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OUTLINE

* Objectives

« Experimental Setup / Design

« Experimental Results

* Finite Element Modeling

« Experimental vs FEM Correlation
« Conclusions

* Robustness of Multi-Storey Timber Buildings - Ongoing Work
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EXPERIMENTAL SETUP

Three Wall Systems Tested
« Post-tensioned self-centering rocking wall designed for Washington
« Non post-tensioned rocking wall designed for Berkeley

« CLT shear walls with standard nail shear connectors and rod hold-
downs designed for San Francisco

Total height 6.70 m Seismically Resilient Rocking Wall System
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6.1 x 18.3 m diaphragms with
different CLT panel layout
—

Mass Timber gravity framing

Steel foundation to extend
the width of the shake table '
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EXPERIMENTAL SETUP

Two Diaphragm Designs for all Three Wall
Systems

* Roof — 5-ply CLT Panels + Concrete Topping
(Composite slab)

* Floor level — 3-ply CLT Panels
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EXPERIMENTAL SETUP

Two Diaphragm Designs for all Three Wall
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* Roof — 5-ply CLT Panels + Concrete Topping
(Composite slab)

* Floor level — 3-ply CLT Panels

S m\m*’"lﬂ

]

il

mﬂ W .[FgE's\lolgo W ICIST 51 OR ]}() " mggigsresiigade ANALYSIS AND MITIGATION OF RISKS IN INFRASTRUCTURES | INFRﬁJT;ilé-

nnnnn
PROGI



INFRARISK: Summer Workshop 2018

EXPERIMENTAL RESULTS (FLOOR DIAPHRAGM)

Average accelerations at diaphragm levels

Northridge (MCE) — Scale Factor 1.2
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FINITE ELEMENT MODEL (FLOOR DIAPHRAGM)

Orthotropic Four-Node Shell Elements
(CLT panels) Rigid Zero-length elements

(Wall to Diaphragm Connections)

Rigid Zero-length HHHHHH BENENEREE SN Rigid Frame

.........

elements = liliiiiin

(Beam-to-Beam HEEEH Elements
Connections) HHHH (Walls and Wing
EESEREEE plates)

.........
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Zero-length elements | 11i:1iii:

(Nonlinear Behavior) {@::i::i EEE |
(CLT-to-Beam Connections)

Mesh Size
(304.8 x 304.8 mm)

Linear Elastic Frame
Elements
(Beams and Chord splices)

Zero-length elements
(Nonlinear Behavior)
(Surface-Splines)
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FINITE ELEMENT MODEL (FLOOR DIAPHRAGM)
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Figure a)

Rigid Links (beam-to-beam)

Nonlinear Links (CLT-to-beam)
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FINITE ELEMENT MODEL (FLOOR DIAPHRAGM)
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Nonlinear Links (Surface splines)
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FINITE ELEMENT MODEL (FLOOR DIAPHRAGM)
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Figure c)

Rigid Links (beam-to-beam)
Nonlinear Links (Chords-to-CLT)
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Nonlinear Links (Surface splines)
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FINITE ELEMENT MODEL (FLOOR DIAPHRAGM)

Friction Force Numerical Model Envelope
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EXPERIMENTAL vs FEM (FLOOR DIAPHRAGM)

Nonlinear static analysis Linear Potentiometers
» Nodal Loads Proportional to Nodal » Surface Splines * Panels over beams
Masses B —§ _.[’:LMW ) | T LPiNGo1 %, 3 g LPIN101 E'.
E LP1N202 H | ‘ E‘ ﬂ
« Maximum Accelerations used to 135 s 2 | y“
compute Nodal Loads 5, & 5 || | |
X é LP1N103 X
» Linear Potentiometers 5 | |

measurements used to calibrate
the Numerical Model —

Load Steel plates : ;

FLOOR PLAN SIESMIC | (#) = # OF PLATES

NORTHY

MASS LAYOUT IN STACK
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EXPERIMENTAL vs FEM (FLOOR DIAPHRAGM) | surface splines
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EXPERIMENTAL vs FEM (FLOOR DIAPHRAGM) | surface splines

Accelerations for Northridge (MCE) (Scale Factor 1.2 : Avg. Peak Floor Accel. (g) = 0.873)

Numerical results of surface spline SS1 / Clamping Force.
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EXPERIMENTAL vs FEM (FLOOR DIAPHRAGM)

Surface Splines

Accelerations for Northridge (MCE) (Scale Factor 1.2 : Avg. Peak Floor Accel. (g) = 0.873)
Numerical results of surface spline SS2 / Clamping Force
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CONCLUSIONS

The Alternative Diaphragm Seismic Design Force Level of ASCE 7-16 provides a
reasonable upper bound of accelerations, but seems to overpredict accelerations for
rocking systems.

CLT diaphragms were designed in accordance with principles of mechanics using values
of fastener and member strength in accordance with latest test results available in the
literature and NDS.

Modeling of friction is crucial to capture the surface spline deformations at all levels of
excitation.

Not considering friction leads to an overprediction of deformations in the panels, which is
acceptable for design in terms of forces in connectors and chords.

The chord forces estimated based on measured strains were %z of the forces used in the
design.

The FE modeling approach captures the contribution of splices and chords for stiffness
and force distribution. Therefore chord forces estimated by the model are lower than
those calculated in the design performed.
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Robustness of multi-storey timber buildings in seismic regions

Robustness Design

-

Indirect

Ties

Redundancy —

eeismic Designj

Floors in post and beam
constructions may make possible
membrane action above removed
elements.

Robust timber posts and beams should
include a redundant bracing system,
which could be achieved by moment-
resisting connections, by shear walls or
by stair and lift cores.

1
Direct

— Alternative Path Design

— Segmentation

— Key Elements

(Johannes A. J. Huber et al. 2018)

o When the behavior of connections is
understood, design guidelines for robust
construction of post and beams structures
should be created.

. The nonlinear static, the nonlinear
dynamic and the pushover procedures for
alternative load path analysis do not seem to be
as established for timber buildings as for
concrete and steel.
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Robustness of multi-storey timber buildings in seismic regions

 CLT diaphragm Alternative Load Path Analysis
6269 Nodes

1035 Frame elements
4224 Shell elements
1941 NLinks __ s

Static Analysis

+ dynamic effects via DLF
* includes geometric non-linearities
* includes plasticity

+ moderate complexity I3
+ realistic results \ RS
‘ u, = —3.00cm

Dynamic Load Factor (DLF = 1.5)

Non-linear
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Robustness of multi-storey timber buildings in seismic regions

 Unblocked diaphragm . 8874 Nodes Alternative Load Path Analysis

e 2787 Frame elements
* 4224 Shell elements s o
\w e 4355 NLinks

Static Analysis

+ dynamic effects via DLF

* includes geometric non-linearities
* includes plasticity

* moderate complexity
+ realistic results

Dynamic Load Factor (DLF = 1.5)

Non-linear

u, = —4.32cm
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Robustness of multi-storey timber buildings in seismic regions

Task 1 Introduction

Static Analysis

+ dynamic effects via DLF
« | * includes geometric non-linearities
o . .
(3 \ d:’ * includes plasticity
£ = |[ Task2 | Framework for Robustness assessment = | Mmoderate complexity
2 o S|« realistic results
85 /\ <
° 2
= @
5 : o «  DLF €[1.0,2.0]
= @ || Task3 Progresswet collapse Task4 | Seismic Assessment
© assessmen
\ig ) OpenSees
 Elements Removal
(<% A
E é Task5 | Robustness assessment of multi-storey Uncertainties
0 © timber buildings : .
5 9 « Timber properties
g5 o . . . — « Connections
C 5 Proposal of guidelines for robustness design of multi-storey timber bUIldIngj . Loads
r ~ 1 Dynamic Load Factor
Task6 | Writing of thesis, reports and papers P(C)= P(C|D){ P(D|E) - P(E) |
Dissemination of the results —_— | —— =~
Robustness | Vulnerability Exposure
\_ J | —
CollapseResistance
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Robustness of multi-storey timber buildings in seismic regions

Task 1 Introduction

~

= || Task2 Framework for Robustness assessment

(D)

= A

(7]

3

§ Task 3 | Progressive collapse Task4 | Seismic Assessment

assessment )

Task 5 Robustness assessment of multi-storey

timber buildings

of the framework

Proposal of guidelines for robustness design of multi-storey timber buiIdingj

r

b (Implementation ﬁ)ols for robustnesa

~\

Task 6

Writing of thesis, reports and papers
Dissemination of the results

J

Incremental Dynamic Analysis
OpenSees

* Nonlinear Dynamic
Analysis

Uncertainties

« Timber properties
« Connections
e Loads

v
Fragility Functions
(Rodrigues et al. 2017)
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