1.183 32.73 258.7 1.64 117.0 271.3 44.35 1.27 0.42
1.0 3675 v 147 1.70 2.73 3279  63.52 1.53 0.52
1.3 2480 x 1.29 1.39 2.92 359.9 82,77 2.17 0.70
210.0 v 1.13 1.28 2.69 363.9 7217 1.72 0.54
1.6 1780 x 1.03 1.18 3.05 3724 79.18 2.0 0.67
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130.0 v 088 1.0 2.60 364.0 73.0 1.86 0.56
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Ayopp IDR DI
Bl S 8 0 fon] N [ fom] &N fom] [ [
3- storey structure
0.6 175.0 v 148 1.70 1.256 52.6 258.7 1.09 155.5 282.8 38.31 0.74 0.23
1.0 1750 v 148 1.70 1.83 377.6  59.59 1.0 0.30
1.3 1750 v 148 1.70 2.38 458.6  92.75 1.55 0.52
1.6 175.0 x 1.48 1.70 2.93 484.1 105.5 1.93 0.67
12000 v 1.24 1.41 2.44 4419  79.79 1.40 047
4- storey structure
0.6 100.0 v 154 1.70 1.305 73.95 257.7 1.0 198.2 2744  39.03 0.55 0.16
1.0 1000 v 1.54 1.70 1.34 430.9 70.16 0.84 0.25
1.3 1000 v 154 1.70 1.74 489.3  94.38 1.21 0.38
1.6 1000 v 1.54 1.70 2.14 515.7  98.87 1.23 0.40
5- storey structure
0.6 60.5 v 158 1.70 1.343 104.3 257.7 1.0 249.0 266.2 4148 0.44 0.13
1.0 60.5 v 158 1.70 1.0 432.7  73.29 0.64 0.19
1.3 60.5 v 158 1.70 1.30 504.2  67.69 0.89 0.27
1.6  60.5 v 1.58 1.70 1.55 570.6  111.5 0.99 0.32
6- storey structure
0.6 39.0 v 161 1.70 1.373 143.5 257.5 1.0 315.8 251.8 43.27 0.36 0.10
1.0 39.0 v 1.65 1.70 1.0 3934 7468 0.51 0.15
1.3 39.0 v 165 1.70 1.0 493.9  100.3 0.68 0.20
1.6 39.0 v 1.65 1.70 1.16 558.2  114.5 0.78 0.26
7- storey structure
0.6 26.0 v 167 1.70 1.397 194.2 258.6 1.0 397.2 2322 4537 0.30 0.08
1.0  26.0 v 1.67 1.70 1.0 366.8  77.22 0.42 0.12
1.3 26.0 v 167 1.70 1.0 461.5 102.2 0.54 0.16
1.6 26.0 v 1.67 1.70 1.0 345.1 7142 045 n
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Fig. B.8: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 3.6 [m], see also Table B.8

B.2.4 Tabular and graphical presentation for LFTW of a length 4.2[m] sheathed
on both sides with OSB

The results of the parametric study for a 4.2 [m] long LFTW element sheathed with OSB on
both sides are summarized in Table B.9. The typical, graphical presentation is given in Figure
B.9

Tab. B.9: Results of the parameter study of a LFTW with a length of 4.2 [m] sheathed on both sides
with OSB

Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, i Ay HD force A,y IDR DI
(=] [t] s] [s] ] [mm] [kN] [] [mm] [kN]  [mm] [] []

1- storey structure

0.6 730.0 Vv 1.1 1.0 1.0 31.34 3144 143 1073 190.8 3785 1.30 0.36
1.0 7300 Vv 1.1 1.70 2.39 2179  57.55 1.98 0.58
1.3 4750 x 0.88 1.26 2.74 2277  65.19 2.25 0.63
460.0 v 0.87 1.23 2.71 232.5  64.05 2.25 0.61
1.6 3360 x 074 1.0 3.0 238.6  70.32 2.40 0.66
265.0 v 0.65 0.86 2.74 235.1 63.9 2.2 0.54
2- storey structure
0.6 510.0 v 153 1.70 1.183 28.48 310.7 1.90 1199 290.0 55.51 1.70 0.50
1.0 464.0 v 1.46 1.62 3.0 362.8  70.19 1.77 0.57
1.3 2800 x 146 1.62 3.0 3724 73.11 1.80 0.53
265.0 v 1.10 1.23 2.93 382.8  72.82 1.81 0.53
1.6 1785 x 0.9 1.02 2.95 388.6 771 1.95 0.53
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162.0 v 0.86 0.97 2.81 378.2 7291 1.94 0.50
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force Ayopp IDR DI
EG S 8 [ fom] N [ ] N fow] [ [
3- storey structure
0.6 2225 v 148 1.70 1.255 48.3 309.5 1.17 154.8 3074  38.05 0.80 0.22
1.0 2225 v 148 1.70 1.96 418.8  60.54 1.06 0.28
1.3 2225 v 148 1.70 2.54 494.5  88.87 1.53 0.48
1.6 2035 x 142 1.62 3.0 537.3 107.0 2.06 0.68
150.0 v 1.21 1.38 2.60 475.3  79.51 1.47 0.46
4- storey structure
0.6 131.0 v 155 1.70 1.303 66.92 309.5 1.0 193.5 306.1  39.25 0.60 0.16
1.0 131.0 v 1.55 1.70 1.47 476.7  70.58 0.90 0.24
1.3 131.0 v 1.55 1.70 1.90 544.8 9595 1.3 0.36
1.6 131.0 x 1.55 1.70 2.35 564.2 105.2 1.5 047
128.0 v 1.53 1.68 2.32 554.6  109.7 1.46 0.45
5- storey structure
0.6 80.0 v 159 1.70 1.34 94.17 308.3 1.0 240.2 3054 42.14 0.48 0.12
1.0 80.0 v 159 1.70 1.08 479.7  73.56 0.67 0.16
1.3 80.0 v 1.59 1.70 1.40 557.8  98.65 0.96 0.24
1.6  80.0 v 1.59 1.70 1.72 628.0 109.1 1.07 0.31
6- storey structure
0.6 51.5 v 162 1.70 1.37 128.8 308.2 1.0 294.2 284.2 43.16 0.39 0.09
1.0 51.5 v 1.62 1.70 1.0 445.0  75.68 0.55 0.13
1.3 515 v 1.62 1.70 1.0 562.4  101.7 0.71 0.18
1.6 51.5 v o 1.62 1.70 1.0 614.0 114.3 0.83 0.25
7- storey structure
0.6 34.5 v 1.64 170 1.395 173.1 308.2 1.0 367.1 264.0 45.58 0.32 0.07
1.0 34.5 v 1.64 1.70 1.0 415.3  77.85 0.45 0.10
1.3 345 v 1.64 1.70 1.0 523.3 102.6 0.58 0.14
1.6 345 v 1.64 1.70 1.29 584.8  114.7 0.66 0.18
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Fig. B.9: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a length
of 4.2 [m], see also Table B.9

B.2.5 Tabular and graphical presentation for LFTW of a length 4.8)m] sheathed
on both sides with OSB

The results of the parametric study for a 4.8 [m] long LFTW element sheathed with OSB on

both sides are summarized in Table B.10. The typical, graphical presentation is given in Figure

B.10
Tab. B.10: Results of the parameter study of a LFTW with a length of 4.8 [m] sheathed on both sides
with OSB
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* T Ay F, o Ay HD force A,y IDR DI
B0 S B [ fmm] N [ [om] kN [mm] [ [
1- storey structure
0.6 7710 v 109 1.70 1.0 3442 3626 1.31 107.1 184.9 36.8 01.27 0.34
1.0 7r1.0 v 1.09 1.70 2.19 2.19 54.41 1.88 0.54
1.3 551.0 x 0.92 1.34 2.57 234.1 65.22 2.25 0.64
490.0 v 087 1.24 2.47 234.8 61.64 2.1 0.57
1.6 4150 x 0.80 1.12 2.88 240.9 71.12 245 0.70
290.0 v 0.67 0.89 2.53 237.3  62.65 2.15 0.54
2- storey structure
0.6 555.0 v 155 1.70 1.18 29.52 3524 1.83 100.5 280.8 47.55 1.43 0.45
1.0 535.0 v 1.52 1.66 3.0 360.4  70.98 1.82 0.58
1.3 3320 x 1.20 1.33 3.0 3754  76.13 1.88 0.55
291.0 v 1.12 1.25 2.8 378.6 72.08 1.76 0.48
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1.6 2260 x 099 1.11 3.0 3754 7634 2.0 0.55
175.0 v 0.87 0.98 2.65 378.6  72.28 187 0.48
Zone Mass IDA  Modal analysis Pushover analysis NLTH analysis
ag m check T T* r Ay F, i Ay HD force A,yp IDR DI
@ [ S 5 F (om) N 0 fom] N ow] [ [
3- storey structure
0.6 2325 v 145 1.70 1.25 528 3583 1.07 160.2 291.0 37.41 0.77 0.21
1.0 2325 v 145 1.70 1.78 408.8  61.07 1.07 0.29
1.3 2325 v 145 1.70 2.32 486.6  89.91 1.50 045
1.6 2325 x 145 1.70 2.85 507.8  102.7 1.90 0.64
1675 v 1.23 143 2.44 4509 76.81 1.34 040
4- storey structure
0.6 142.0 v 1.53 1.70 1.2953 70.26 356.8 1.0 199.3 290.6 38.75 0.59 0.15
1.0 1420 v 1.53 1.70 1.39 455.0 68.64 0.88 0.23
1.3 1420 v 1.53 1.70 1.81 519.4  89.93 1.23 0.32
1.6 1420 v 1.53 1.70 2.23 587.0 1054 1.41 0.41
5- storey structure
0.6 87.5 v 156 1.70 1.33 97.67 356.9 1.0 2475 284.1 39.74 048 0.12
1.0 87.5 v 156 1.70 1.03 4574  71.03 0.69 0.17
1.3 875 v 1.56 1.70 1.34 542.9  94.23 0.94 0.24
1.6 875 v 156 1.70 1.65 606.2  109.2 1.05 0.30
6- storey structure
0.6 57.5 v 159 1.70 1.36 130.2 355.3 1.0 301.1 274.0 41.9 0.39 0.09
1.0 57.5 v 159 1.70 1.0 433.6  73.17 0.55 0.14
1.3 575 v 1.59 1.70 1.03 554.0  99.31 0.72 0.18
1.6 575 v 1.59 1.70 1.26 600.4 111.9 0.80 0.23
7- storey structure
0.6 39.0 v 162 1.70 1.39 1725 356.7 1.0 370.8 255.6 43.22 0.33 0.08
1.0 39.0 v 162 1.70 1.0 408.3 7491 0.44 0.10
1.3 39.0 v 162 1.70 1.0 514.7 9948 0.57 0.15
1.6  39.0 v o 1.62 1.70 1.0 568.4  110.3 0.66 0.18
8- storey structure
0.6 27.5 v 1.64 1.70 1.406 223.7 356.7 1.0 453.4 244.8 46.29 0.28 0.06
1.0 275 v 1.64 1.70 1.0 379.8  76.85 0.39 0.09
1.3 275 v 164 1.70 1.0 487.1 100.6 0.48 0.12
1.6 275 v 1.64 1.70 1.0 550.8  115.8 0.56 0.16
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Fig. B.10: Outcome of the parameter study of the LFTW sheathed on both sides with OSB with a

length of 4.8 [m], see also Table B.10
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Appendix C

Comparison of the results for

LFTWs Sheathed with OSB and
GFB

In this section, all the results of the parameter study conducted in the previous chapters for
LFTWs sheathed with OSB and GFB are graphically presented for the five different wall lengths,

four considered hazard zones and corresponding soil conditions.

C.1 Soil Conditions A

600 -
Mass [t/st] Comparison LFTWs sheathed with OSB
500 and GFB for Wall Length 2.4 m
500 - \
\ —#— 0.6 m/s2_GFB
4%
400 \ —o—1.0 m/s2_GFB
\
\ —a—1.3 m/s2_GFB
300 -+ \ 30
\ —»—1.6 m/s2_GFB
N
200 - {10 — = LFTW sheathed with OSB
100 A
34
0 | | | | 265~
0 1 2 3 4 5 n_Storey 6

Fig. C.1: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 2.4

[m]
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Fig. C.2: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.0

[m]
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Fig. C.3: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.6

[m]
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Fig. C.4: Comparison of the results for LEFTWs sheathed with OSB and GFB for a wall length of 4.2
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Fig. C.5: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 4.8
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C.2 Soil Conditions C
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Fig. C.6: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 2.4

[1n]
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Fig. C.7: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.0
[m]
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Fig. C.8: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.6

[m]

800 1 Mass [t/storey] - -
Comparison LFTWs sheathed with OSB and
734 x GFB for wall length 4.2 m
A.719 —=8— 0.6 m/s2_GFB
700 - .
* —+— 1.0 m/s2_GFB
635
AN —+—1.3m/s2_GFB
600 - v
CRY —%— 1.6 m/s2_GFB
v
X 0.6 m/s2_0SB
500 -
~ %= 1.0m/s2_0SB
- 4= 1.3m/s2_0SB
400 1 ——1.6m/s2_0SB
300
200
n_storey
100 .
0 56 33 ! 18 165 285 255
0 1 2 25, 125 7 92 8

Fig. C.9: Comparison of the results for LEFTWs sheathed with OSB and GFB for a wall length of 4.2
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Fig. C.10: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 4.8
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C.3 Soil Conditions E
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Fig. C.11: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 2.4
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Fig. C.12: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.0
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Fig. C.13: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 3.6

(m]



356

CHAPTER C. RESULT COMPARISON FOR LFTWSs

800

700

600

500

400

300

200

100

Mass [t/storey]
X 730

Comparison LFTWs sheathed with
OSB and GFB for wall length 4.2 m

—a— 0.6 m/s2_GFB
—e— 1.0 m/s2_GFB
——t—1.3 m/s2_GFB
——1.6 m/s2_GFB
*-0.6 m/s2_0OSB
x= 1.0 m/s2_OSB

= 1.3 m/s2_OSB
—— 1.6 m/s2_0SB

n_storey

Fig. C.14:

[1n]

Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 4.2
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Fig. C.15: Comparison of the results for LFTWs sheathed with OSB and GFB for a wall length of 4.8
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