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Project Overview

NEESWood: Development of a Performance-Based Seismic Design
Philosophy for Mid-Rise Woodframe Construction

While woodframe structures have historically performed well with regard to life safety in regions
of moderate to high seismicity, these types of low-rise structures have sustained significant struc-
tural and nonstructural damage in recent earthquakes. To date, the height of woodframe con-
struction has been limited to approximately four stories, mainly due to a lack of understanding of
the dynamic response of taller (mid-rise) woodframe construction, nonstructural limitations such
as material fire requirements, and potential damage considerations for nonstructural finishes.
Current building code requirements for engineered wood construction around the world are not
based on a global seismic design philosophy. Rather, wood elements are designed independently
of each other without considering the influence of their stiffness and strength on the other struc-
tural components of the structural system. Furthermore, load paths in woodframe construction
arising during earthquake shaking are not well understood. These factors, rather than economic
considerations, have limited the use of wood to low-rise construction and, thereby, have reduced
the economical competitiveness of the wood industry in the U.S. and abroad relative to the steel
and concrete industry. This project sought to take on the challenge of developing a direct displace-
ment based seismic design philosophy that provides the necessary mechanisms to safely increase
the height of woodframe structures in active seismic zones of the U.S. as well as mitigating dam-
age to low-rise woodframe structures. This was accomplished through the development of a new
seismic design philosophy that will make mid-rise woodframe construction a competitive option
in regions of moderate to high seismicity. Such a design philosophy falls under the umbrella of
the performance-based design paradigm.

In Year 1 of the NEESWood Project, a full-scale seismic benchmark test of a two-story woodframe
townhouse unit that required the simultaneous use of the two three-dimensional shake tables at
the University of Buffalo’s NEES node was performed. As the largest full-scale three-dimensional
shake table test ever performed in the U.S., the results of this series of shake table tests on the
townhouse serve as a benchmark for both woodframe performance and nonlinear models for
seismic analysis of woodframe structures. These efficient analysis tools provide a platform upon
which to build the direct displacement based design (DDBD) philosophy. The DDBD method-
ology relies on the development of key performance requirements such as limiting inter-story
deformations. The method incorporates the use of economical seismic protection systems such as
supplemental dampers and base isolation systems in order to further increase energy dissipation
capacity and/or increase the natural period of the woodframe buildings.

The societal impacts of this new DDBD procedure, aimed at increasing the height of woodframe
structures equipped with economical seismic protection systems, is also investigated within
the scope of this NEESWood project. Following the development of the DDBD philosophy for
mid-rise (and all) woodframe structures, it was applied to the seismic design of a mid-rise (six-
story) multi-family residential woodframe condominium/apartment building. This mid-rise
woodframe structure was constructed and tested at full-scale in a series of shake table tests on
the E-Defense (Miki) shake table in Japan. The use of the E-Defense shake table, the largest 3-D
shake table in the world, was necessary to accommodate the height and payload of the mid-rise
building.



The research presented in this report focuses on the unique characteristics of woodframed structures that
affect the design and implementation of seismic protection systems, and approaches used to increase the
performance reliability of these structures in regions of high seismic intensity. In addition, the development
of simplified nonlinear analysis and design procedures for structures that incorporate seismic protection
systems are discussed. Finally, the results from experimental shaking table tests and nonlinear dynamic
response-history analyses are presented to clearly demonstrate the improved seismic performance that can
be achieved via application of seismic protection systems to woodframed structures.
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ABSTRACT

The application of seismic protection systems in light-framed wood structures is
virtually non-existent within the U.S. as woodframed construction has generally been
considered to perform well during earthquakes. However, the 1994 Northridge
Earthquake clearly demonstrated the vulnerability of such construction in that extensive,
and in many cases unrepairable, damage occurred in thousands of woodframed
buildings. As a result, a research project (the NEESWood project) was initiated with an
emphasis on developing a seismic design approach that considers multiple levels of
performance. As part of this project, the application of seismic protection systems
(seismic damping and isolation systems) to woodframed buildings was investigated.
The research focused on the unique characteristics of woodframed structures that affect
the design and implementation of seismic protection systems and approaches used to
increase the performance reliability of woodframed structures in regions of high seismic
intensity. In addition, simplified nonlinear analysis and design procedures for structures
that incorporate seismic protection systems were developed. The results from
experimental shaking table tests and nonlinear dynamic response-history analyses were
used to demonstrate the improved seismic performance that can be achieved via

application of seismic protection systems to woodframed structures.
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1. INTRODUCTION

The application of seismic protection systems in light-framed wood structures is
virtually non-existent within the U.S. as woodframed construction has generally been
considered to perform well during earthquakes. However, the 1994 Northridge
Earthquake clearly demonstrated the vulnerability of such construction in that extensive,
and in many cases unrepairable, damage occurred in thousands of woodframed
buildings. As a result, a research project (the NEESWood project) was initiated with an
emphasis on developing a seismic design approach that considers multiple levels of
performance. As part of this project, the application of seismic protection systems

(seismic damping and isolation systems) to woodframed buildings was investigated.



The research presented in this report will focus on the unique characteristics of
woodframed structures that affect the design and implementation of seismic protection
systems and approaches used to increase the performance reliability of woodframed
structures in regions of high seismic intensity. In addition, the development of simplified
nonlinear analysis and design procedures for structures that incorporate seismic
protection systems will be discussed. Finally, the results from experimental shaking table
tests and nonlinear dynamic response-history analyses will be presented to clearly
demonstrate the improved seismic performance that can be achieved via application of

seismic protection systems to woodframed structures.

1.1 Need for Seismic Hazard Mitigation of Woodframed Structures

Although woodframed construction in the U.S. has generally been considered to perform
well during earthquakes, the 1994 Northridge Earthquake (Moment Magnitude = 6.8)
clearly demonstrated the seismic vulnerability of such construction (Kircher et al. 1997).
The estimated property losses in woodframed buildings, majority of which includes
single family residential housing, were approximately $20 billion and 24 of the 25
fatalities occurred in such buildings. Additionally, 48,000 housing units, almost all of
them in woodframed buildings, were rendered uninhabitable by the earthquake
underscoring the fact that the conventionally designed woodframed structures perform
well with regard to life safety but suffer significant structural and non-structural damage
making them uninhabitable during severe seismic events. Note that the single family
residential housing in North America primarily consists of woodframed construction and
accounts for the single largest investment of owners during their lifetime and thus the
overall impact of a major earthquake become particularly important with regard to an
economic loss. Seismic hazard mitigation of woodframed structures is very important in

that regard as it will help to protect the investments of owners by reducing a seismic risk.

1.2 Role of DBD in Seismic Hazard Mitigation of Structures

For many years, performance-based seismic design (PBSD) has been outlined in design
codes as a prescriptive method based on force calculations. However, due to severe

damage structures experienced in recent major earthquakes, there has been a gradual



shift in focus from force-based design to displacement-based seismic design (DBD). For
example, older structures that were designed according to old code guidelines have
experienced major problems related to displacement-induced damage and thus DBD
provides a useful design approach for retrofitting of those structures. Since the strong
correlation between inter-story drift and the level of damage has been established in
different structures, in the displacement-based seismic design (DBD) damage limitation
requirements (i.e., performance levels) are explicitly considered at the start of design in
terms of inter-story drift limits for a given hazard level. In contrast, in the force-based
design, deflection calculations are done at the end of design to check safety and
serviceability requirements. DBD also allows imposing multiple performance levels for
multiple hazard levels to meet the collective design objective. Note that seismic
protection systems can be used effectively to achieve higher design performance levels
for high seismic hazard. One popular DBD procedure proposed by Priestly et al. (1998,
2007) is being extensively adopted by design practitioners and researchers and it is

explicitly known as a direct displacement-based design (DDD).

1.2.1 Overview of Direct Displacement-Based Seismic Design

The fundamental difference between the force-based design and the direct displacement-
based design (DDD) is that the former characterizes the structure with a constant
stiffness and thus different yield displacements while the latter considers the realistic
conditions of varying stiffnesses with a constant yield displacement (Priestly 2007).
Since the peak inter-story drift provides a key measure of the structural and nonstructural
damage in a building during an earthquake, the realistic representation of damage is only
possible in the displacement-based design. The force-based design uses an initial
stiffness and assumed damping (typically 5%). This damping accounts for inherent
"viscous" damping through a rate-dependent damping model. The displacement
dependent nature of energy dissipation in real structures is not explicitly considered. The
DDD uses the secant stiffness at design displacement and associated equivalent
damping. The equivalent damping is determined based on the hysteretic energy
dissipation (displacement-dependent energy dissipation) at the design displacement

which is often difficult to quantify for structures subjected to damage. This approach to



modeling energy dissipation is particularly relevant for woodframed structures since
they exhibit highly nonlinear behavior when subjected to strong seismic excitation.
Including seismic protection systems to reduce damage to the structures enables the
designer to quantify damping more accurately, and thus it improves reliability of the

DDD procedure.

1.3 Role of Seismic Protection Systems in Seismic Hazard Mitigation
of Structures

One approach to protect structures during a large seismic event is to incorporate an
advanced seismic protection system. Seismic protection system reduces the response of
the structure during seismic excitations either by changing fundamental characteristics of
structure (e.g., a base isolation system increases the fundamental natural period of the
supported structure) or by providing additional means to absorb seismic input energy
(e.g., an energy dissipation provides supplemental damping). In general, the application
of seismic protection systems is helpful to achieve the following objectives:

e To mitigate damage and thus protect the investments of owners.

e To reduce the cost of insurance premiums by reducing seismic risk.

e To improve performance such that loss of life and injuries are reduced.

e To make architecturally attractive design (large openings) possible by reducing

the stiffness demand on the structure.

e To retrofit old structures to meet higher performance levels.

1.3.1 Role of Energy Dissipation Systems in Seismic Protection

The amplitude of structural response tends to decrease with time when the excitation
force becomes zero. This reduction is often due to various energy loss mechanisms
present inherently within the structure or develop during the course of excitation. The
energy loss is also known as energy dissipation or damping. The role of damping in
structural response is evident from the equation of motion of dynamic system. As the
damping increases, the restoring forces (developed due to the structural resistance to
displacement) decrease. Seismic input energy within the structure can be dissipated

through cracks, friction, and in general any inelastic response. Application of energy



dissipation systems (which provides supplemental damping to the structure) reduce
seismic response of the structure by dissipating seismic input energy, thereby reducing
the amount of energy dissipated via inelastic behavior and thus damage to structural
members (also see Figure 1.1c). There are various types of energy dissipation system
available depending on the desired dissipation mode (e.g., fluid viscous dampers, visco-

elastic dampers and friction dampers).

1.3.2 Role of Base Isolation Systems in Seismic Protection

The damage potential of an earthquake is essentially due to the close match between the
fundamental frequencies of vibration of the majority of structures and the frequency
content of the majority of seismic excitations (i.e., similar to resonance phenomena).
During earthquakes, many structures can survive by escaping the dominant frequency
range of the earthquake via the period elongation caused by accumulated damage.
Seismic base isolation uses the same concept of shifting the fundamental period of a
structure away from the dominant period range of earthquake ground motions (majority
of earthquakes have dominant periods in the range of 0.1 to 0.6 sec) and thereby
decoupling a structure from its foundation to reduce the structural response during
seismic excitations. Base isolation systems also provide an additional means of energy
dissipation to reduce the transmitted acceleration into the superstructure. Base isolation
can significantly reduce damage to the structure and its contents by reducing floor
accelerations and inter-story drifts in superstructure (superstructure almost responds

rigidly during seismic excitation).



A A
P PERIOD SHIFT | PERIOD SHIFT

= A g
: : —
W g
% <
w -l
2 %
] [=)

—
> »
» I
PERIOD PERIOD
(a) (b)
A A
INCREASING
INCREASING = DAMPING

4
% DAMPING m
u fr
5 Qo
@ <
w -
7] o
< &
a o

PERIOD PERIOD
(©) (d)

Figure 1.1 Various Aspects of Seismic Base Isolation: (a) Effect on Base Shear due
to Period Lengthening (b) Effect on Isolator Displacement due to Period
Lengthening (¢) Effect of Damping on Base Shear (d) Effect of Damping on
Displacement

Figure 1.1 shows the various aspects of seismic base isolation. The reduction in
force response (and thus base shear) due to period lengthening is illustrated in
Figurel.la. Figure 1.1b shows the effect of period lengthening on displacement
response. As the period increases (i.e., the flexibility of isolation system increases), the
displacement across it is also increased. However, as seen in the Figure 1.1d, the
displacement can be controlled by increasing damping. The increased damping also
reduces the forces at a given period as shown in Figure 1.1c.

An isolation system should be able to provide vertical support to the superstructure
while providing horizontal flexibility and energy dissipation capacity. The three
functions could be combined into a single device or could be provided by means of

different components. There are two basic types of isolation systems; elastomeric
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bearings and sliding bearings. Elastomeric bearings have low lateral stiffness and thus
shift the fundamental period of the structure to avoid resonance with the excitations.
Sliding isolation bearings (e.g., Friction Pendulum System) allow the superstructure to
slide on a surface having a relatively low level of friction to filter out damaging

frequencies of the ground motion.

1.3.3 Application of Seismic Protection Systems to Woodframed Structures

There have been continuing research efforts to develop or implement seismic protection
systems in woodframed buildings, particularly in Japan where different base isolation
systems have been applied to residential structures. Application of seismic protection
systems to light-frame wood buildings in North America has been virtually nonexistent
with one exception. A comprehensive literature review on the application of advanced
seismic protection systems (both base isolation and supplemental damping systems) to
woodframed structures is presented by Symans et al. (2002). Therein, the only known
application of a base isolation system to a light-wood framed building in North America
is presented (a residential structure on a sliding isolation system). This study also clearly
identified the various challenges of the application of seismic protection systems to
woodframed structures. Some of these challenges for the application of energy
dissipation systems are:

1) Locating the dampers within the confines of shearwall [typical width available is
139.7 mm (5.5 in) for the case of 50.8 mm x 152.4 mm (2 in X 6 in) nominal
studs].

2) Constructing a suitable damper framing system and integrating within the
woodframed shear wall such that inter-story drift is transferred to the dampers
without any major losses (losses can be significant due to inherently flexible
framing connections and joints of woodframed shearwalls).

3) A modified framing arrangement to accommodate the damper assembly if
necessary [the damper assembly should be preferably located in the structural
shearwalls carrying the majority of gravity loads (i.e., the shearwalls carrying
floor joists along their length) and away from wall openings].

Some of these challenges for the application of base isolation systems are:



1) Low weight of woodframed structures (Lateral stiffness of isolation systems must
be very low to sufficiently extend period. For elastomeric bearings, the
requirement of low stiffness leads to potential bearing instability. Also, low
weight on sliding bearings leads to high and unstable friction coefficients and the
potential for undesirable sliding during strong windstorms).

2) Absence of stiff diaphragm at the first floor in woodframed structures (The
introduction of a stiff diaphragm is important to ensure the transfer of base shear
to the isolation systems while maintaining uniform motion across all bearings and
thus maintain the effectiveness of isolation).

3) A need of flexible utility connections (e.g., gas, electric, telecommunications, etc.)
which limit the displacement capacity of the isolation system and thus the
isolation effect.

In addition to these technical challenges for application of seismic protection systems to
woodframed structure, some important challenges are cost control, a lack of technical
and construction expertise, the need for simple and practical design methods, and
making building owners aware of the benefits of using such systems to protect their

investment.

1.4 NEESWood Project

The research presented herein regarding the integration of seismic protection systems
within the PBSD philosophy for design of woodframed structures was part of the
NEESWood project. To date, the height of woodframed construction has been limited to
approximately four or five stories, mainly due to the lack of understanding of the
dynamic response of taller (mid-rise) woodframed construction, non-structural
limitations such as material fire requirements, and potential damage considerations for
non-structural finishes. The NEESWood project seeks to develop a performance-based
seismic design (PBSD) philosophy that will provide the necessary mechanisms to safely
increase the height of woodframed structures in active seismic zones of the U.S. as well
as mitigating damage to low-rise woodframed structures. An impediment to the
development of PBSD for woodframed buildings is the lack of a complete understanding

of their seismic behavior. In addition, only a few numerical analysis models capable of



reliably predicting the global behavior of three-dimensional woodframed structures have
been developed. This is mainly due to a lack of experimental test data on the seismic
response of full-scale woodframed structures of realistic dimensions. Thus, the
NEESWood Project started with seismic shaking table testing of a full-scale, two-story,
woodframed townhouse building (the “benchmark” test structure). The results of the
testing were used to provide benchmark data against which numerical models were
developed and refined for use within the PBSD philosophy. This PBSD philosophy was
used to design a mid-rise (six-story) woodframed apartment building which was tested
using three-dimensional earthquake ground motions at the E-Defense shaking table
facility in Miki City, Japan. The performance of the building was consistent with the

design requirements outlined within the PBSD.

1.5 Objectives and Scope of Research

The major objective of the research presented herein is to increase the performance
reliability of woodframed structures in regions of high seismic intensity through the
development of simple analysis procedures and innovative ways to include seismic
protection systems in woodframed structures while establishing their performance via
experimental testing. This objective is met through a comprehensive experimental and
numerical study that includes the following major tasks:

1) Integration of seismic protection systems within the existing numerical models
and time-history analysis tools.

2) Integration of seismic protection systems within the existing PBSD procedures
used for woodframed structures.

3) Development of new simplified PBSD procedures for woodframed structures
with seismic protection systems.

4) Evaluation of seismic response of woodframed structure with seismic protection
systems via shake table testing and thus developing an experimental database for
benchmarking future numerical models.

5) Comparison of performance of different seismic protection systems and

recommendations for their specific use.



1.6 Report Organization

The report is organized into five chapters. Chapter 1 provides an introduction that lays
the background for the research to be presented. Chapters 2 to 4 present the main body
of the research. Lastly, Chapter 5 provides a final summary and conclusions, as well as
discussion on future work. Note that Chapters 2 to 4 are presented in manuscript format
to be disseminated as journal publications, and thus they have some unavoidable
overlap. In addition, supporting details (e.g., design program codes, figures, photos etc.)
within Chapters 2 to 4 that were considered unnecessary for publication purpose are
included in separate appendices provided at the end of this report. This helped in keeping
notes of important details to aid in completeness of the report.

Chapter 2 presents a study consisting of a detailed evaluation of the testing of
benchmark structure with dampers (Phase 2 of benchmark tests) and its displacement-
based design with the application of newly designed toggle-braced damper assembly.
The damping system consisted of fluid viscous dampers incorporated within modular
walls which can be constructed off-site and delivered to the job site for “drop-in”
installation. The displacement-based design procedure was originally developed within
the NEESWood project for the design of multistory woodframed structures and in this
study is further extended to include the application of a damping system. The procedure
requires simple modal analysis and determination of equivalent stiffness based on the
backbone response of the shearwalls. The validity of the proposed displacement-based
procedure is confirmed using results from nonlinear dynamic response-history analyses.

Chapter 3 focuses on the results from shaking table tests of wood shearwalls
retrofitted via toggle-braced fluid viscous dampers and its numerical modeling. Based
on what was learned from Phase 2 of benchmark testing, a new design for the modular
damper walls with a toggle brace configuration was developed and tested within full-
scale shearwalls. Within the context of performance-based seismic design, the effect of
the fluid viscous dampers on the deformation demand and hysteretic energy dissipation
demand is emphasized. The results demonstrated that the retrofit provided a significant
increase in the seismic resistance of the walls, allowing them to achieve high levels of
performance when subjected to strong ground motions. However, the full potential of the

retrofit was not realized due to losses in transmission of wall drift to the toggle-bracing
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system. The study also presents a detailed evaluation of these losses to help in increasing
the potential of toggle-braced modular damper walls via more efficient design.

Chapter 4 presents a study consisting of the development of two displacement-based
design procedures for isolated woodframed structures and their validation via nonlinear
dynamic response-history analyses and experimental results from shaking table tests of a
half-scale, two-story, woodframed building supported on a sliding isolation system. One
method involves a conventional direct displacement-based design procedure in which a
new approach has been taken to define an equivalent single-degree-of-freedom (SDOF)
model for an isolated building structure with the computation of its design inter-story
drift based on the relative contribution of the isolation system displacement and the
effective displacement of the equivalent SDOF fixed-base superstructure, all without the
need for modal analysis. In addition, a simple and quick design procedure based on
normalized modal analysis and generation of inter-story drift spectra has been
developed. These practical approaches have been developed with the objective of
enabling designers to efficiently evaluate various options before making the final
selection of isolation system parameters.

Chapter 5 provides a summary and conclusions of the research work presented in
this report, major contributions of this research to the field of structural/earthquake
engineering, and recommendations for future research needed to foster implementation

of seismic protection systems in woodframed structures.
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2. TESTING AND DISPLACEMENT-BASED DESIGN OF
TwWO-STORY WOODFRAMED STRUCTURE WITH FLUID
Viscous DAMPERS

Woodframed structures experienced significant damage during the 1994 Northridge
Earthquake. One approach to improving the performance of such structures is to
incorporate a seismic protection system (e.g., a seismic isolation or damping system).
Such a system was recently implemented as one of the phases of the NEESWood project
benchmark structure shake table testing that was conducted at the University at Buffalo
NEES site. In this phase, the benchmark structure, a full-scale, two-story, woodframed
townhouse, was retrofitted via implementation of modular damper walls. The testing

represented the first application of such a damping system within a full-scale
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woodframed building. The tests results showed that, due to a number of factors, the
engagement of the dampers was limited and thus the improvement in performance of the
building was modest. However, the testing demonstrated the feasibility of implementing
a damping system within woodframed construction. Based on what was learned from the
testing and in collaboration with an industry partner, a new design for the modular
damper walls with toggle-braced linear viscous dampers was developed and tested
recently. This chapter presents a detailed evaluation of the testing of benchamark
structure with dampers and its displacement-based design with the application of newly
designed toggle-braced damper assembly. The displacement-based design procedure was
originally developed within the NEESWood project for the design of multistory
woodframed structures and in this study is further extended to include the application of
a damping system. The procedure requires simple modal analysis and determination of
equivalent stiffness based on the backbone response of the shearwalls. The validity of
the proposed displacement-based procedure is confirmed using results from nonlinear

dynamic response-history analyses.

2.1 Introduction

Although woodframed construction in the U.S. has generally been considered to perform
well during earthquakes, the 1994 Northridge Earthquake (Moment Magnitude = 6.8)
clearly demonstrated the seismic vulnerability of such construction (Kircher et al. 1997).
The estimated property losses in woodframed buildings, a majority of which includes
single family residential housing, were approximately $20 billion and 24 of the 25
fatalities occurred in such buildings, underscoring the fact that conventionally designed
woodframed structures perform well with regard to life safety but suffer significant
structural and non-structural damage making them uninhabitable during severe seismic
events. As such, the NEESWood project sought to develop a performance-based seismic
design (PBSD) philosophy that will provide the necessary mechanisms to safely increase
the height of woodframed structures in active seismic zones of the U.S. as well as
mitigating damage to low-rise woodframed structures (van de Lindt et al. 2006). The
testing phase of the NEESWood Project began with seismic shaking table testing of a

full-scale, two-story, woodframed townhouse building (the “benchmark™ test structure)
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(Filiatrault et al. 2007 and Christovasilis et al. 2007). The results of the tests were used
to develop the PBSD philosophy. This PBSD philosophy was then used to design a mid-
rise (six-story) woodframed apartment building which was tested using three-
dimensional earthquake ground motions at the E-Defense shaking table facility in Miki
City, Japan.

One approach to protect woodframed buildings during such a large seismic event is
to incorporate an advanced seismic protection system. For example, introducing a base
isolation system can reduce the seismic response of a woodframed building by
increasing the fundamental natural period and thereby filtering out damaging frequencies
of the ground motion. Alternatively, an energy dissipation system can be used to
dissipate a portion of the seismic input energy, thereby reducing the energy dissipation
demand (and thus damage) on the wood framing system. In general, the application of
seismic protection systems is helpful to achieve following objectives:

e To mitigate damage and thus protect the investments of owners.

e To reduce the cost of insurance premiums by reducing seismic risk.

e To improve performance such that loss of life and injuries are reduced.

e To make architecturally attractive design (large openings) possible by reducing
the stiffness demand on the structure.

e To retrofit old structures to meet higher performance levels.

Note that the single family residential housing in North America primarily consists
of woodframed construction and accounts for the single largest investment of owners
during their lifetime and thus the overall impact of the objectives mentioned herein
become particularly important with regard to economic losses during an earthquake. A
comprehensive literature review on the application of advanced seismic protection
systems (both base isolation and supplemental damping systems) to woodframed
structures is presented by Symans et al. (2002). This study clearly identified the various
challenges of the application of seismic protection systems to woodframed structures.
Some of these challenges for the application of energy dissipation systems are:

1) Locating the dampers within the confines of shearwall (typical width available is

139.7 mm (5.5 in) for the case of 50.8 mm x 152.4 mm (2 in x 6 in) nominal

studs).
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2) Constructing a suitable damper framing system and integrating within the
woodframed shearwall such that inter-story drift is transferred to the dampers
without any major losses (losses can be significant due to inherently flexible
framing connections and joints of woodframed shearwalls).

3) A modified framing arrangement to accommodate the damper assembly if
necessary [the damper assembly should be preferably located in the structural
shearwalls carrying the majority of gravity loads (i.e., the shearwalls carrying
floor joists along their length) and away from wall openings].

In addition to these technical challenges, some important challenges are cost control, the
lack of technical/construction expertise, the need for simple and practical design
methods, and making building owners aware of the benefits of using such systems to
protect their investments.

The objective of the study described herein is to experimentally evaluate the seismic
response of a full-scale, two-story, three-dimensional woodframed building
incorporating a supplemental damping system. The testing was conducted as Phase 2 of
the NEESWood benchmark structure test program (Shinde et al. 2007). The damping
system consisted of fluid viscous dampers incorporated within modular walls. A major
advantage of using fluid viscous dampers is their high energy dissipation density (i.e.,
capability of dissipating a large amount of energy relative to their size) which allows
them to fit within the relatively narrow confines of a woodframed shearwall. Studies
conducted by Symans et al. (2004) and Dutil and Symans (2004) have demonstrated the
potential of fluid viscous dampers to reduce the energy dissipation demand in
woodframed structures. The testing of such dampers within the NEESWood benchmark
structure represents the first application within a full-scale woodframed building. In that
sense, one of the objectives of this study was simply to establish the feasibility of
implementing a seismic damping system within a full-scale woodframed building. Due
to a number of factors, including the inherent flexibility in the connections of wood
framing systems, engagement of the dampers was limited during these tests and thus the
full effectiveness of the dampers was not realized. Based on what was learned from this
testing, a new design for the modular damper walls with a toggle brace configuration

was developed and tested.

16



An additional objective of the study described herein is to modify a displacement-
based seismic design procedure (that has been developed within the NEESWood project)
to accommodate the inclusion of toggle-braced seismic dampers in woodframed
buildings. The design procedure is presented using performance levels/metrics being
articulated as part of the NEESWood project and the procedure is validated using results
from nonlinear response-history analyses. The numerical study presented herein
demonstrates the ability of an efficient energy dissipation system to achieve the desired
performance level which was not clearly evident in the benchmark testing. Filiatrault and
Folz (2002) presented one possible displacement-based design procedure for wood
structures, with the procedure originating from one developed by Priestley (1998). This
design procedure has been applied to a two-story woodframed building (Filiatrault et al.
2006). A new displacement-based design procedure has been developed by Pang and
Rosowsky (2007) within the NEESWood project. The procedure requires simple modal
analysis and determination of equivalent stiffness based on the backbone response of the
shearwalls.

The design of seismic damping systems within the context of PBSD procedures has
been discussed within the literature. Nonlinear static analysis procedures incorporating
energy dissipation systems were covered in ATC-40 (ATC 1996) and FEMA 356
(ASCE 2000). Kim et al. (2003) utilized the capacity spectrum method for seismic
retrofit of existing structures using viscous dampers. Kim and Choi (2006) presented a
displacement-based design with dampers for seismic retrofit of framed structures. Lin et
al. (2003) presented a direct displacement-based design method for steel buildings with
different passive energy dissipation systems. In the study described herein, the
displacement-based design procedure developed by Pang and Rosowsky (2007) has been
modified for designing a damping system for seismic retrofit of an existing woodframed
structure (Shinde et al. 2008a). The modification incorporates the traditional procedure
of determining the size and location of energy dissipation devices (dampers) based on

FEMA 356 guidelines (ASCE 2000).
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2.2 Benchmark Test Structure and Experimental Setup
2.2.1 Building Configuration

The structure selected for the benchmark tests is a portion of one of the four index
buildings designed within the CUREE-Caltech Woodframe Project. This building is
assumed to have been built as a “production house” in either the 1980’s or 1990’s,
located in either Northern or Southern California. The structure is a two-story townhouse
building (approximately 150 m* (1600 ft*)) with an attached two-car garage. The height
from the first floor slab to the roof eaves is 5.48 m (18 ft). A detailed description of the
test structure, experimental test setup, instrumentation, and shake table test program (test
phases) is provided by Filiatrault et al. (2007).

The first and second story floor plans of the test structure are shown in Figure 2.1a
and 2.1b, respectively, wherein only the structural shear walls are shown. For design
purposes and in accordance with the 1997 edition of the Uniform Building Code (ICBO
1997), it is assumed that the building is located in Seismic Zone 4 and is founded on Soil
Type D. The shearwalls are framed using nominal 50.8 mm x 101.6 mm (2 in X 4 in)
Hem-Fir studs spaced at 406.4 mm (16 in) o.c. and sheathed on the exterior with 11 mm
(7/16 1in) thick OSB connected to the framing members using 8d common nails (63.5
mm (2.5 in) length x 3.3 mm (0.131 in) diameter) except in the garage walls in which
nominal 50.8 mm x 152.4 mm (2 in X 6 in) studs are used. Gypsum wallboard (12.7 mm
(1/2 in) thick) is used on the interior of the shearwalls and is connected with 31.8 mm
(1.25 in) long #6 bugle head screws at 406.4 mm (16 in) o.c. on vertical studs only.
Hold-downs are used to prevent overturning of the walls while ensuring a racking mode
of deformation. Effective seismic weights of 246.9 kN (55.5 kips) and 104.5 kN (23.5
kips) are assigned to the first and second story, respectively. The edge and field spacing
of sheathing-to-framing connectors for the second story shearwalls was 152.4 mm (6 in)
and 304.8 mm (12 in), respectively. Three different edges spacings (76.2 mm, 101.6 mm
and 152.4 mm (3 in, 4 in and 6 in)) were specified for the first-story shearwalls of the
building in accordance with the 1988 Uniform Building Code (ICBO 1988).

Photographs of the test structure mounted on the dual seismic shaking tables at the
University at Buffalo NEES earthquake testing facility and prior to Phase 2 and Phase 5

testing are shown in Figure 2.1c and 2.1d, respectively. The dual synchronized tri-axial
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shaking tables have six degrees-of-freedom, measure 7 m x 7 m (23 ft x 23 ft), and have

a combined payload capacity of 889.7 kN (200 kips).
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Figure 2.1 Floor Plans showing: (a) Structural Walls in First Story, (b) Structural
Walls in Second Story, (¢) Benchmark Test Structure Prior to Test Phase 2 and (d)
Prior to Test Phase 5

2.2.2 Shake Table Test Program
2.2.2.1 Testing Phases

Various configurations of the test structure were tested in different test phases (see Table
2.1). Before the start of each test phase, the test structure was repaired in an effort to
bring the lateral load-resisting system back to its original characteristics. Supplemental
weight was added in the first four test phases such that the mass was the same for all test

phases.

2.2.2.2 Input Ground Motions

Consistent with all other Phases of the Benchmark Structure test program, for the Phase
2 testing two historical ground motions were used for the seismic tests: an ordinary

ground motion and a near-field ground motion (Christovasilis et al. 2007). The ordinary

19



ground motion (OGM) (i.e., far-field motion) represented a seismic hazard level
corresponding to a Design Basis Earthquake (DBE) with a probability of exceedance of
10% in 50 years or a return period of 475 years. The 1994 Northridge Earthquake
ground motion recorded at Canoga Park, with an amplitude-scaling factor of 1.20, was
selected as the DBE. The near-field ground motion (NGM) represented a seismic hazard
level corresponding to a Maximum Credible Earthquake (MCE) with a probability of
exceedance of 2% in 50 years or a return period of 2,475 years. The unscaled 1994
Northridge Earthquake ground motion recorded at the Rinaldi Receiving Station was
selected as the MCE. In addition to the DBE and MCE hazard levels, the Canoga Park
ground motion (OGM record) was scaled down to simulate other hazard levels (see
Table 2.2). Note that, in Table 2.2, the directions shown for the peak ground acceleration
(PGA) values are directions that define the orientation of the test structure rather than the
directions of the components of the field-recorded ground motions (e.g., the stronger
component of the field-recorded Rinaldi record (component S49W) was applied along
the North-South (Y) direction of the test structure). Additional details about the ground
motions are provided in Section B.1. Details of shake table fidelity and instrumentation

are covered in Section B.2 and B.4, respectively.

Table 2.1 Test Phases and Test Building Configurations

Test Phase | Building Configuration
1 Wood structural elements only
2 Test Phase 1 structure with passive fluid dampers installed in selected wood shear walls
3 Test Phase 1 structure with gypsum wallboard installed on structural walls
4 Test Phase 3 structure with gypsum wallboard installed on all walls and ceilings
5 Test Phase 4 structure with stucco installed on all exterior walls
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Table 2.2 Ground Motions for Seismic Tests

o PGA (g)
Excitation GrO}md Hazard Level Scale East-West | North-South | Vertical
Level Motions Factor
X Y V4
1 99.99%/50 years | 0.12 0.04 0.05 0.06
2 1994 Northridge | 50%/50 years 0.53 0.19 0.22 0.26
Canoga Park
3 20%/50 years 0.86 0.31 0.36 0.42
4 10%/50 years 1.2 0.43 0.50 0.59
5 1994 Northridge | 5o/ /56 voar 1 0.47 0.84 0.85
Rinaldi

2.3 Phase 2 Testing

For Phase 2 testing, modular (pre-fabricated) damper wall units were installed in both
the first and second stories of the test structure (see Figure 2.2a). The modular damper
wall units were constructed of wood framing around the perimeter and metallic chevron
bracing within the central region (see Figure 2.2b). A similar configuration was utilized
by Dutil and Symans (2004) in experimental shaking table tests of a single wood-framed
shear wall. As shown in Figure 2.2b, the retrofitted shear wall consists of a 1.22 m (4 ft)
wide modular damper wall unit that is installed within an existing wall by removal of
existing studs. The modular damper wall unit includes the chevron braces, fluid damper,
and a header to transfer the gravity loads to the base of the wall. The 1.22 m (4 ft) width
of each modular wall unit is intended to accommodate the standard width of wood
sheathing panels. Thus, the modular damper wall units can be constructed off-site and
then delivered to the job site for “drop-in” installation. In fact, this was done for the
Phase 2 testing (the modular wall units were constructed at Rensselaer Polytechnic
Institute and transported to the University at Buffalo NEES site for “drop-in” installation

in the benchmark test structure).
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Figure 2.2 (a) Isometric View of First and Second Floor Levels showing Location of
Dampers and b) Schematic of Typical Shear Wall Retrofitted with Modular
Damper Wall Unit

2.3.1 Numerical Modeling and Analysis

Nonlinear dynamic analysis of the benchmark structure, both with and without fluid
viscous dampers installed in selected walls, was performed using the SAWS (Seismic
Analysis of Wood Structures) program (Folz and Filiatrault 2004a) (see Appendix A for
additional details). In this program, a three-dimensional woodframed building is
degenerated to a two-dimensional “pancake” model in which the lateral load resisting
system consists of shear walls that are modeled as zero-height nonlinear hysteretic
spring elements and the horizontal diaphragms are assumed to have infinite in-place
stiffness, resulting in three degrees-of-freedom per floor. Modifications to the SAWS
program were made to allow for the inclusion of the dampers. Since the Phase 2 test
structure did not include any finish materials, analysis was performed using shear wall
hysteretic parameters for the wall configuration without exterior or interior finish
materials. The hysteretic parameter values were obtained using the companion analysis
program CASHEW (Folz and Filiatrault 2001). Data input to CASHEW includes wall
geometry, shear stiffness of the sheathing panels, and the hysteretic properties of the
sheathing-to-framing connections. Since testing of the benchmark structure and
associated sheathing-to-framing connections had not yet begun at the early stages of the

analysis, the properties of the sheathing-to-framing connections were taken from prior
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testing performed at the University of California at San Diego as part of the CUREE-
Caltech Woodframe Project (Isoda et al. 2001). In addition, inherent rate-dependent
damping was accounted for via a Rayleigh damping formulation (based on the initial
stiffness matrix) in which a damping ratio of 1% was assumed in the first and second
modes.

Due to the important role story drifts play in controlling damage in wood-frame
structures (Porter et al. 2001), the main criterion used in designing the damping system
was to limit the story drift ratio to a prescribed value (2%). Numerical analyses using
SAWS revealed that, for higher seismic levels, meeting this criterion for the transverse
direction (see Figure 2.1) was particularly problematic due to short wall lengths. The
short walls had relatively few anchor bolts, leading to difficulty in transferring the peak
damper force through the sill plate and into the foundation. Since the installation of the
modular damper walls in the benchmark structure was a seismic retrofit, additional
anchor bolts could not be readily put in place. The final configuration includes four
modular damper walls in the longitudinal direction (see Figure 2.2a). Given this
configuration, the retrofitted structure was tested with seismic input in the longitudinal
(X) and combined longitudinal and vertical (X-Z) directions.

Both linear and nonlinear fluid viscous dampers (Symans and Constantinou 1998)
were considered for implementation in the modular damper walls. The dampers were
designed based on a parametric analysis in which the damper force-velocity relation
varied (the same relation being used for each of the four dampers) under the constraint
that the predicted peak story drift ratios were less than 2% and the damper stroke and
force demands were within reasonable limits. The final design of the dampers included a
stroke of £38.1 mm (1.5 in), a force capacity of 31.14 kN (7 kips), and a nonlinear force-
velocity relation with a damping coefficient of 8.57 kN-(s/mm)*” [1.5 kips—(s/in)o's]. It
should be recognized that the numerical modeling used in the analyses involved a
number of assumptions, including the assumption that 100% of the story drift is
transferred to the damper. The degree to which such assumptions are valid depends on
the actual construction of the modular damper walls and how they are installed in the

structure.
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2.3.2 Practical Implementation Issues

For the modular damper wall configuration shown in Figure 2.2b, a fully effective
damper would be subjected to 100% of the story drift. However, during the Phase 2
testing, the displacement of the dampers was not equal to the story drift. Some likely
reasons for this include:

e Manufacturing tolerances in clevis pin connections at damper ends.

e Out-of-plane displacement of dampers and steel bracing.

e Bending deformation of shear wall.

e Uplifting of modular damper walls.

e Sill plate slippage.

e Inherent flexibility of wood framing connections and joints (i.e., the wood
framing system tends to deform around the modular damper walls and thus it is
difficult to transfer the global structural displacements into the modular damper
walls).

e A portion of the measured drift is due to global overturning, resulting in high
story drifts but low shear deformations and thus low damper displacements.

In an attempt to increase the displacement of the dampers, a variety of retrofitting
measures were employed. Although these measures were successful in increasing the
damper displacements, further improvements were deemed necessary. A detailed
displacement loss evaluation based on sensor measurements and code-based analytic
formulas is presented later in the experimental results section. After the Phase 2 testing
was completed, alternative modular damper wall designs were considered, including one
employing a toggle brace configuration which has been constructed and tested within

individual shearwalls.

2.4 Experimental Results
2.4.1 Modal Properties of Structure

System identification tests (white noise input of 0.05 g amplitude and 0.5 — 50 Hz
bandwidth) were conducted between the seismic tests of each phase to determine the

variations of the modal properties (natural frequencies, damping ratios, and mode

24



shapes) of the test structure as it experienced increasing levels of damage. The modal
properties were identified from acceleration transfer functions with the half-power
bandwidth method being used to determine the modal damping ratios. In this method,
the modal damping ratios are dependent upon the peak values in the transfer functions.
Since these peak values tend to be underestimated due to finite resolution in the transfer
function data, the modal damping ratios tend to be overestimated.

Due to a number of factors, including the manufacturing tolerances in the clevis pins
at the ends of the dampers, the dampers were not cycled to any significant degree under
low-amplitude testing. Thus, the initial low-amplitude white noise tests (prior to any
seismic testing) did not reveal any appreciable differences in the modal properties of the
Phase 1 and Phase 2 test structures (see Table 2.3). Note that mode 1 primarily

corresponds to motion in the transverse direction (N-S; see Fig. 2.2a) whereas modes 2

and 3 correspond to coupled longitudinal and torsional motion.

Table 2.3 Modal Properties from System Identification Tests

Modal Period (sec) Modal Damping Ratio (%)
Test Phase / Mode 1 2 3 1 2 3
1 0.327 0.225 0.180 12.2 33 2.7
2 0.327 0.232 0.178 12.5 6.8 5.6

The natural periods obtained from the undamped eigenproblem (in SAWS) of the
Phase 1 and 2 test structures were 0.39, 0.33, and 0.17 sec, which, for modes 1 and 2, are
appreciably larger than those obtained from the experimental system identification tests.
Thus, as will be shown subsequently, the numerical analyses of the Phase 1 and 2 test
structures tended to overestimate the peak story drift response. Note that the natural
periods mentioned above are obtained from the revised SAWS model developed based
on the hysteretic parameters of cyclic nail tests (Ekiert and Hong, 2006) conducted at the
University at Buffalo as part of the benchmark test program (Filiatrault et al. 2007 and
Christovasilis et al. 2007).

2.4.2 Drift Response

As mentioned previously, during the modular damper wall design process, the SAWS

program was used to perform numerical simulations of the benchmark test structure both
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with and without dampers. The predicted peak story drifts are shown in Figure 2.3a for
the structure with and without dampers (for the case with dampers, the results
correspond to the final damper design). In this figure, the excitation is the field-recorded
ground motion (not the shake table motion measured during testing) and the SAWS
model is based on the hysteretic parameters derived from the testing performed at the
University of California at San Diego (Isoda et al. 2001). The simulations clearly
demonstrate the potential benefits of incorporating the modular damper walls
(approximately 40% reduction in peak story drift at higher test levels) and peak drift
ratios below the design criteria of 2%.

The measured peak story drift for the test structure with and without dampers is
shown in Figure 2.3b. The peak responses of the test structure with and without dampers
are also provided in Table B.2. Note that the peak drifts for the case without dampers
(Figure 2.3b) are much less than those that were predicted from numerical simulations
(Figure 2.3a). This is likely due to the inaccurate hysteretic parameters and the
simplified nature of the SAWS model which does not lend itself well to analysis of the
benchmark structure in the longitudinal direction (the structure is asymmetric with
respect to the longitudinal axis). Furthermore, the numerical simulations were conducted
using field-recorded ground motions (Figure 2.3a) whereas the measured drift response

(Figure 2.3b) is due to shaking table excitation which does not exactly match the field-

recorded motions.
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Figure 2.3 Comparison of Seismic Response With and Without Dampers: (a)
Numerical Simulations Prior to Shake Table Testing and (b) Experimental Results
from Shake Table Tests
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Although the measured peak drifts are small for the case without dampers (largest is
approximately 1% which corresponds approximately to an Immediate Occupancy
performance level) and thus one might argue that dampers are not needed, it must be
recognized that the structure was tested with excitation along its stiffer direction
(longitudinal direction). The benefit of the dampers would likely have been more
evident if testing been conducted in the more flexible transverse direction. Also note that
the floor joists in the benchmark structure were spanning along the longitudinal direction
of the structure and thus limited the direct transfer of inertia forces, which would have
driven the walls directly, along the longitudinal direction. As the longitudinal walls were
not loaded along their length, their tendency to rock and bend was more as compared to
racking in pure shear and thus resulted in additional displacement transfer losses to the
dampers. In spite of this, the relative performance of the structure with and without
dampers indicates that the measured drift reductions for Levels 3 and 4 are significant.
The small drift reduction for Level 5 is likely due to the Level 5 ground motion (NGM)
being fundamentally different from the Level 3 and 4 ground motions (OGM).
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Figure 2.4 Comparison of Numerical and Experimental Drift Response History: (a)
Without Dampers and (b) With Dampers

A comparison of the numerical (with the revised SAWS model) and experimental
drift response histories in the South garage wall (see Figure 2.2a) are shown in Figure

2.4a (without dampers) and 2.4b (with dampers) for Level 4 and 5 Excitation. For the
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numerical analysis, the measured shaking table motion is used as the excitation. The
ideal displacement magnification factor of 1 (i.e., for the chevron-braced damper
assembly) was used in the numerical analysis with the dampers. Note that, in all cases,
the phase of the predicted response is reasonably consistent with the experimental data
but the amplitude is overpredicted. Clearly, and consistent with the overall objective of
testing the benchmark structure, additional work is needed to improve the ability of the

numerical simulations to capture the overall characteristics of the measured response.

2.4.3 Hysteretic Response

For Excitation Levels 4 and 5, the measured global hysteretic responses (base shear vs.
building drift) in the longitudinal direction of the test structure with and without dampers
are shown in Figure 2.5a and the damper hysteresis loops for the damper in the first-
story South garage wall are shown in Figure 2.5b. The base shear was computed by
summing the inertia forces in the longitudinal direction at each level of the test structure.
The building drift (2““l level central displacement) was computed as the relative
horizontal displacement in the longitudinal direction at the center of the roof eaves.
Since the peak damper displacement was small (approximately 3.56 mm (0.14 in) for
level 5 excitation), the energy dissipated by the dampers was limited and thus the
influence of the dampers on the building hysteretic response was minor. Recall that the
final damper design, which was based on numerical analysis using SAWS, included a
damper stroke of +/- 38.1 mm (1.5 in). Thus, damper displacements that were much
larger than those recorded during the experimental tests were expected. As explained
previously, an alternate modular damper wall design was developed in an attempt to
increase the damper displacements. The alternate design, coupled with a modified
approach to installation of the modular walls, significantly increased the damper

displacements and thus the effectiveness of the dampers.
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Figure 2.5 (a) Global Hysteretic Response in Longitudinal Direction and (b)
Damper Hysteretic Response

2.4.4 Evaluation of Loss of Displacement Transmission to Dampers
2.4.4.1 Evaluation via Analysis of Experimentally Measured Data

Evaluation of loss of displacement transmission to the dampers was possible via analysis
of sensor data that was used to measure different displacement components (i.e.,
slippage of sill plates, uplifting of studs, racking deformation of shearwalls and total
inter-story displacement). Christovasilis et al. (2007) decomposed the first floor inter-
story displacements of walls in the transverse direction into different components for
different phases of testing except Phase 2. The dampers were installed in the longitudinal
direction [i.e., wall lines D and A (see Figure 2.1)] and thus similar data processing was
performed for decomposing first story shearwall displacements in that direction to
evaluate displacement transmission losses to the dampers.

Figure 2.6 shows the displacement components of the North garage wall (Wall line
D, first story). Note that the actual racking deformation of the wall (i.e., displacement
component transferred to the dampers) is on the order of 50% of the total displacement.
The total identifiable losses (losses that could be computed from measured experimental
data), which include sill plate slippage, uplift (both sill plates and end studs), and table
rotation components, are close to 10% of the total displacement. Thus, the unidentified
losses are on the order of 40% of the total displacement [these include the effect of uplift

of studs other than end studs, slippage of the top plate with respect to the diaphragm,
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deformation of the floor joists (Christovasilis et al. 2007) and displacements due to

global overturning (global bending)].
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Figure 2.6 Displacement Components of North Garage Wall : (a) Level 4 Excitation
and (b) Level 5 Excitation

2.4.4.2 Evaluation via Code-based Analytical Equations

Equation 23-2 in IBC 2006 provides an analytical expression to predict the total
deflection experienced by a shearwall during an earthquake by combining the following

four types of deflection: bending (A,), shear (A,), nail slip (A,), and anchorage slip

(A,) (see Appendix D for additional details). Breyer et al. (2007) provides a detailed

explanation of these deflection components. The damper only has the ability to respond
to shear deformations and thus the deformation of the damper is only due to the direct
shear term and the shear deflection component of the nail slip deflection. Note that nail
slip reduces the overall stiffness of the shearwall and thus results in additional deflection
of the shearwall. This additional deflection may include bending and anchorage slip
deflections which are not transferred to the dampers. Using the aforementioned
analytical expression, first story shearwall deflection calculations along the longitudinal
direction [i.e., wall lines D and A (see Figure 2.1)] were performed for the Phase 2
testing. The total deflection was known from the displacement data collected during the
tests, and the measured acceleration at the top of first story (corresponding to the
maximum deflection) was used to calculate the base shear. Note that the analytical
expression for the nail slip contribution was not used herein. Instead, this contribution

was computed by subtracting the deflection due to bending, shear and anchorage slip

from the total measured displacement. The deflection due to anchorage slip A, was
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calculated by determining the chord force for the computed shear at the top of the
shearwall.

The percentage contribution of each deflection component was then used to
determine the amount of deflection that was transferred to the damper and the amount
that was lost within the first story shearwalls in the longitudinal direction. It is assumed
that only 70% of the deflection due to nail slip will be pure shear and thus contribute to
the displacement transferred to the dampers. Based on these assumptions, the total
displacement loss was estimated within the range of 30 to 40%. Hwang et al. (2005)
reported displacement transmission losses on the order of 40% in the second story of a
three-story scale-model steel-framed structure with toggle-braced dampers. Thus, it is
apparent that some amount of displacement loss of the same or higher order is expected
in woodframed structures, given that woodframed structures have more flexible framing

members and joints than steel-framed structures.

2.5 Overview of Direct Displacement-Based Seismic Design

The fundamental difference between the force-based design and the direct displacement
based design (DDD) is that the former characterizes the structure with a constant
stiffness and thus different yield displacements while the latter considers the realistic
conditions of varying stiffnesses with a constant yield displacement (Priestly 2007).
Since the peak inter-story drift provides a key measure of the structural and nonstructural
damage in a building during an earthquake, the realistic representation of damage is only
possible in the displacement-based design. The force-based design uses an initial
stiffness and assumed damping (typically 5%). This damping accounts for inherent
"viscous" damping through a rate-dependent damping model. The displacement
dependent nature of energy dissipation in real structures is not explicitly considered. The
DDD uses the secant stiffness at design displacement and associated equivalent
damping. The equivalent damping is determined based on the hysteretic energy
dissipation (displacement-dependent energy dissipation) at the design displacement. This
approach to modeling energy dissipation is particularly relevant for woodframed
structures since they exhibit highly nonlinear behavior when subjected to strong seismic

excitation. Classical DDD (Priestly 1998) involves the following steps:
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1) Define the equivalent SDOF model by the substitute structure approach.

2) Determine the secant stiffness at the design displacement and associated
equivalent viscous damping from the damping database.

3) Determine the effective period from the design displacement response spectrum
corresponding to the design displacement and compute the effective lateral
stiffness.

4) Compute the design base shear by multiplying the effective lateral stiffness by
the design displacement.

Equivalent viscous damping used in the DDD is often difficult to quantify for
structures that experience damage. Including energy dissipation systems to reduce
hysteretic energy demand on the structure (and thus reduce damage) enables the designer
to quantify damping more accurately, and thus it improves the reliability of the DDD

procedure.

2.5.1 Displacement-Based Design using Inter-story Drift Spectra

A new displacement-based design (DBD) procedure has been developed by Pang and
Rosowsky (2007) within the NEESWood project. The procedure requires simple modal
analysis and determination of equivalent stiffness based on the backbone response of the
shearwalls that are being considered for the design. In the design process, the
acceleration response spectrum is converted into a set of inter-story drift spectra which
are used to determine the minimum stiffness required for each story such that the inter-
story drift is limited to specified values. A flowchart that summarizes the key steps in
designing a damping system for seismic retrofit applications is shown in Figure 2.7. A
detailed description of many of these key steps, including normalized modal analysis,
construction of inter-story drift spectra to determine required equivalent stiffness (i.e.,
demand), development of wood shearwall design tables to determine actual equivalent
stiffness (i.e., capacity), and computation of story shear and uplift forces, can be found in
Pang and Rosowsky (2007). Note that the displacement-based design procedure
described therein adopts a completely different approach as compared to the classical

DDD procedure.
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Figure 2.7 Flowchart for Designing Dampers for Seismic Retrofit of Multi-Story
Buildings using Displacement-Based Design Procedure (Adapted from Pang and
Rosowsky 2007)

It should be noted that the displacement-based design procedure developed by Pang
and Rosowsky (2007) can be modified for design of both new and existing structures
with seismic dampers. The key modifications for application to new structures are:
Assume a high fundamental mode damping ratio and develop associated design
acceleration response spectrum (will result in lower stiffness requirement); select shear
walls that satisfy specified performance levels; for a selected number of dampers,
determine their required damping coefficient; perform nonlinear response-history
analysis to verify the design. For existing structures, the key modifications are: Using
available test data, prepare a shearwall design table for the existing shearwalls; using a
trial and error procedure, determine the level of damping required to satisfy the design
performance levels; for a selected number of dampers, determine their required damping

coefficient; perform nonlinear response-history analysis to verify the design.
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2.6 Design Example
2.6.1 Building Configuration

The benchmark test structure was selected for the displacement-based design example
presented herein. Note that the proposed displacement-based design procedure will be
presented within the context of a retrofit application wherein seismic dampers (linear
viscous fluid dampers with toggle-brace assembly) are incorporated within the
benchmark test structure. In this study, analysis and design are performed only in the
weaker direction (transverse).

The Phase 1 benchmark test structure, which includes OSB sheathing installed on
the exterior sides of all structural walls was analyzed. To compare its performance with
the addition of interior finish materials, the Phase 4 benchmark test structure was
analyzed. The Phase 4 structure includes gypsum wallboard installed on all structural
and partition walls and ceilings. Note that the Phase 5 benchmark test structure (shown
in Figure 2.1d) includes exterior finish material but was not considered for the analysis
herein due to the reduced reliability of the parametric values that define the hysteretic
behavior of the fully finished shear walls (e.g., stucco finish is brittle and thus it is

questionable to what degree it can be counted on to provide structural resistance).

2.6.2 Design Process

2.6.2.1 Target Performance Levels and Seismic Hazard Levels (Step 1 in Figure
2.7)

Table 2.4 shows performance levels and the corresponding drift limits and probability of
nonexceedance (Pyg) for woodframed structural assemblies (modified from FEMA 356).
The aforementioned benchmark structure tests indicated that the collapse prevention
drift limit for a two-story building is not 3%, as specified in FEMA 356, but rather is
significantly higher. In this study, the collapse prevention drift limit was taken as 4%. A
study investigating the original FEMA limit states for woodframed buildings can be
found in van de Lindt and Liu (2007).

The design acceleration response spectra is shown in Figure 2.8. Spectral values
over a period range from 0.1 to 0.6 seconds are equal to 1.1g and 1.65g corresponding to

the flat region of the 1997 Uniform Building Code design response spectrum for Los
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Angeles, CA (seismic zone 4) for a 10%/50 yr and 2%/50 yr hazard level (ICBO 1997),
respectively, which is consistent with the assumption that the benchmark structure is
located in seismic zone 4. Note that the equations to define spectral acceleration as a

function of period are based on the IBC 2006 recommendations. The design acceleration
response spectrum is constructed using the damping reduction factor, B;, determined in

accordance with (ASCE/SEI-41 2006):

4
B = 5.6-1n (100, )

@.1)

where gi,ﬁ- is the equivalent effective viscous damping ratio. Since nonlinear hysteretic

damping is explicitly considered in the analysis, the inherent viscous damping of the

structure is taken as 5% in the fundamental mode to account for rate-dependant damping

effect. Thus, the value of B + 18 equal to unity.

Table 2.4 Structural Performance Levels for Woodframed Structural Assemblies

Structural Performance Levels
Element Type
Collapse Prevention Life Safety Immediate Occupancy
Connections loose. Nails Moderate loosening of Distributed minor hairline
partially withdrawn. Some connections and minor cracking of gypsum and
Primary o o
splitting of members and splitting of members. plaster veneers.
panels. Veneers dislodged.
Wood stud Sheathing sheared off. Let- Connections loose. Nails Distributed minor hairline
wall in braces fractured and partially withdrawn. Some cracking of gypsum and
Secondary ) ) o
buckled. Framing split and splitting of members and plaster veneers.
fractured. panels.
Inter-story 4 % transient 2% transient 1% transient
Drift Limit Or permanent 1% permanent 0.25% permanent
Pyg 80% 50% 50%
Large permanent distortion Some splitting at connections. No observable loosening or
Horizontal with partial withdrawal of Loosening of sheathing. withdrawal of fasteners. No
Wood NA nails and extensive splitting Observable withdrawal of splitting of sheathing or
Diaphragms of elements. fasteners. Splitting of framing.
sheathing and framing.
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2.6.2.2 Normalized Modal Analysis and Construction of Inter-Story Drift Spectra
(Step 3 and 4 in Figure 2.7)

The mass ratios, 3, , (relative to the first story) are 1.0 and 0.42 for the first and second
stories, respectively. The target stiffness ratio 4, must be estimated based on engineering

judgment/experience. Initial values of [, (relative to the first story) can be estimated

based on the total full-height shearwall length in the direction considered and for each
story. The total shearwall length for the first and second story in the weaker direction of

the benchmark structure is about 15.85 m (52 ft) and 14.94 m (49 ft), respectively. Based
on the shearwall length, an initial estimate of £, = 0.94 can be assumed for the second
story. However, since the inertial mass driving the second story is relatively small
compared to the first story, an initial value of B = 2.5 for the second story was assumed

(i.e., the small inertial mass results in small second story drifts and thus high equivalent

stiffness). After the mass and stiffness ratios have been determined, a normalized modal

analysis is performed to compute frequency parameters, &z, , and mode shapes, ¢, , of the
n-th mode (along the transverse direction of the structure), as given by:.

Mo, =K, (2.2)

Knowing these parameters, the inter-story drift factors 7, are computed using:

J/jn = Fn (¢jn _¢j—1,n) (23)
where I’ is the modal participation factor corresponding to the n-th mode ¢, andg, is

the mode shape amplitude at the j-th DOF(floor)in the n-th mode. The design inter-story

drift spectra are then generated from the design acceleration response spectrum using:

ot ] e

J n

where A, (T ) is the inter-story drift for the j-th story (with contributions from all

modes), H, is the height of the j-th story, and T is the normalized first-story period.

An example of the inter-story drift spectra for the structure without dampers and for a

2%/50 year hazard level, along with the parameters used for its generation, is shown in
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Figure 2.9. To meet the 4% drift limit associated with the CP performance level (see

Table 2.4), the maximum normalized first-story period, T;eq , 15 0.41 sec. At the same
hazard level, the second story will experience only 0.51% drift. Knowing the required
first-story period T;eq , the required equivalent stiffness of each story is then determined
using:

(k). [i—”j mf 2.5

req

where m is the inertial mass assigned to the first story and ,ij is the stiffness ratio for

the j-th story).

1.65g
CP (2% /50yr)
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Figure 2.8 5%-Damped Design Acceleration Response Spectra for Los Angeles,
California
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Figure 2.9 Inter-story Drift Spectra for 2%/50 year Hazard Level

2.6.2.3 Verification of Design Using Equivalent Stiffness Ratios (Step 6 in Figure
2.7)

A shearwall design table for 2.44 m (8 ft) high walls with studs spaced at 406.4 mm (16
in) on-center and OSB attached using 8d common nails is shown in Table 2.5 for Phase
1 (OSB only) and Phase 4 (OSB and GWB). The table contains the values of parameters
that define the backbone curve for walls constructed with various nailing patterns and
panel widths. The CASHEW program (Folz and Filiatrault 2001), along with available
shearwall test data from the benchmark test, was used to generate the design table (see
Section C.1 for details).

Table 2.6 summarizes the displacement-based design of the Phase 4 benchmark
structure without dampers in the transverse direction and for multiple performance
levels. The actual equivalent stiffness provided by the shearwalls at each story varies
from the required equivalent stiffness. Another normalized modal analysis is performed

(using the actual values of [, ) to determine new story drift estimates and required

equivalent stiffness. Finally, the ratio of actual and required equivalent stiffness is
calculated to give an indication as to whether the design meets the given performance
requirements. For example, as shown in Table 2.6, the benchmark structure without
dampers does not satisfy CP design limits for 2%/50 year hazard level. Note that the
procedure results in equal values of stiffness ratios for all stories in the structure. The
ratio of actual and required equivalent stiffness for the Phase 1 structure without

dampers is also noted in the Table 2.7. As expected, these ratios are smaller for the
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Phase 1 structure as compared to the Phase 4 structure as actual equivalent stiffnesses for
OSB shearwalls are less as compared to OSB+GWB shearwalls. Note that new
woodframed structures are traditionally designed without considering the contribution of
finish materials (i.e., Phase 1 for benchmark structure). Thus, including the effect of
finish materials in displacement-based design is particularly useful for retrofit

applications (as done in this study) which may result in reduced retrofitting cost.

Table 2.5 Shearwall Design Table for 8 ft High Walls with Studs Spaced at 16 in
On-Center and OSB Attached Using 8d Common Nails

Backbone Parameters Equivalent Stiffness, K,
Sheathing Ext/ ]
(Test v?:flln 300 Panel (kN/mm) at Target Drift
Phase) ! « | ID** K, S, £ £ ;
(m) (mm) i r ' ‘ Drift (%)
(kN/mm) (mm) | &N) | (&N)
0.25 | 0.50 1.0 2.0 4.0
50 sl 1.34 0.040 -0.083 104 18.9 24.5 1.17 | 1.05 | 0.85 | 0.60 | 0.38
75 s2 1.12 0.038 -0.070 100 13.0 17.3 096 | 0.83 | 0.65 | 045 | 0.27
0.76
100 s3 0.95 0.037 -0.062 97 9.9 13.3 0.80 | 0.69 | 0.53 | 035 | 0.22
150 s4 0.73 0.035 -0.055 94 6.7 9.1 0.60 | 0.51 | 038 | 0.25 | 0.15
50 s5 1.73 0.042 -0.096 91 24.6 31.2 1.52 | 1.36 | 1.10 | 0.79 | 0.50
75 s6 1.43 0.042 -0.075 85 16.1 212 1.22 | 1.06 | 0.83 | 0.57 | 0.35
OSB 091
(Phase T) 100 s7 1.21 0.041 -0.066 83 12.1 16.2 1.01 | 0.87 | 0.66 | 0.44 | 0.27
150 s8 0.94 0.039 -0.055 80 8.2 11.1 0.77 | 0.64 | 0.48 | 031 | 0.19
50 s9 2.51 0.037 -0.126 74 37.1 43.7 221 | 1.98 | 1.61 | 1.16 | 0.71
75 s10 2.18 0.042 -0.099 70 24.8 31.2 1.86 | 1.62 | 1.26 | 0.87 | 0.51
1.22
100 sl 1.91 0.043 -0.083 67 18.7 24.1 1.59 | 1.36 | 1.03 | 0.69 | 0.40
150 s12 1.55 0.042 -0.070 64 12.9 17.1 1.25 | 1.04 | 0.77 | 0.50 | 0.29
50 s13 1.50 0.025 -0.075 104 20.7 24.5 1.31 | 1.16 | 093 | 0.65 | 0.40
75 sl4 1.29 0.021 -0.061 98 14.8 17.4 1.10 | 094 | 0.73 | 0.49 | 0.29
0.76
100 sl5 1.13 0.017 -0.053 95 11.7 13.4 094 | 0.80 [ 0.60 | 0.40 | 0.23
150 sl6 0.92 0.011 -0.047 91 8.5 9.4 0.75 | 0.63 | 0.46 | 029 | 0.17
50 s17 2.00 0.026 -0.084 91 27.0 31.6 1.74 | 1.53 | 1.22 | 0.85 | 0.53
75 s18 1.73 0.022 -0.064 85 18.6 21.8 1.46 | 1.24 | 095 | 0.63 | 0.37
OSB and 0.91
GWB 100 s19 1.52 0.018 -0.054 81 14.6 16.8 1.25 | 1.05 | 0.78 | 0.51 | 0.29
(Phase 4)
150 520 1.26 0.012 -0.044 77 10.7 11.8 1.00 | 0.83 | 0.60 | 0.38 | 0.21
50 s21 2.92 0.023 -0.110 75 39.3 44.2 254 | 224 | 1.78 | 1.24 | 0.74
75 s22 2.64 0.021 -0.084 70 279 31.7 221 | 1.89 | 1.44 | 095 | 0.54
1.22
100 s23 2.40 0.017 -0.069 67 22.0 24.8 1.96 | 1.63 | 1.21 | 0.77 | 043
150 s24 2.07 0.012 -0.053 63 16.3 17.8 1.63 | 1.33 | 094 | 0.58 | 0.31

*External/ Internal (i.e., Edge/ Field) Nail Spacing

**Highlighted Panel ID’s indicate the Shearwalls used in the Benchmark Structure
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Table 2.6 Displacement-Based Design of Phase 4 Benchmark Structure Without
Dampers in Transverse Direction for Multiple Performance Levels

Drift Initial | pife Required | po.0ded Actual Actual | prifc Required | Act/Req
HL | PL | Limit | Story K, Drift K, K, K,

(o/) ﬁ/( (%) a (o/) 4 ﬁk (%) 4 4

° (KN/mm) ° (KN/mm) (KN/mm)

2%/ cp | 4.00 1 1.00 4.00 5.90 4.00 4.66 1.00 4.00 5.90 0.79
50yr ) 2 2.50 0.51 14.76 0.50 15.55 3.34 0.38 19.70 0.79
10%/ LS 2.00 1 1.00 2.00 7.66 2.00 8.27 1.00 2.00 7.66 1.08
50yr ) 2 3.34 0.19 25.59 0.25 19.00 2.30 0.28 17.62 1.08
50%/ 0 1.00 1 1.00 1.00 6.87 1.00 12.93 1.00 1.00 6.87 1.88
50yr ) 2 2.30 0.14 15.81 0.24 19.00 1.47 0.24 10.10 1.88

2.6.2.4 Displacement-Based Design of Benchmark Structure With Dampers

For the benchmark structure with dampers, new performance levels were defined as
follows: LS performance for 2%/ 50 year hazard level and IO performance for 10%/ 50
year hazard level with 50% probability of nonexceedance for both hazard levels. Table
2.7 shows the ratio of actual and required equivalent stiffness for four different effective
damping ratios (5%, 22.5%, 27.5%, and 32.5%) as obtained from displacement-based
design analysis for the Phase 1 and 4 benchmark structure. Recall that 5% effective
damping corresponds to the structure without dampers. Also note that, for a given drift
level, these ratios make sense in that the required equivalent stiffness reduces with
increased effective damping (and thus the equivalent stiffness ratio increases).
Furthermore, these results indicate that the LS and IO performance levels can be
achieved for the 2%/50 yr and 10%/50 yr hazard levels, respectively. However, a more
refined nonlinear dynamic response-history analysis could be performed to confirm the
results although it is expected that such analyses would yield similar inter-story drift
demand results.

The effect of effective damping (15% to 35% with the increment of 2.5%) on the
ratio of actual to required equivalent stiffness of Phase 1 and Phase 4 benchmark
structure with dampers is also shown in Figure 2.10. Note that the effect of supplemental
damping is more prominent for the lower performance level (i.e., CP performance for
2%/50 year hazard level and LS performance for 10%/50 year hazard level) as indicated
by higher slopes of those lines. Also note that the ratios of actual to required equivalent

stiffness are almost varying linearly with effective damping (small deviations are due to

numerical rounding). The use of damping reduction factor B (approximately linearly

varying over the range of effective damping ratios considered) applied to the elastic
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response spectra results in this linear relationship. It is important to recognize the linear
relationship in Figure 2.10 since linear interpolation can then be used to compute the
ratio of actual to required equivalent stiffness.

Table 2.7 Displacement-Based Design of Benchmark Structure With Dampers in
Transverse Direction for Multiple Performance Levels

K, Actual / K, Required
Without
; With Dampers
Hazard Perf. I]?ll;:lfltt Dampers
Level Level (%) fg_ff =5% fg_ff =22.5% ‘fe_ﬂ. =275% feﬂ =32.5%
Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
1 4 1 4 1 4 1 4
CP 4.00 0.73 0.79 1.31 1.42 1.55 1.69 1.82 1.98
2%/50 yr LS 200 | - | - 1.00 1.14 1.09 1.24 1.17 1.33
10 1.00 | - | -—--- 0.74 0.87 0.81 0.95 0.88 1.04
LS 2.00 0.95 1.08 1.50 1.71 1.63 1.86 1.76 2.00
10%/50 yr
10 1.00 | - | -—--- 1.12 1.33 1.22 1.45 1.32 1.57
© 3 === 2%I50yr - CP T 3 = 2%/50yr - CP
2 2.5 | ~=—2soyr-Ls Phase1 9 25 |~ 2wsoy s Phase 4
g_ 2%/50yr - 10 = 2%/50yr - 10
@ 2 || = 10%/50yr - LS g 2 || ===—10%/50yr - LS
14 —#—10%/50yr - 10 (14 —@—10%/50yr - 10
o 1.5 A o 1.5 A
3 1] N
= 3
3 0.5 - Ec 0.5 -
xg 0 ; : !“’ 0 T T
10 20 30 40 10 20 30 40
Effective Damping (%) Effective Damping (%)

Figure 2.10 Effect of Effective Damping on Ratio of Actual to Required Equivalent
Stiffness of Benchmark Structure With Dampers

The advantage of the displacement-based design is that it is much simpler than
nonlinear dynamic response-history analysis while providing a reasonable prediction of
structural performance for a given hazard level. For example, the results in Table 2.7
indicate that, for a 2%/50 yr hazard level, the IO performance level can not be achieved
without increasing the effective damping to some value well beyond 32.5% for the Phase
1 structure. Further, for a 10%/50 yr hazard level, the IO performance level can be
achieved with an effective damping ratio of 22.5% (or slightly less) for the Phase 4
structure. It is recommended that the acceptance criteria (ratio of actual to required

equivalent stiffness) for selecting an optimal design be set to some value larger than
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unity (say 1.1 to 1.15) to account for the various simplifying assumptions made in the
displacement-based design procedure and possible discrepancies between hysteretic
parameter values obtained from laboratory tests over actual field construction. Thus,
based on the results in Table 2.7, an effective damping ratio of 32.5% and 22.5% was
selected as suitable for achieving the desired performance for the given hazard levels for
the Phase 1 and Phase 4 structure, respectively. Fine tuning of the design could be
performed by conducting nonlinear dynamic response-history analyses. As the ratio of
actual to required equivalent stiffness for optimal design of Phase 1 and Phase 4
structure are similar, one would expect similar results from nonlinear time history

analysis (NLTHA), but as will be shown, this was not the case for the present study.

2.6.2.5 Determining the Number of Dampers and Damping Coefficient Values
(Step 9 in Figure 2.7)

As mentioned previously, according to Section 1.6.1.5.3 of FEMA 356 (ASCE 2000),

for structures retrofitted using seismic isolation or supplemental energy dissipation, an

effective viscous damping ratio, feﬁ- , should be calculated using the procedure specified

in Chapter 9 and utilizing the damping reduction factor B s (see Equation 2.1). Thus, to

determine the number of dampers and associated damping coefficient values, Equation

9-30 can be used:

T) C, cos’ 0,4
é:gff' =&+ é:D =&+ . (2.6)
SR
i \ &

where & is the inherent structural damping ratio(taken as 5%), &, is the supplemental

damping ratio, T is the fundamental period of the retrofitted building, C ; 18 the damping
coefficient of damper j, 9] is the angle of inclination of damper j with respect to the
horizontal, ¢; is the first mode relative displacement between the ends of damper j in the

horizontal direction, ¢ is the first mode displacement at floor level i, and w; is the

seismic weight assigned to floor level i. Having selected the number of dampers,

Equation 2.6 can be used to determine the required damping coefficient for each damper.
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For the optimal design presented above for the Phase 4 benchmark structure, the

effective damping is 22.5% and thus the supplemental damping ratio is equal to 17.5%.

Note that in Equation 2.6, COSHJ represents the magnification factor associated with the

orientation of the damper with respect to the horizontal. ~An alternate damper
configuration employs a toggle-brace wherein the damper displacement is amplified in
accordance with the geometry of the toggle-brace assembly (Constantinou et al. 2006).
In this study, a toggle-braced damper assembly is assumed to be used in the retrofit of
the benchmark structure and the magnification factor is taken as 1.65 to correspond with
an assembly that was tested as part of the NEESWood project (see Chapter 3). The
distribution of lateral story drifts needs to be assumed to determine the number of
dampers and their damping coefficient. In this case, it was assumed that the maximum
story drifts are proportional to the fundamental mode shape. Alternatively, the maximum
story drifts can be estimated using results from a pushover analysis. The frequencies and
mode shapes were computed using the mass and initial stiffness of the benchmark
structure. Assuming 4 dampers located in the first story, each having the same damping
coefficient, results in damping coefficient values of 1.20 and 1.71 kN-sec/mm (0.21 and

0.3 kip-sec/in) for the Phase 1 and Phase 4 structure, respectively.

2.7 Design Appraisal

The optimal design of the damping system was determined based on the displacement-
based design procedure and, as a verification step in the PBSD procedure, earthquake
simulations using a suite of twenty earthquake ground motions (Krawinkler et al. 2000)
were performed using SAWS. Similar to the work by Krawinkler et al. (2000), these
earthquake ground motions were scaled such that their mean 5%-damped spectral values
over a period range from 0.1 to 0.6 seconds is equal to 1.1g and 1.65g corresponding to
the flat region of the 1997 Uniform Building Code design response spectrum for Los
Angeles, CA for a 10%/50 yr and 2%/50 yr hazard level, respectively (ICBO 1997) (see
Table 2.8). The approach used in the present study is consistent with ground motion
scaling described in the FEMA 302 (BSSC 1997) and FEMA 356 (ASCE 2000). As

mentioned previously, the same response spectra parameters were used in the
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displacement-based design procedure described earlier to maintain consistency with non-

linear dynamic response-history analysis.

Table 2.8 Suite of Ground Motion Records Used for Design Appraisal

Peak Ground Acceleration (g)
Earthquake Event/Year | Notation Scaled
Actual
Life Safety Collapse Prevention
Cape Mendocino Cml 0.116 0.530 0.795
1992 Cm2 0.385 0.532 0.798
Landers Lanl 0.154 0.542 0.813
1992 Lan2 0.152 0.399 0.599
Lpl 0.529 0.423 0.635
Lp2 0.555 0.473 0.710
Loma Prieta Lp3 0.417 0.520 0.780
1989 Lp4 0.226 0.410 0.615
Lp5 0.279 0.415 0.623
Lp6 0.332 0.600 0.900
Nor2 0.416 0.470 0.705
Nor3 0.356 0.599 0.899
) Nor4 0.357 0.472 0.708
Northuidee Nors | 0231 0.482 0.723
Nor6 0.273 0.609 0914
Nor9 0.271 0.485 0.728
Norl0 0.157 0.472 0.708
o ) Supl 0.116 0.604 0.906
S“persltgg;“ Hills Sup2 | 0.258 0.584 0.876
Sup3 0.186 0.398 0.597

The simulation results (with and without dampers) for the 20 motions were plotted
against cumulative probability (see Figure 2.11) and a summary of results are presented
in Table 2.9 and 2.10. Note that the first story drift ratio (which corresponds to the peak
drift ratio of the structure) for the no damper case exceeds the 4% drift limit for both
phases of the benchmark structure corresponding to the CP performance level (thus
indicating collapse or incipient collapse of the structure) which is consistent with the
results from the displacement-based design (see Table 2.7). Note that a drift limit of 7%,
a reasonable value for defining impending instability of the structure from an analysis
point of view, was imposed on the calculation of mean drift which also corresponds to
the drift value defined in ATC 63 as a performance level for a 2%/50 yr hazard level.
For the case with dampers and according to FEMA 302, it would be acceptable to design
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to the median value of the CDF if this were a force-based design. Thus, for the Phase 4
damper design (feﬁ: 22.5%), it is apparent that the LS performance level can be

achieved for a 2%/50 yr hazard level as evidenced by the results (median value = 1.59%
and Pyg = 82%). Note that the expected drift and the ratios of actual-to-required
equivalent stiffness are inversely proportional and thus the drift demand of the designed
structure can be estimated at each performance level by taking the ratio of the drift limit
to the stiffness ratio (Pang and Rosowsky 2007). Thus, these results are consistent with
that from the displacement-based design (see Table 2.10). Therefore, it can be concluded
that the design of the building with dampers meets (or exceeds) the design objective for

life safety for a 2%/50 yr hazard level. For the same hazard level, the Phase 1 damper
design (feﬁ: 32.5%) also satisfies the probability of non-exceedance criteria of 50%

(median value = 1.74% and Pyg = 70%) as defined earlier for the structure retrofitted
with dampers. Note that this approximate method of estimating drift demand was not
considered to be applicable to the case without dampers for both hazard levels since
many ground motions produced drift levels that exceeded the performance limit and thus

the median value is not a realistic value.

1 1 T
I

Z 0.8 2 1
Z 0. = 081 i
3 k4 I
£ 0.6 © 0.6 1
o 1 & 1
204 \ HL:2%/50yr 204 | HL:10%/50 yr
& 1 —@-Without Dampers: Phase 1 E 1 —#—Without Dampers: Phase 1
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Figure 2.11 Peak Drift Distributions from Nonlinear Dynamic Analysis of
Benchmark Structure With and Without Dampers and for (a) 2%/50 yr and (b)
10%/50 yr Hazard Levels

The structure was also analyzed for the 10%/50 yr hazard level and similar
conclusions can be drawn. As mentioned previously, the ratio of actual to required
equivalent stiffness for optimal design of the Phase 1 and Phase 4 structure are similar

and therefore one should expect similar results from NLTHA. However, the results for
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the Phase 4 structure were more consistent with performance expectations from the DBD
procedure (see Table 2.10). This may be due to better consistency of the hysteretic
parameters defining the equivalent stiffnesses of the shearwalls in the Phase 4 structure
with the hysteretic parameters used in the NLTHA modeling as compared to the Phase 1
structure (i.e., the actual equivalent stiffnesses of the Phase 1 structure (OSB only) are
slightly underestimated and the actual value of the effective damping should be on the

order of 35% to yield performance similar to that of the Phase 4 optimal design (&, =

22.5%). This discrepancy can be resolved by considering higher acceptance criteria for
selecting optimal design (i.e., the ratio of actual to required equivalent stiffness of 1.2 to
1.4 may be used depending on the confidence level of designers in the estimation of

actual equivalent stiffnesses of shearwalls).

Table 2.9 Summary of Results of Phase 1 and Phase 4 Benchmark Structure

Without Dampers
Performance Expectations NLTHA Results

Hazard Phase 1 Phase 4

Level Perf. | Drift Limit | Pyg feﬁ - 5% éﬂ —59%
eve Level (%) (%) | Median | Pyz | Median | Py
Drift (%) | (%) | Drift (%) | (%)
2%/50 yr CP 4.00 80 7.00 26 7.00 29
10%/50yr | LS 2.00 50 3.63 18 2.21 36

Table 2.10 Summary of Results of Phase 1 and Phase 4 Benchmark Structure
Retrofitted With Dampers

Perf. Expectations NLTHA Results Expected from Design
Hazard Per Drift » Phase 1 Phase 4 Phase 1 Phase 4
Level ert. Limit NE S =32.5% S =22.5% $,=32.5% | &,=22.5%
Level %) (%) | Median | Pyz | Median | Pyg Median Median
(1)
Drift (%) | (%) | Drift (%) | (%) Drift (%) Drift (%)
2%/50 yr LS 2.00 50 1.74 70 1.59 82 1.71 1.75
10%/50yr | 10 1.00 50 1.10 42 0.82 81 0.75 0.75

The reasonably good agreement between the design inter-story drifts (based on
displacement-based design) and the median peak drifts obtained from response-history
analyses serves to validate the proposed modifications to the displacement-based design
procedure for inclusion of linear viscous dampers in seismic retrofit applications.

Therefore, it can be concluded that the optimal design of the supplemental damping
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system used for retrofit of the benchmark structure satisfies the specified performance

objectives.

2.8 Performance Assessment

As mentioned previously, 22.5% effective damping (four toggle-braced dampers in the
first story along the transverse direction) was selected as the optimal design for the
Phase 4 structure. The performance improvement afforded by the dampers is now
evaluated for this particular case and for selected performance measures. Figure 2.12a
shows the absolute roof acceleration response history along line 6 (see Figure 2.1a) for
level 4 excitation used in the benchmark test. Note that the Level 4 motion is the 1994
Northridge, Canoga Park OGM record scaled to 10%/50 year hazard level. The effect of
the dampers is to reduce the peak acceleration by approximately 40%; accordingly it is
expected that non-structural and contents damage of the structure would be reduced.
Figure 2.12b shows the hysteretic response of wall 17 (i.e., east garage wall) with and
without dampers. As expected, the peak wall displacement (drift) is significantly reduced
and the energy dissipated near zero displacement is increased significantly due to the

velocity-dependence of the dampers.
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Figure 2.12 (a) Roof Acceleration Time History and (b) Wall Hysteresis With and
Without Dampers

Figure 2.13 shows a comparison of the energy distribution for the case of the
structure with and without dampers (note that, for comparison purposes, the two figures
are plotted to the same scale). The effect of the dampers is to reduce the hysteretic
energy dissipation demand by approximately 70%. The reduced hysteretic energy

dissipation demand on the wood framing system suggests that the structure with damper
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walls would experience less structural damage than the structure with conventional

walls.
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Figure 2.13 Energy Time History for Level 4 Excitation: (a) Without Dampers and
(b) With Dampers

2.9 Summary and Concluding Remarks

The research presented herein demonstrated the feasibility of implementing modular
damper walls within a full-scale, three-dimensional, woodframed building. The modular
damper walls contained fluid dampers within a wood framing system. Such dampers
can readily fit within the dimensional restrictions of a conventional wood shearwall.
Thus, the modular damper walls can be constructed off-site and delivered to the job site
for “drop-in” installation. The particular application presented herein was a retrofit
application.

Due to a number of factors, including the inherent flexibility in the connections of
wood framing systems, engagement of the dampers was limited and thus the full
effectiveness of the dampers was not realized. Furthermore, the test structure was tested
in its stiffer direction, thereby limiting the need for dampers. However, a comparison of
peak story drift responses with and without dampers demonstrated that the dampers
offered some level of improved performance. Since peak story drift provides a key
measure of damage in a building, reduction of this quantity is important. An alternate
modular damper wall has been designed, with particular attention given to increasing the
damper displacements. The alternate design was tested recently (see Chapter 3).

A displacement-based PBSD procedure for design of multi-story woodframed
buildings with supplemental linear viscous dampers has been presented. The proposed

method can be applied to the retrofit of existing structures or to the design of new
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structures. The method was applied for retrofit of the NEESWood Benchmark Structure
(with and without interior finish materials) with the final design being evaluated using
nonlinear response-history analyses. The results demonstrated that the design inter-story
drifts based on selected performance levels were in reasonable agreement with median
peak inter-story drifts obtained from the nonlinear response-history analyses, thus

validating the proposed displacement-based design procedure.
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3. EVALUATION OF TOGGLE-BRACED FLUID Viscous
DAMPERS FOR SEISMIC PROTECTION OF WOODFRAMED
STRUCTURES

In recent years, seismic damping systems have been employed in numerous steel and
concrete framed buildings. Such systems dissipate a significant portion of the seismic
input energy, thereby relieving the energy dissipation demand on the structural framing
system and thus reducing damage. As part of a NEESR project to develop a
performance-based approach to seismic design of multi-story light-framed wood
structures, the application of damping systems to such structures has been evaluated via
seismic shaking table tests and numerical simulations. This chapter focuses on the

results from shaking table tests of wood shearwalls retrofitted via toggle-braced fluid
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viscous dampers and its numerical modeling. Within the context of performance-based
seismic design, the effect of the fluid viscous dampers on the deformation demand and
hysteretic energy dissipation demand is emphasized. The results demonstrated that the
retrofit provided a significant increase in the seismic resistance of the walls, allowing
them to achieve high levels of performance when subjected to strong ground motions.
However, the full potential of the retrofit was not realized due to losses in transmission
of wall drift to the toggle-bracing system. The study also presents a detailed evaluation
of these losses to assist in developing more efficient designs that could increase the

potential for implementation of such systems.

3.1 Introduction

Application of seismic protection systems in light-framed wood structures is virtually
non-existent within the U.S. as woodframed construction has generally been considered
to perform well during earthquakes. However, the 1994 Northridge Earthquake clearly
demonstrated the vulnerability of such construction in that extensive, and in many cases
unrepairable, damage occurred in thousands of woodframed buildings (Kircher et al.
1997). As a result, a research project (the NEESWood project) was initiated with an
emphasis on developing a seismic design approach that considers multiple levels of
performance (van de Lindt et al. 2006). The testing phase of the NEESWood Project
began with seismic shaking table testing of a full-scale, two-story, woodframed
townhouse building (the “benchmark™ test structure) (Filiatrault et al. 2007 and
Christovasilis et al. 2007). The results of the tests were used to develop a PBSD
philosophy to design a mid-rise (six-story) woodframed apartment building which was
tested using three-dimensional earthquake ground motions at the E-Defense shaking
table facility in Miki City, Japan. Additionally, as part of this project, the application of
seismic protection systems (seismic damping and isolation systems) to woodframed
buildings was also investigated.

A comprehensive literature review on the application of advanced seismic
protection systems (both base isolation and supplemental damping systems) to
woodframed structures is presented by Symans et al. (2002). This study clearly

identified the various challenges of the application of seismic protection systems to
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woodframed structures. Some of these challenges for the application of energy
dissipation systems are:

1) Locating the dampers within the confines of a shearwall.

2) Constructing a suitable damper framing system and integrating it within the
woodframed shear wall such that inter-story drift is transmitted to the dampers
without any major losses.

3) Developing a modified wood framing arrangement to accommodate the damper
assembly.

The installation of fluid viscous dampers (Symans and Constantinou 1998) in stiff
structures is often less efficient than applications to relatively flexible structures due to
potentially small deformations transferred to the dampers. Also, in stiff structures, a
higher damper force capacity may be needed to dissipate sufficient energy at low
displacements. Note that these problems are amplified for woodframed structures where
there can be significant displacement transmission losses from different sources (Shinde
et al. 2007, 2010). Different displacement magnification configurations have been
proposed in the literature to address the problems associated with stiff structures. Berton
et al. (2004) developed a displacement amplification device that uses rack and pinion
mechanisms. Taylor Devices, Inc., proposed and patented the toggle-brace damper
system in 1996 (Toggle linkage seismic isolation structure,” U.S. Patent Nos. 5870863
and 5934028, 1996). Constantinou et al. (2001) further verified this system via testing
of a single degree of freedom steel model. Hwang et al. (2005) performed shake table
tests on a scale-model of a three-story steel-framed structure with toggle-braced dampers
and reported displacement transmission losses on the order of 40% and recommended
that this loss be considered for field implementations.

Phase 2 of the NEESWood benchmark structure test program involved
implementation and evaluation of a seismic damping system with a chevron brace
configuration (Shinde et al. 2007). The testing of such dampers within the NEESWood
benchmark structure represents the first application within a full-scale woodframed
building. Due to a number of factors, including the inherent flexibility in the connections
of wood framing systems, engagement of the dampers was limited during these tests and

thus the full effectiveness of the dampers was not realized. Based on what was learned
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from this testing, a new design for the modular damper walls with a toggle-braced
configuration was developed. The objective of the study described herein is to
experimentally and numerically evaluate the seismic response of light-framed wood
shearwalls retrofitted with toggle-braced fluid viscous dampers. Within the context of
performance-based seismic design, the effect of the fluid viscous dampers on the
deformation demand and hysteretic energy dissipation demand is emphasized. A major
advantage of using fluid viscous dampers is their high energy dissipation density (i.e.,
capability of dissipating a large amount of energy relative to their size) which allows
them to fit within the relatively narrow confines of a woodframed shearwall. Studies
conducted by Symans et al. (2004) and Dutil and Symans (2004) have demonstrated the
potential of fluid viscous dampers to reduce the energy dissipation demand in
woodframed structures. The results of the testing described herein demonstrated that the
retrofit provide a significant increase in the seismic resistance of the walls, allowing
them to achieve high levels of performance when subjected to strong ground motions.
However, the full potential of the retrofit was not realized due to losses in transmission
of wall drift to the toggle-bracing system. The study presented herein also includes a
detailed evaluation of these losses and suggests possible retrofitting measures to reduce

these losses and thus to increase the potential for future implementation of such systems.

3.2 Test Specimens and Experimental Setup
3.2.1 Test Specimen Configurations

Three test specimens (see Table 3.1) were constructed in accordance with the
specifications of the 2006 International Building Code (2006 IBC) (ICC 2006). Finish
material (interior gypsum board and exterior siding) was not included in any of the test
specimens. The pre-test specimen was constructed with a conventional configuration to
ascertain the strength and stability of the overall test setup and thus its details will not be
presented. After preliminary testing with the pre-test specimen, two test specimens were
constructed with and without a fluid viscous damper with toggle-braced assembly (see
Figure 3.1). All shearwalls were designed to simulate the first-story shearwall in a
typical two-story woodframed residential structure located in South California. Note that

the walls of the pre-test specimen were constructed with two 1.22 m (4 ft) oriented
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strand board (OSB) sheathing panels with 406.4 mm (16 in) stud spacing whereas a

single 1.22 m (4 ft) sheathing panel was used in the actual test specimens.

(b)

Figure 3.1 Test Specimens on Seismic Shaking Table: (a) Conventional Walls and
(b) Retrofitted Walls (note black steel toggle-braced framing inside of left
shearwall)

3.2.2 Test Specimen Anchorage

The shearwall is usually anchored to a concrete foundation with anchor bolts passing
through the sill plate and into the concrete. The shearwalls in these experiments were
directly anchored to the steel platform of the seismic shaking table with A325 structural
steel bolts (see Figure 3.2 and 3.3). Four 22.23 mm (7/8 in) diameter A325 steel anchor
bolts were placed at 711.2 mm (28 in) spacing as shown in the Figure 3.2. The shake
table and the sill plates had 25.4 mm (1 in) diameter holes, thus leaving a clearance of
1.59 mm (1/16 in.) which was sufficient to cover discrepancies in construction (such as
those due to manual measurements, wood shrinkage, etc.). The position of the anchor
bolts was selected considering both the location of overturning hold-downs (at both ends
of the shearwalls) and anchorage locations for the toggle-braced damper assembly
(which was installed at the center of the retrofitted test specimen). Due to these

constraints on the anchorage locations, the resulting anchorage (four anchor bolts) was
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more than necessary and thus ensured racking of the shearwalls as the primary mode of
deformation. A Simpson Strong-Tie™ (Simpson) BP 7/8-3 square washer was used to
transfer the anchor bolt compression force to the sill plate (the anchor bolts were passed
up through the shake table platform and then through the sill plate such that the threaded
end projected above the platform). This steel plate washer was 76.2 mm x 76.2 mm x
7.94 mm thick (3 in x 3 in x 5/16 in thick). Simpson Strong-Tie™ HD6A hold downs
with 22.22 mm (7/8 in.) diameter A325 steel bolts were used to connect the double end
studs to the shake table through the sill plate.

3.2.3 Conventional Wall Construction

The overall size of the conventional wood shear walls (framing) was 2.44 m x 2.44 m (8
ft x 8 ft). Spruce-Pine-Fir (SPF) was used for framing members [50.8 mm x 152.4 mm (2
in x 6 in)] and the interior studs (within the sheathing region) were spaced at 406.4 mm
(16 in) on center and oriented perpendicular to the plane of the wall (see Figure 3.2). The
wall was sheathed on one side with one 1.22 m x 2.44 m x 11.91 mm thick (4 ft x 8 ft x
7/16 in thick) OSB sheathing panel oriented vertically and nailed to the framing
members with 8d common nails (63.5 mm (2.5 in) length x 3.3 mm (0.131 in) diameter).
The edge and field spacing of sheathing-to-framing connectors for the test shearwalls
was 152.4 mm (6 in) and 304.8 mm (12 in), respectively. The nailing of framing
members (i.e., double end studs, interior studs, sill plate, and top plate) and their
connections to each other was consistent with Table 2304.9.1 (fastening schedule) of
IBC 2006 (see Section D.3 for a detailed drawing). Standard pre-cut studs were used
such that the bottom edge of the OSB sheathing would not come into contact with the
shaking table platform, thus allowing the sheathing panels to freely rotate in their own
plane during the seismic excitation. Note that the tested shearwall configuration
described herein is similar to segmented shearwall design (wherein the shearwall at the
opening locations are neglected for design purposes). The selection of OSB thickness

and spacing of nails is discussed further in the code-based design section.

56



1.22mx2.44mx11.91 mm
Thick OSB Sheathi
icl ea |ng\
N
Interior Studs
(50.8 mm x 152.4 mm)
~
S
[9—Double End Studs
(50.8 mm x 152.4 mm)
Pressure-treated
Siii Piate
(50.8 mm x 152.4 mm)
H\‘ =an T T1
Sill Plate Anchored to Shake table with Two Simpon HD6A Hold Down Anchored with
22.23 mm dia. A325 Structural Bolts 22.23 mm dia. A325 Structural Bolts

Figure 3.2 Details of Conventional Woodframed Shearwall

3.2.4 Retrofitted Wall Construction

The construction of the retrofitted shearwalls was similar to the conventional shearwalls
except for the two interior studs used for field nailing at the centre of the OSB sheathing
(see Figure 3.3 and Figure 3.4b). For the retrofitted wall, two 50.8 mm x 101.6 mm (2 in
x 4 in) studs were used and oriented parallel to the plane of the wall, thus leaving a free
space having a width of 101.6 mm (4 in) to accommodate a toggle-braced fluid viscous
damper assembly. A portion of the two center studs was notched to ensure freedom of
movement for the toggle bracing. The nailing of the members and sheathing in the
retrofitted shearwall was the same as the nailing of the members and sheathing in the
conventional shearwall with two exceptions. For the field nailing, 38.1 mm (1.5 in) long
4d common nails spaced at 228.6 mm (9 in) on center were used instead of (2.5 in) long
8d common nails spaced at 304.8 mm (12 in) on center. Also, for the toe-nailing of the
interior studs to the sill plate, two 8d common nails instead of four 8d common nails
were used (see Section D.3 for a detailed drawing). Note that the field nailing of the

interior studs is important in that it contributes to resistance to out-of-plane buckling for
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the sheathing . However, for the in-plane stiffness of the shear wall, the field nailing has

relatively minor contribution as compared to the perimeter nailing.
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Figure 3.3 Details of Retrofitted Woodframed Shearwall

3.2.5 Applied Dead Load

To replicate the seismic loading conditions the shearwall may experience during
earthquakes, gravity loading of 58.71 kN (13200 1bs) (or 12.04 kN/m (825 Ib/ft)) was
applied to both shearwalls. The load was applied via a typical rigid floor system
consisting of wooden truss joists [TJI 230: 241.3 mm (9.5 in) deep] with blocking and
connected to the top plate of the wall via Simpson A34 framing clips (see Figure 3.1 and
Figure 3.4b). A wood stud [50.8 mm x 254 mm (2 in x 10 in)] was used as a rim joist
connected to the truss joists spanning across the walls. The rim joist was also connected
to the walls via a combination of Simpson A35 framing clips and woodscrews. The
seismic mass included a 2.74m (9 ft) long steel beam (W14 x120) oriented with its web
horizontal and 440 lead bricks, each weighing approximately 115.7 N (26 lbs) (see
Section D.3 for detailed drawings of test setup). The lead bricks were uniformly

distributed over the steel beam and TJI floor system.
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3.2.6 Installation of Toggle-Braced Damper Assembly within Retrofitted Wall

Based on what was learned from the Phase 2 Benchmark structure testing (see Figure
3.4a for chevron-braced damper wall used in Phase 2 of Benchmark test), a new design
for the modular damper walls with a toggle brace configuration was developed (see
Figure 3.4b). The new design employs a light steel frame mechanism that surrounds a
toggle-braced damper. The toggle brace provides an average displacement amplification
factor, /', (assuming small displacements and rigid brace members) of 1.65 which is
65% larger than the previous damper wall design that employed a chevron-braced
configuration. The dampers have nominal force capacity of 11.12 kN (2.5 kips) and a
damping coefficient of 1.285 kN-sec/mm (0.225 kip-sec/in).

(@) (b)

Figure 3.4 Modular Damper Walls: (a) Chevron Brace Design used in Phase 2
Benchmark Tests and (b) Toggle Brace Design

As shown in Figure 3.4b, the top and bottom channel sections of the toggle-braced
assembly were connected to the top plate and foundation (i.e., shaking table) using A325
structural bolts. The gap between the top channel and top plate was maintained to
prevent transfer of gravity load to the toggle assembly and thus to allow free movement

of the pinned joints of the toggle-braced assembly. Note that the initial gap of 6.35 mm
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(1/4 in) was reduced to approximately 3.18 mm (1/8 in) due to bending of the top plate
under gravity loading (since the interior studs were rotated, support across the full width
of the top plate was not available). Since the toggle-braced assembly did not carry any
gravity load and the pinned joints were free to rotate, the only possible mode of
deformation of the toggle-braced assembly was racking. Therefore, the toggle-braced
assembly is forced to deform as a unit (either in a racking mode or a rigid-body rotation
mode). Thus, if the top plate displaces laterally with respect to the sill plate, the damper

should deform with amplification of the lateral motion.

3.3 Shake Table Test Program

3.3.1 Testing Program

A total of three test specimens, two conventional and one retrofitted, were tested with
multiple excitations (see Table 3.1). The complete details of the experimental testing

program are provided in Appendix D.

Table 3.1 Description of Test Specimens Used in Experimental Test Program

Test Wall Configuration Purpose of Testing

Evaluate overall test set-up and test specimen stability under

Pre-test Specimen Conventional . .
seismic loading

Measure seismic response of conventional test walls

Test Specimen | Conventional subjected to ordinary and near-field ground motion

Measure seismic response of retrofitted test walls subjected

Test Specimen I Retrofitted to ordinary and near-field ground motion

3.3.2 Instrumentation

The location of sensors for the shaking table tests is shown in Figure 3.5. Nine sensors
were used to measure the dynamic response of the conventional test specimen. These
included four analog linear displacement and velocity transducers and five variable
capacitance accelerometers. Two additional string potentiometers were utilized to
measure the displacement response of the damper in each retrofitted wall (not shown in
Figure 3.5). The specifications for each of these sensors are provided in Appendix D.

(See Table D.3, D.4 and D.5).The signals from each of the sensors were passed through
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a low-pass Butterworth filter of 25 Hz cut-off frequency. The location of the sensors and

their direction of measurement are also provided in Table D.2.
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Figure 3.5 Location of Sensors for Shaking Table Tests
3.3.2.1 Location of Accelerometers
Five accelerometers were used to measure the response of each test specimen (referred
to as A-1 through A-5 in Figure 3.5). Accelerometer A-5 was magnetically attached to
the shaking table platform and measured the horizontal acceleration of the platform.
Steel plates were glued to the end face of the top plates and sill plates to magnetically
attach accelerometers. Accelerometers A-1 and A-2 were attached to the end face of the
sill plate of the west and east walls, respectively, to measure acceleration input to the
walls and monitor slippage between the shaking table platform and the sill plate.
Accelerometers A-3 and A-4 were attached to the end face of the top plate of the west
and east walls, respectively, to measure the acceleration of the top of the walls.
3.3.2.2 Location of Displacement and Velocity Transducers
Four displacement/velocity transducers were used to measure the response of each test
specimen. Each sensor was capable of directly measuring displacement. The velocity
was obtained via analog integration. Displacement transducers R-1 and R-2 were
attached to the end face of the sill plate of the west and east walls, respectively, to

measure the displacement and velocity input to the walls and monitor slippage between
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the shaking table platform and the sill plate. Displacement transducers DT-12 and DT-24
were attached to the end face of the top plate of the west and east walls, respectively, to
measure the displacement and velocity response of the top of the walls.

3.3.2.3 Location of String Potentiometers

Two string potentiometers were attached as shown in Figure 3.4b to measure the stroke
of the dampers. The velocity across the damper was obtained by numerically
differentiating the measured displacement response. The force in the damper was
obtained using the measured velocity and the known force-velocity relation (the damper

was experimentally tested to identify its force-velocity relation).

3.3.3 Input Ground Motions

Table 3.2 shows the input ground motions used for the Benchmark seismic shaking table
tests and Table 3.3 shows the scaled input ground motions from the Benchmark tests that
were used for the toggle-braced damper shaking table tests. Two historical ground
motions were used for the seismic tests: an ordinary ground motion and a near-field
ground motion. The ordinary ground motion (OGM) (i.e., far-field motion) represented a
seismic hazard level corresponding to a Design Basis Earthquake (DBE) with a
probability of exceedance of 10% in 50 years or a return period of 475 years. The 1994
Northridge Earthquake ground motion recorded at Canoga Park, with an amplitude-
scaling factor of 1.20, was selected as the DBE. The near-field ground motion (NGM)
represented a seismic hazard level corresponding to a Maximum Credible Earthquake
(MCE) with a probability of exceedance of 2% in 50 years or a return period of 2,475
years. The unscaled 1994 Northridge Earthquake ground motion recorded at the Rinaldi
Receiving Station was selected as the MCE. In addition to the DBE and MCE hazard
levels, the Canoga Park ground motion (OGM record) was scaled down to simulate other
hazard levels (see Table 3.2). Note that, in Table 3.2, the directions shown for the peak
ground acceleration (PGA) values are directions that define the orientation of the test
structure rather than the directions of the components of the field-recorded ground
motions (e.g., the stronger component of the field-recorded Rinaldi record (component

S49W) was applied along the North-South (Y) direction of the test structure).
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Table 3.2 Ground Motions for Benchmark Seismic Shaking Table Tests

o e PGA (g)
Excitation Ground Motions Hazard Level Scale E-W N-S Vertical
Level Factor
x) W) (2)
1 ] 99.99%/50 years | 0.12 0.04 0.05 0.06
2 193:;202“}12?56’ 50%/50 years | 0.53 | 0.19 0.22 0.26
3 & 20%/50 years 0.86 031 0.36 0.42
4 10%/50 years 1.2 0.43 0.50 0.59
5 1994 Northridge, | 5o/ 56 oo 1 0.47 0.84 0.85
Rinaldi

Table 3.3 Ground Motions for Toggle-braced Damper Shaking Table Tests

No. | Seismic Test | Scale Factor | Return Period (years) | Hazard Level
1 | Level 4 (10%) 0.12 3 99.9%/50 years
2 | Level 4 (33%) 0.40 38 73.2%/50 years
3 | Level 5 (40%) 0.40 150 28.4%/50 years
4 | Level 4 (60%) 0.72 150 28.4%/50 years

Note that, in the toggle-braced damper tests, only the y-direction (N-S) motions
(stronger component) from the Benchmark Tests were used. Also, for the conventional
walls, the Level 4 (60%) test was not carried out since damage in the prior seismic test
(Level 5 (40%)) resulted in severe damage (test specimen appeared to be near collapse).
Also note that Level 4 (60%) is considered to be equivalent to Level 5 (40%) based on
the code recommendation (i.e., DBE = (2/3) MCE) and non-linear dynamic response-
history analysis results from SAWS analysis. Note that Level 4 (10%) in Table 3.3 is
equivalent to the Level 1 motion in Table 3.2. In addition to the seismic motions
described above, each test specimen was also excited with white noise and sine sweep
excitations to identify the dynamic characteristics of the test specimens both before and
after each test. As shown in Table 1.3, the ground motions used in the toggle-braced
damper tests were relatively weak. The rationale for using these weaker motions is as
follows:

e Absence of orthogonal shear walls (i.e., test specimen was not part of a box-type

test structure with walls on all four sides which can offer better seismic resistance

than walls only along a single direction).
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e Absence of finish materials [previous research indicates that finish materials
significantly contribute to the stiffness of the walls and thus reduce the inter-
story drifts (Christovasilis et al. 2007)].

e Tests were started with weaker motions to access stability and predict collapse
limit. The intensity of the motions was progressively increased, thus resulting in
progressive damage of the shear walls. Thus, instead of a single strong ground
motion, the tests involved multiple weaker ground motions.

e The walls were designed using a code-based approach (i.e., using the spectral
acceleration based on DBE and reducing the base shear via a response
modification factor). Thus, the design assumes significant non-linear behavior
but, for safety during testing, it is preferable to ensure a collapse margin larger
than that used in practice.

e Shake table limitations (displacement and velocity limits) prevented the use of

full-scale DBE and MCE motions.

3.3.4 Shake Table Fidelity

Due to the dynamics of excitation equipment (i.e., shaking table operated with hydraulic
actuator), the actual displacement of the shaking table platform (i.e., output), is generally
not equal to the desired servo-controller displacement command signal (i.e., input). The
displacement command signal was corrected to account for these dynamics in an effort
to produce the desired displacement output by pre-multiplying the inverse of the
analytical shaking table transfer function by the desired displacement (Dutil and Symans
2004 and Twitchell and Symans 2003). The unloaded shaking table transfer function was
used for correcting the ground motions as it was found that the loaded shaking table
transfer functions did not produce better results during the testing of the pre-test
specimen.

The effect of this correction can be investigated via comparison of response spectra
of field motion and recorded shaking table motion. Figure 3.6 shows the 5%-damped
response spectra [true (not pseudo) acceleration] up to period of 1.0 sec for the
earthquake record recorded during the retrofitted wall tests. Note that woodframed

structures are usually stiff and thus their response is not as strongly affected by long
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period components. Thus, a 1.0 sec cutoff is deemed reasonable for the response spectra
plots. It is evident that the shaking table was capable of reproducing the ground motion
with reasonable fidelity for the desired range of periods. Note that a lower cutoff period
of 0.07 sec (frequency = 14.29 Hz) was used in generating the spectra since the high
frequency components in the recorded shake table motion (cutoff frequency of filter
used in data acquisition was 25 Hz) tend to produce unrealistic values of spectral

accelerations for low periods.
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Figure 3.6 Comparison of 5%-Damped Response Spectra for Shake Table and
Field Motions: (a) Level 4 (33%) Excitation (b) Level 5 (40%) Excitation

3.3.5 Practical Testing Issues

Although the test specimens were expected to be damaged during testing with the danger
of losing gravity load-carrying capacity, the laboratory overhead crane was not permitted
to be used as a fail-safe restraint due to concerns about impact loading on the crane.
Also, due to space restriction in the lab, there was no firm lateral support constructed
around the test specimens. Thus, to avoid the possibility of lateral collapse of the test
specimens, a lateral support frame was constructed of steel Unistrut®. Furthermore, two
50.8 mm x 101.6 mm (2 in x 4 in) studs were used for cross-bracing at both the ends of
the test specimens (see Figure 3.1). Finally, short wall segments were installed under the

seismic mass to "catch" the mass if the shear walls should collapse laterally.
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For the modular damper wall configuration shown in Figure 3.4b, a fully effective
damper would be subjected to more than 100% of the story drift. However, during the
testing, the displacement of the dampers was less than the story drift (about 60% loss
was observed). Some likely reasons for this include:

e Manufacturing tolerances in clevis pin connections in toggle assembly.

e QOut-of-plane displacement of dampers and steel bracing.

e Bending deformation of shear wall.

e Uplifting of modular damper walls.

e Sill plate slippage.

e Inherent flexibility of wood framing connections and joints (i.e., the wood
framing system tends to deform around the modular damper walls and thus it is
difficult to transfer the global structural displacements into the modular damper
walls).

e A portion of the measured drift is due to global overturning, resulting in high
story drifts but low shear deformations and thus low damper displacements.

Detailed displacement loss evaluation based on sensor measurements and code-

based analytic formulas are presented later in the experimental results section.

3.4 Design and Analysis
3.4.1 Code-based Design

A comparison of the seismic performance of the conventional and retrofitted walls (with
dampers) can be performed in two ways:

1) Designing the conventional and retrofitted walls for the same base shear and
evaluating the change in structural response.

2) Designing the conventional and retrofitted walls for different base shear (i.e.,
retrofitted wall with lower base shear) and justifying the use of retrofitted walls
by showing that the same performance objectives can be obtained even with
lower stiffness of retrofitted walls for a given seismic hazard.

The first approach is often more convenient for testing and analysis purposes and thus

was used in the toggle-braced damper wall testing described herein.
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For design purposes and in accordance with the International Building Code (IBC
2006), the test structure is designed for a location in Southern California with stiff soil
(Site Class D). The design 5%-damped spectral acceleration values for MCE hazard
Level were determined in accordance with ASCE/SEI-41 (2006). The MCE spectral

response acceleration for short-period, S,,;, value was taken equal to 1.5g and its value

for one-second period, S,,,, was taken as 0.9g. Note that these values are higher than

those based on the actual shaking table motions used for testing (see Figure 3.6b) and
thus one would expect better performance of the conventional test specimen designed
based on aforementioned values. However, as will be shown later, this was not the case.

The IBC 2006 provisions mention that allowable shear values are permitted to be
increased to values shown for 11.91 mm (15/32 in) thick sheathing with same nailing
provided for 9.53 mm (3/8 in) and 11.11 mm (7/16 in) thick OSB when (1) studs are
spaced a maximum of 406.4 mm (16 in) on center, or (2) panels are applied with the
long dimension across the studs. Based on this provision and the required shear carrying
capacity, 9.53 mm (3/8 in) or 11.11 mm (7/16 in) thick OSB with 8d common nails and
with 152.4/304.8 mm (6/12 in) spacing could be selected. Although the above condition
is satisfied in the case of the test structure, for a conservative design, the aforementioned
provision was not used (see Section D.1 and D.2 for details). Also, APA wood
construction guide (APA 2007b) mentions that greater stiffness is required for wall
sheathing when stucco (which is commonly used as a finishing material in California
region) is to be applied and recommends a minimum of 11.11 mm (7/16 in) thick OSB
for 406.4 mm (16 in stud spacing) for vertical panel orientation. Based on these
recommendations, the final design selection had 11.11 mm (7/16 in) thick OSB with 8d
common nails and with 152.4/304.8 mm (6/12 in) spacing (see Figure 3.2).

3.4.2 Numerical Modeling and Analysis with SAWS

Nonlinear dynamic analysis of the test structure, both with and without fluid viscous
dampers installed in shearwalls, was performed using the SAWS (Seismic Analysis of
Wood Structures) program (Folz and Filiatrault 2004a) (see Appendix A for additional
details). In this program, a three-dimensional woodframed building is degenerated to a

two-dimensional “pancake” model in which the lateral load resisting system consists of
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shear walls that are modeled as zero-height nonlinear hysteretic spring elements and the
horizontal diaphragms are assumed to have infinite in-place stiffness, resulting in three
degrees-of-freedom per floor. Modifications to the SAWS program were made to allow
for the inclusion of the dampers before the Phase 2 Benchmark testing. Since the test
structure did not include any finish materials, analysis was performed using shear wall
hysteretic parameters for the wall configuration without exterior or interior finish
materials. The hysteretic parameter values were obtained using the companion analysis
program CASHEW (Folz and Filiatrault 2001). Data input to CASHEW includes wall
geometry, shear stiffness of the sheathing panels, and the hysteretic properties of the
sheathing-to-framing connections. The initial properties of the sheathing-to-framing
connections were taken from cyclic nail tests (Ekiert and Hong, 2006) conducted at the
University at Buffalo as part of the benchmark test program (Filiatrault et al. 2007). In
addition, inherent rate-dependent damping was accounted for via a Rayleigh damping
formulation (based on the initial stiffness matrix) in which a damping ratio of 1% was

assumed in the first and second modes.

3.4.2.1 Calibration of Numerical Model: Conventional Walls

As mentioned previously, the Initial Numerical Model (INM) utilized hysteretic
parameter values from nailed sheathing/stud (Hem fir) connection cyclic tests conducted
as part of the Benchmark structure test program. However, the constructed test
specimens used Spruce Pine fir which is slightly weaker than Hem fir (comparing the
specific gravity of the two lumbers species). Analysis of the INM using SAWS resulted
in a natural frequency of 3.85 Hz [by coincidence, close to the natural frequency from
low-amplitude system identification tests (see Table 3.5)]. Note that the SAWS program
does not provide natural frequencies for uniaxial models such as the test structure. Thus,
a biaxial model with very weak shearwalls in the lateral direction was used to obtain the
natural frequency in the longitudinal direction. The stiffness of the walls in the lateral
direction only affects the torsional frequency obtained from the SAWS analysis (since
SAWS models the shearwalls in both directions independently). The INM was stiffer
than the actual test structure (concluded by comparing the numerical results from INM

analysis with experimental results from Level 4 (33%) excitation) and thus
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underpredicted the displacement response. An Updated Numerical Model (UNM) was
calibrated by reducing the initial stiffness and force intercept values in the hysteretic
parameters obtained from CASHEW until the predicted displacement response
reasonably matched the experimental data for Level 4 (33%) excitation (see Figure
3.14). The UNM resulted in a SAWS natural frequency of 3.33 Hz. Note that the final
value of the natural frequency used in the analysis is about 15% lower than the value
obtained from system identification tests (3.88 Hz) for the undamaged test structure
[i.e., before any seismic excitation was applied (see Table 3.5 for values corresponding
to Level 4 (10%) row. Note that Level 4 (10%) excitation was too weak to cause any
damage and the dynamic properties of the test specimen remained unchanged]. This is
due to the system identification testing being done at very low amplitude and the SAWS
model being an idealized representation of the physical test specimen. The UNM
produced reasonably accurate prediction of displacement and acceleration response for
Level 5 (40%) excitation test of the conventional wall test specimen and thus validated

the calibration process used herein.

3.4.2.2 Calibration of Numerical Model: Retrofitted Walls

The natural frequency of the retrofitted test specimen obtained by system identification
tests was 4.50 Hz [larger than the conventional test specimen due to a different wood
framing system and the presence of the steel toggle brace assembly (see Table 1.5)].
Since calibration of the conventional test specimen resulted in a natural frequency that
was less than that measured in the system identification tests, the model for the
retrofitted walls was taken to be the same as the Initial Numerical Model (INM) for the
conventional walls which had the SAWS natural frequency of 3.85 Hz. Note that the
visco-elastic behavior of the toggle-braced damper assembly cannot be accounted for
directly in SAWS; rather, the damper is a pure viscous element and the elasticity of the
steel framing system is accounted for via equivalent hysteretic parameters that increase
the wood shearwall stiffness. A displacement magnification factor (damper
displacement/structure displacement) of 0.65 was observed in tests (40% of initial value
of 1.65) and was used in SAWS for analysis of the retrofitted walls. Note that there is

consistency between the numerical models for the conventional and retrofitted walls in
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that the value of the natural frequency of the SAWS models for both cases is about 15%
less than that measured in the corresponding system identification test (i.e., the
calibration procedure resulted in SAWS models that are less stiff than that measured in
low amplitude system identification tests). Note that this discrepancy is consistent with
the testing of a full-scale, two-story woodframed structure (without any finishing
materials) tested at University of California, San Diego, within the CUREE- Caltech
Woodframe Project (Folz and Filiatrault 2004b). Table 3.4 shows a summary of natural
frequencies. Note that experimental natural frequencies were obtained for the
undamaged test specimen [prior to seismic loading (also see Table 3.5)]. The
accumulation of damage from multiple seismic tests was accounted for by subjecting the
calibrated SAWS model to a train of ground motions; the SAWS model having been
calibrated using one of the weaker ground motions [(Level 4 (33%)].

Table 3.4 Summary of Natural Frequencies from Experimental Testing and
Numerical Modeling

EXPERIMENTAL NUMERICAL
Frequency obtained from Low Frequency of calibrated SAWS model
Amplitude System Identification Tests (calibrated against measured seismic
(prior to seismic testing) response)
Conventional 3.88 Hz 3.33Hz
Retrofitted 4.50 Hz 3.85Hz

3.5 Experimental Results
3.5.1 Dynamic Properties of Structure

System identification tests [white noise input of 0.51 mm (0.02 in) amplitude and 0 — 30
Hz bandwidth and sine-sweep tests of varying amplitude and frequency bandwidth] were
conducted between the seismic tests to determine the variations of the dynamic
properties (natural frequency and damping ratio) of the test structure as it experienced
increasing levels of damage. The natural frequency was identified from acceleration
transfer functions of white noise tests, peak response frequency during sine-sweep
response, and free vibration response at the end of white noise or sine-sweep signal.
Table 3.5 shows the results obtained from free vibration response of the test structure
after white noise or sine sweep signal. Note that Level 4 (60%) test was not carried out

for conventional test structure (without dampers) due to the possibility of collapse. The
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damping ratio was estimated using the maximum amplitude of the acceleration transfer
function associated with the dominant natural frequency (Twitchell 1998) and the free
vibration response at the end of the white noise and sine sweep tests. In the first method,
the damping ratio is dependent upon the peak value in the transfer function. Since the
peak value tends to be underestimated due to finite resolution in the transfer function
data, especially near the dominant natural frequency where the transfer function changes
rapidly, the damping ratio tends to be overestimated, Thus, the damping ratio estimated
from the free vibration response is assumed to be correct and these are the values shown
in Table 3.5. Note the small difference in damping ratios of the conventional and
retrofitted test specimens. This can be explained as follows. The dampers were not
activated during low-amplitude system identification tests and thus damping in the
retrofitted wall represents low-amplitude equivalent viscous damping for a different
configuration of the wood framing system (i.e. rotated inner studs and different field

nailing) along with the toggle-brace framing.

Table 3.5 Influence of Retrofit on Dynamic Properties

Properties Measured during Post-test Free Vibration
No. Seismic Test Natural Frequency (Hz) Damping (%)
Conventional | Retrofitted Conventional Retrofitted
1 Level 4 (10%) 3.88 4.50 2.37 2.57
2 Level 4 (33%) 3.38 4.38 342 3.81
3 Level 5 (40%) 2.00 4.37 4.74 3.94
4 Level 4 (60%) NA 4.17 NA 4.95

The natural frequency of the retrofitted test specimen obtained by system
identification tests was higher than the conventional test specimen (about 15% higher).
Note that previous research also indicated an increase in natural frequency due to
bracing systems (Hwang et al. 2005). Thus, the inclusion of the toggle-braced damper
assembly added stiffness to the walls (this was also evident during installation of the
damper assembly wherein restoring force appeared to be present). Thus, the
improvement in seismic performance due to retrofitting the walls can be attributed to
both added stiffness and additional energy dissipation capacity (i.e., visco-elastic

behavior) due to the presence of the damper assembly.
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3.5.2 Drift Response

Figure 3.7 shows that the peak wall drift (actually, peak drift ratio) is significantly
reduced (63% reduction for Level 4 (33%) excitation and 78% reduction for Level 5
(40%) excitation) in the retrofitted test specimen as compared to the conventional test
specimen. Figure 3.8a and 3.8b show the wall damage in the conventional and retrofitted
walls (East side), respectively, after Level 5 (40%) excitation. Note the significant
pullout of nails and separation of sheathing from the studs in Figure 3.8a indicating
significant damage in the conventional wall (peak drift equal to 3.48%) as compared to
the virtually undamaged retrofitted wall (peak drift equal to 0.77%). Due to the clear
relation between story drifts and damage in wood-frame structures (Porter et al. 2001),
reduction of story drifts is a key goal for seismic retrofit. The high peak drift reduction
clearly indicates that the performance of retrofitted walls with the toggle-braced damper

assembly is significantly improved as compared to the conventional walls.
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Figure 3.7 Comparison of Experimental Drift Response History: (a) Level 4 (33%)
Excitation and (b) Level 5 (40%) Excitation
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Figure 3.8 Wall Damage in East Wall after Level 5 (40%) Test: (a) Conventional
Wall and b) Retrofitted Wall

3.5.3 Acceleration Response

Figure 3.9a and 3.9b shows the acceleration response history for Level 4 (33%)
excitation and Level 5 (40%) excitation, respectively. Note that the acceleration was
significantly increased in the case of the retrofitted test specimen as compared to the
conventional test specimen, especially beyond the peak response. The increase can be
attributed to higher frequencies associated with the less damaged and thus stiffer
retrofitted structure. As the peak acceleration is related to non-structural and contents
damage of the structure, the reduction of this quantity is also desirable. The increase in
acceleration observed in experimental response history is also observed in numerical
simulations (see Figure 3.13). Thus, the increase in acceleration can also be attributed to
the relative contribution of the toggle-braced assembly to the total structural stiffness
(which is close to 32% in the testing presented herein). If this contribution is low (<<
32%; e.g., if the dampers are installed within a full size building rather than in single
shear wall components), a peak acceleration reduction on the order of 40% (based on
numerical simulations of a two-story woodframed building) can be expected in
woodframed structures retrofitted with fluid viscous dampers (Shinde et al. 2008b). Note

that the experimentally recorded acceleration response was low-pass filtered using a 25
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Hz cut-off to remove higher frequency components that were not consistent with the

recorded displacement response.
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Figure 3.9 Comparison of Experimental Acceleration Response History: (a) Level 4
(33%) Excitation and (b) Level 5 (40%) Excitation

3.5.4 Hysteretic Response

Figure 3.10a and 3.10b show the hysteretic response of the conventional and retrofitted
test specimen for Level 4 (33%) and Level 5 (40%) excitation, respectively. As
expected, the peak wall displacement (drift) is significantly reduced (78% reduction for
Level 5 (40%) excitation) and the energy dissipated near zero displacement is increased
significantly due to the velocity-dependence of the dampers. Note that the hysteresis
loops exhibited unexpected high frequency components which were removed via
application of a low-pass Butterworth filter with a cut-off frequency of 10 Hz. The effect

of dampers is more pronounced in the case of strong excitation [i.e., Level 5 (40%)

excitation (see Figure 3.10b)].
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Figure 3.10 Comparison of Global Hysteretic Response: (a) Level 4 (33%)
Excitation and (b) Level 5 (40%) Excitation
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Figure 3.11 Hysteretic Response of East Wall of Retrofitted Test Specimen: (a)
Global Hysteretic Response and (b) Damper Hysteretic Response

Figure 3.11 shows the hysteretic response of the retrofitted East wall specimen for
Level 5 (40%) and Level 4 (60%) excitation and the associated damper hysteretic
response. Note that the damper contribution to energy dissipation is most pronounced for
small displacements (high velocities). Also, the shape of the damper hysteresis loops is

consistent with that for a linear viscous damper (i.e., elliptical).

3.5.5 Energy Response

The seismic performance of the test specimens may also be evaluated by considering the
distribution of energy within the specimens as time progresses. The energy contributions
can be determined by assuming an idealized single degree-of-freedom (SDOF)
representation of the test specimens (i.e., lumped mass with non-linear spring and
viscous dashpot). Thus, the values of the damping ratio and natural frequency obtained
from low-amplitude system identification tests were used (Table 3.5) to compute the
viscous damping coefficient (for computation of inherent damping energy) and elastic
stiffness (for computation of elastic strain energy). Figure 3.12 shows a comparison of
the experimental energy distribution for the conventional and retrofitted test specimens

for Level 5 (40%) excitation (note that, for comparison purposes, the two figures are
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plotted to the same scale) along with their displacement response histories. The effect of
the dampers is to reduce the hysteretic energy dissipation demand by approximately
73%. The reduced hysteretic energy dissipation demand on the wood framing system
suggests that the retrofitted test specimen with dampers would experience less structural
damage than the conventional test specimen (as was indeed observed in the experimental
tests). Note that hysteretic energy shown in the Figure 3.12 includes both elastic and
inelastic strain energy. Due to their highly non-linear hysteretic behavior, elastic strain
energy is almost negligible (even less than kinetic energy) in woodframed structures and
thus this quantity is not plotted separately in energy distribution plots presented herein.
Also note that the hysteretic energy in the conventional test specimen gradually reduces
with time due to the gradual reduction in elastic strain energy and monotonically

increasing damping energy.
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Figure 3.12 Experimental Displacement and Energy Time History for Level 5
(40%) Excitation: (a) Conventional Walls and (b) Retrofitted Walls

3.6 Comparison of Experimental and Numerical Results

Figure 3.13 and 3.14 show a comparison of the numerical and experimental acceleration

and drift response history for the test specimens with the conventional and retrofitted test
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specimen, respectively. Note that a good match between the numerical and experimental
results for the retrofitted test specimen indicates the correct measurement of damper
stroke, and thus displacement magnification factor, during experiments. Both figures
show that the peak results are predicted well but that, beyond the peaks, there is poor
correlation between the results, particularly for the conventional test specimen. This type
of prediction (good up to the peak and poor afterwards) is not uncommon for wood
structures and can be attributed to the structure being in a damaged state beyond the peak
deformation (thus making it more difficult to capture the behavior beyond the peak

deformation where the cyclic response is highly nonlinear).

Table 3.6 Comparison of Experimental and Numerical Peak Responses for Level 4

(33%) Excitation
Level 4 (33%) Excitation
Conventional Walls Retrofitted Walls
Total Drift Total Drift
Acceleration (g) (%) Acceleration (g) (%)
+ve -ve +ve -ve +ve -ve +ve -ve
Experimental 0.22 0.23 0.86 0.69 0.28 0.28 0.32 0.27
Numerical 0.25 0.33 0.92 0.46 0.20 0.29 0.32 0.18
% Error 14 50 7 -33 -29 4 0 -33
Table 3.7 Comparison of Experimental and Numerical Peak Responses for Level 5
(40%) Excitation
Level 5 (40%) Excitation
Conventional Walls Retrofitted Walls
Total Drift Total Drift
Acceleration (g) (%) Acceleration (g) (%)
+ve -ve +ve -ve +ve -ve +ve -ve
Experimental 0.27 0.33 3.48 3.39 0.39 0.45 0.77 0.43
Numerical 0.38 0.40 3.24 1.93 0.30 0.44 0.75 0.39
% Error 41 21 -7 -43 -29 -4 -3 -9

A train of seismic motions is used as an input for the SAWS analysis to account for
prior damage induced by prior seismic motions. As mentioned previously, both
experimental and numerical response histories show increased acceleration response in
the case of the retrofitted test specimen as compared to the conventional test specimen,
especially beyond the peak drift response. Also note that the numerical prediction of the
acceleration response for Level 5 (40%) excitation for the conventional test specimen
appears to be limited to some value after the peak value has occurred (see Figure 3.13a).

This behavior may be due to the inability of the numerical model of the conventional test
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specimen to resist lateral forces after significant damage occurs [peak drift more than 3%
(also see Figure 3.14a)]. Table 3.6 and Table 3.7 show a comparison of experimental and
numerical peak response values (both positive and negative peaks) and the
corresponding percentage error. It is evident that the calibrated numerical models were
able to predict the seismic response reasonably well. Notably, the percentage error
between the peak experimental and numerical wall drift is less than 10% for both the test
specimens and for both seismic excitations. As mentioned previously, peak story drift
provides a key measure of damage in a building and thus numerical prediction of this

quantity is of utmost importance.
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Figure 3.13 Comparison of Numerical and Experimental Acceleration Response
History: (a) Conventional Walls and (b) Retrofitted Walls
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Figure 3.14 Comparison of Numerical and Experimental Drift Response History:
(a) Conventional Walls and (b) Retrofitted Walls

3.7 Evaluation of Loss of Displacement Transfer to Dampers

Significant loss of displacement transmission (about 60% loss from ideal magnification
of 165% to actual magnification of 65%) was observed. Figure 3.15 shows the
comparison of wall displacement and damper stroke time history in the retrofitted East
wall. Note that the damper stroke lagged the wall displacement during seismic excitation
(approximately by 0.08 sec) and thus the top wood plate and the top channel of the
damper assembly were not responding completely in phase (suggesting some
displacement loss at the top channel connection). Figure 3.16 shows a direct comparison
of wall displacement and damper stroke wherein the damper stroke has been shifted in
time by 0.08 sec to facilitate evaluation of displacement losses. The lines representing

the wall with ideal chevron-braced configuration (/= 1.0), ideal toggle-braced
configuration ( f = 1.65) and actual toggle-braced configuration ( f = 0.65) are also

shown in the figure. The actual displacement magnification factor ( /= 0.65) is
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calculated directly as the ratio of the maximum damper stroke to the maximum wall

displacement.
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Figure 3.15 Comparison of Wall and Damper Stroke Response History: (a) Level 5
(40%) Excitation and (b) Level 4 (60%) Excitation
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Figure 3.16 Evaluation of Displacement Transmission Losses: (a) Level 5 (40%)
Excitation (b) Level 4 (60%) Excitation

Equation 23-2 in IBC 2006 provides an analytical expression to predict the total

deflection experienced by a shearwall during an earthquake by combining the following
four types of deflection: bending (A,), shear (A)), nail slip (A,), and anchorage slip
(A,). Breyer et al. (2007) provides a detailed explanation of these deflection

components. The damper only has the ability to respond to shear deformations and thus
the deformation of the damper is only due to the direct shear term and the shear
deflection component of the nail slip deflection. Note that nail slip reduces the overall

stiffness of the shearwall and thus results in additional deflection of the shearwall. This
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additional deflection may include bending and anchorage slip deflections which are not
transferred to the dampers. Using the aforementioned analytical expression, shearwall
deflection calculations were performed for the Level 4 (33%), Level 5 (40%), and Level
4 (60%) tests for the retrofitted walls (see Section D.6 for details). The total deflection
was known from the displacement data collected during the tests, and the measured
acceleration at the top of shearwall (corresponding to the maximum deflection) was used
to calculate the base shear. Note that the analytical expression for the nail slip
contribution was not used herein as it is the most difficult quantity to predict accurately
and thus, as compared to the other deflection components, its analytical expression is
primarily empirical in nature. Instead, this contribution was computed by subtracting the
deflection due to bending, shear and anchorage slip from the total measured
displacement. The maximum shear force per unit length at the top of the shearwall is

determined from:
y = Mo (3.1)

where a,,, 1s the measured acceleration at the top of the wall, m is the seismic mass at the
top of the wall, and L is the length of the shearwall. The elongation of the Simpson
HDG6A hold down, d, ,was equal to 1.04 mm (0.041 in) for the chord force of 16.37 kN

(3.68 kips). The deflection due to anchorage slip A, was then calculated by determining

the chord force for the computed shear at the top of the shearwall (see Section D.6 for
details).

The percentage contribution of each deflection component was then used to
determine the amount of deflection that was transferred to the damper and the amount
that was lost within the shearwall. It is assumed that only 30% of the deflection due to
nail slip will be lost within the shearwall, leaving 70% to be transmitted in pure shear to
the dampers (see Table D.6 for details). The 30% value was selected such that it will
give reasonable contribution of losses within the shearwalls to the total displacement
transmission loss observed (about 60%). Based on these assumptions, the total
displacement loss within the shearwall was estimated to be within the range of 30 to
40%. The additional displacement loss observed (i.e., 20 to 30%) may be due to gaps in

joints of the toggle-assembly, gaps created due to crushing of holes in wooden top plates
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due to bolt bearing stress, high aspect ratio of the damper assembly (higher height than
conventional toggle assemblies used/tested in the past) and gaps in the wall to damper
assembly connections. Note that the losses within the shearwall may be used
advantageously to dissipate energy by employing a distributed energy dissipation system
[e.g., using visco-elastic material directly bonded to wood (Dinehart and Lewicki
(2001)].

Another important contributor to the additional displacement loss is the deformation
(elongation or contraction) of the bracing members in the toggle-braced assembly.
Huang (2004) concluded that the magnification factor derived assuming rigid brace
members overpredicts the damper stroke significantly. Huang (2004) also developed a
theoretical expression to include the effect of brace elongation. Recall that the
magnification factor of 1.65 was derived assuming small deformations with rigid brace
members. Thus, losses due to elongation of the bracing members may be significant.
Also, Hwang et al. (2005) reported displacement transmission losses on the order of 40%
in the second story of a three-story scale-model steel-framed structure with toggle-
braced dampers. Thus, it is apparent that some amount of displacement loss of the same
or higher order is expected in woodframed structures, given that woodframed structures

have more flexible framing members and joints than steel-framed structures.

3.7.1 Influence of Displacement Transmission Loss on Peak Drift

Table 3.8 shows the influence of displacement transmission loss on peak drift. Note that
the values were obtained by comparing the experimental results of the conventional test
specimen and the numerical simulations of the retrofitted test specimen using the ideal

and actual displacement magnification factor ( /). Recall that a good match of

numerical simulations with actual displacement magnification factor and experimental
results of the retrofitted test specimen indicates the correct measurement of damper
stroke during experiments and thus the values shown in Table 3.8 will be very close to
the peak drift reduction values computed by comparing experimental results. It is
apparent that there is a significant seismic performance improvement in the retrofitted

test specimen as compared to the conventional test specimen even with 60% loss in the
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displacement transmission. The percentage reduction in the peak drift is in fact good

enough to recommend the tested configuration for a practical implementation.

Table 3.8 Influence of Displacement Transmission Loss on Peak Drift

Peak Drift Reduction

Level 4 (33%) | Level 5 (40%)
Ideal Toggle braced Damper (f=1.65) 86% 93%
Actual Toggle-braced Damper (f'= 0.65) 63% 78%
Actual / Ideal 0.73 0.84

3.8 Influence of Retrofit on Test Specimen
3.8.1 Influence of Retrofit on Supplemental Damping in Test Specimen

The influence of the toggle-braced damper assembly on the damping within the
retrofitted test specimen can be estimated by computing the supplemental (linear
viscous) damping ratio, £, , as follows:

g Caf

2ma,

(3.2)

where C, is the damping coefficient of the damper, f is the displacement amplification
factor, m is the seismic mass of the test specimen, and , is the natural frequency of the
retrofitted test specimen. Figure 3.17 shows the supplemental damping ratio £, for the

retrofitted wall with the ideal chevron-braced configuration, ideal toggle-braced
configuration, and actual toggle-braced configuration based on the observed
displacement magnification factor. Note that the inherent damping was obtained from
low amplitude system identification tests and the supplemental damping was calculated
under the assumption that the retrofitted wall has the same natural frequency for all 3
cases and is equal to the value from low amplitude system identification testing (4.50
Hz). Thus, both the inherent and supplemental damping shown in Figure 3.17 do not
include hysteretic damping from non-linear material behavior. It is evident that the loss
of damper stroke significantly reduces the damping ratio and thus reduces the seismic

resistance from supplemental damping.
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Figure 3.17 Influence of Retrofit on Supplemental Damping in Test Structure
3.8.2 Influence of Retrofit on Performance of Test Specimen

Table 3.9 shows the influence of retrofit on the performance of the test specimen by
evaluating the stiffness and the damping contribution to the peak drift reduction. It also
shows the hysteretic energy demand reduction and the contribution of energy dissipation
of dampers to the total input energy. Note that the results presented herein are obtained
by comparing the results of numerical analyses using trains of motions and thus peak
drift reduction values do not match those given in Table 3.8. The results for the added
stiffness case were obtained by using the Initial Numerical Model (INM) of the
convnetional walls without the dampers (i.e., only added stiffness from the toggle-
assembly was used by using a different configuration of the wood framing system). The
added stiffness reduced the peak drift by 43%. However, it should be noted that the
ability of the retrofitted walls to resist repeated seismic excitation without any significant
damage will not be present in the wall with just added stiffness given the small reduction
in hysteretic energy demand (30%). For the retrofitted walls, the contribution to the drift
reduction from the stiffness was assumed equal to the drift reduction obtained from the
case where only added stiffness was considered [added stiffness associated with different
configuration of the wood framing system (i.e. rotated inner studs and different field
nailing) along with the toggle-brace framing], although this contribution would be
actually higher for the retrofitted walls as they respond with smaller displacements and
thus the secant stiffness is higher (i.e., peak drift was 0.77% for the retrofitted test
specimen compared to 3.48% for the conventional test specimen). Note that the

inclusion of the damping system results in significant energy dissipation by the dampers
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and corresponding reduction in the hysteretic energy demand on the framing system (see
Table 3.9). Additionally, since the perimeter nailing of the conventional and retrofitted
walls was same, the added stiffness of the retrofitted walls is mainly due to the stiffness
of the bracing system of the toggle-assembly (i.e., the elastic portion of the visco-elastic

behavior of damper assembly).

Table 3.9 Influence of Retrofit on Performance of Test Specimen

Level 5 (40%) Excitation
. —
Peak D.rlft Reduction (%) Hysteretic Energy Cumulative
Stiffness Damper . e
oo o Demand Reduction | Energy Dissipated
Total | Contribution | Contribution (%) by Dampers (%)
(%) (%) ’ Y oampEn T
Ideal (f=1.65) 92 47 53 97 86
Actual (f=0.65) | 77 56 44 77 48
Added Stiffness | 43 100 0 30 0

3.9 Test Specimen Modification to Reduce Displacement Transmission
Loss

Since the retrofitted test specimen was in good condition after the final shake table test,
it was decided to perform one additional seismic test in which a simple modification was
made to the test set-up in an effort to reduce the displacement transmission loss to the
damper. The modification was made at the connection between the wood top plate and
the top steel channel of the damper assembly. Specifically, from the inside of the shear
walls, two steel shear plates (9.53 mm (3/8 in) thick) were welded to each top channel
and screwed to the top plate (see Figure 3.18), the intent of the shear plates being to
more directly transfer shear forces from the wood top plate to the steel top channel and
thus to reduce displacement transmission losses at that location.

The effect of the modified design is shown in Figure 3.19 for the east wall of the test
specimen for Level 4 (60%) excitation. The damper stroke is significantly increased,
particularly for small displacement response (see Figure 3.19a), as compared to the test
specimen prior to addition of the shear plates (see Figure 3.15b). The increased damper
stroke corresponds to a displacement magnification factor (f') that is increased by about
10% (from 0.65 to 0.72). Also note that the time lag between the damper stroke and wall
displacement during seismic excitation was reduced by approximately 60% (compare
Figure 3.19a and Figure 3.15b). Further, energy dissipation in the dampers, particularly

near zero displacement, is increased significantly (compare Figure 3.19b and 3.11Db),
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resulting in reduced hysteretic energy dissipation demand on the framing system and

thus a peak drift reduction of about 10% (from 0.97% to 0.89%).

v 4

Figure 3.18 Close-Up View of Steel Shear Plates for Reducing Displacement
Transmission Losses
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Figure 3.19 Effect of Modified Design on Performance of East Wall of Test
Specimen for Level 4 (60%) Excitation: (a) Wall and Damper Stroke Response
History and (b) Damper Hysteretic Response

3.10 Summary and Concluding Remarks

The research presented herein demonstrated the feasibility of implementing modular
damper walls within a full-scale shearwall. The modular damper walls contained fluid
viscous dampers within a wood framing system. Such dampers can readily fit within the
dimensional restrictions of a conventional wood shearwalls. Thus, the modular damper

walls can be constructed off-site and delivered to the job site for “drop-in” installation.
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The performance of the retrofitted walls with the toggle-braced assembly was
significantly improved as compared to the conventional walls. The improvement in
performance can be attributed to both added stiffness and additional energy dissipation
capacity due to the damper assembly (i.e., visco-elastic behavior). The ability of the
retrofitted walls to resist repeated seismic excitation without any significant damage was
clear. Due to a number of factors, including the inherent flexibility in the connections of
wood framing systems, engagement of the dampers was limited and thus the full
effectiveness of the dampers was not realized. Significant loss of displacement
transmission (about 60%) was observed. Evaluation of loss of displacement transmission
revealed that there are additional possible sources of displacement loss in woodframed
structures as compared to steel and concrete structures. These losses can be on the order
of 30% to 40%. Additionally, there will be losses within the damper assembly itself. The
toggle-braced assembly is a promising design for modular damper walls since the losses
in displacement transmission to dampers is compensated to some extent by its
displacement amplification properties. However, there can be significant losses due to
elongation of the bracing members. These losses should be taken into consideration
during the design process via reduction of the ideal displacement amplification factor by
some loss factor. Additionally, the added stiffness due to the toggle brace should be
accounted for in the design process. Clearly, there is potential for improvement in
modular damper wall design via improved connections between the toggle-assembly and

shearwall to increase displacement transfer to the toggle-assembly.
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4. DISPLACEMENT-BASED DESIGN OF SEISMICALLY-
ISOLATED WOODFRAMED STRUCTURES

Seismic isolation systems have been implemented in numerous structures worldwide but
with relatively few applications to woodframed buildings, in spite of the fact that recent
shaking table tests demonstrate significant improvement in their performance when they
are isolated. To facilitate future applications to woodframed buildings, this chapter
discusses the development of two displacement-based methods for seismic design of
light-framed wood structures with base isolation systems. One method involves a
conventional direct displacement-based design procedure in which a new approach has
been taken to define an equivalent single-degree-of-freedom (SDOF) model for an

isolated building structure with the computation of its design inter-story drift based on

89



the relative contribution of the isolation system displacement and the effective
displacement of the equivalent SDOF fixed-base superstructure, all without the need for
modal analysis. In addition, a simple and quick design procedure based on normalized
modal analysis and generation of inter-story drift spectra has been developed. These
more practical approaches have been developed with the objective of enabling designers
to efficiently evaluate various options before making the final selection of isolation
system parameters. The validity of both displacement-based procedures is confirmed
using results from nonlinear dynamic response-history analyses and experimental results
from shaking table tests of a half-scale, two-story, woodframed building supported on a

sliding isolation system.

4.1 Introduction

The 1994 Northridge Earthquake (Moment Magnitude = 6.8) clearly demonstrated the
seismic vulnerability of woodframed construction in the U.S (Kircher et al. 1997). The
estimated property losses in woodframed buildings were approximately $20 billion and
24 of the 25 fatalities occurred in such buildings. Prior to this earthquake, woodframed
construction in the U.S. had generally been considered to perform well during
earthquakes. However, this earthquake underscored the fact that conventionally designed
woodframed structures can become uninhabitable due to significant structural and non-
structural damage, although they generally do not collapse and thus relatively few lives
are lost in such structures. As such, the NEESWood project sought to develop a
performance-based seismic design (PBSD) philosophy that considers multiple levels of
performance (van de Lindt et al. 2006). As part of this project, the application of seismic
protection systems (seismic damping and isolation systems) to woodframed buildings
was also investigated via a comprehensive experimental and numerical study.

One approach to increase the performance reliability of woodframed structures in
regions of high seismic intensity is to incorporate an advanced seismic protection
system. Seismic protection systems reduce the response of the structure during seismic
excitations either by changing fundamental characteristics of structure (e.g., a base
isolation system increases the fundamental natural period of the supported structure) or

by providing additional means to absorb seismic input energy (e.g., an energy dissipation
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provides supplemental damping). A comprehensive literature review on the application
of advanced seismic protection systems (both base isolation and supplemental damping
systems) to woodframed structures is presented by Symans et al. (2002). Therein, the
only known application of a base isolation system to a light-wood framed building is
presented (a residential structure on a sliding isolation system). This study clearly
identified the various challenges of the application of seismic protection systems to
woodframed structures. Some of these challenges for the application of base isolation
systems are:

1) Low weight of woodframed structures (Lateral stiffness of isolation systems must
be very low to sufficiently extend period. For elastomeric bearings, the
requirement of low stiffness leads to potential bearing instability. Also, low
weight on sliding bearings leads to high and unstable friction coefficients and the
potential for undesirable sliding during strong windstorms).

2) Absence of stiff diaphragm at the first floor in woodframed structures (The
introduction of a stiff diaphragm is important to ensure the transfer of base shear
to the isolation system while maintaining uniform motion across all bearings and
thus maintaining the effectiveness of isolation).

3) A need for flexible utility connections (e.g., gas, electric, telecommunications,
etc.) which limit the displacement capacity of the isolation system and thus the
isolation effect.

In addition to these technical challenges, some important challenges are cost control, a
lack of technical and construction expertise, the need for simple and practical design
methods and social awareness among owners about the benefits of using such systems to
protect their houses.

There have been continuing research efforts to develop or implement base isolation
systems in woodframed buildings, particularly in Japan where different base isolation
systems have been applied to residential structures. Recently, Wetzel (2006) developed a
friction bearing device to limit damage in lightweight structures. Kubo et al. (1998)
proposed a seismic isolation bearing (rubber combined with steel plates) that is
configured such that it is particularly suitable for lightweight structures. Yamnouchi et al.

(1998) demonstrated the usefulness of base isolation through testing with various
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isolation systems using different masses of superstructure. Finally, a number of
implementations of base isolation systems consisting of low-friction sliding bearings
combined with elastomeric bearings have been implemented in Japan for single family
houses (e.g., see http://www.ichijo.co.jp).

The design of seismic isolation systems within the context of PBSD procedures has
been discussed within the literature. PBSD with isolation systems have been proposed by
Priestley et al. (1998, 2007) in which direct displacement-based design (DDD) of
seismically isolated bridges and isolated buildings (assuming both rigid and flexible
behavior of superstructure) were covered. Cardone et al. (2008) proposed a new
approach for DDD of seismically isolated bridges using the guidelines of Priestley et al.
(2007). Direct Displacement-Based Design (DDD) is a method in which a nonlinear
system is modeled as an equivalent linear system where the stiffness is represented by
the secant stiffness at the design displacement. In addition, the displacement-induced
damage (inelastic strain energy) is accounted for via an equivalent linear viscous
damping model. This approach to modeling is also applicable to isolated structures since
such a structure can be considered to be a conventional structure but with a short first
story having high flexibility and energy dissipation capacity. Equivalent viscous
damping used in the DDD is often difficult to quantify for structures subjected to
damage. Including isolation systems enables the designer to quantify damping more
accurately by combining the inherent superstructure damping (typically 5% considering
the nearly elastic response of the superstructure with base isolation effect during seismic
excitation) and damping of the isolation system based on its hysteretic behavior (which
can be based on experimental data), and thus it improves the reliability of the DDD
procedure. The advantages of displacement-based approaches over force-based
approaches for analysis and design of isolated structures are discussed by Priestley
(2007).

Within the NEESWood project, shaking table tests have been recently completed on
a half-scale woodframed building with Friction Pendulum System (FPS) bearings (Zayas
et al. 1987). The results from the tests clearly demonstrated the effectiveness of sliding
isolation bearings for seismic protection of light wood-framed buildings. To facilitate

future applications to woodframed buildings, this chapter discusses the development of
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two displacement-based methods for seismic design of light-framed wood structures
with base isolation systems. One method involves a conventional direct displacement-
based design procedure in which a new approach has been taken to define an equivalent
single-degree-of-freedom (SDOF) model for an isolated building structure with the
computation of its design inter-story drift based on the relative contribution of the
isolation system displacement and the effective displacement of the equivalent SDOF
fixed-base superstructure, all without the need for modal analysis. In addition, a simple
and quick design procedure based on normalized modal analysis and generation of inter-
story drift spectra has been developed. These practical approaches have been developed
with the objective of enabling designers to efficiently evaluate various options before
making the final selection of isolation system parameters. The validity of both
displacement-based procedures is confirmed using results from nonlinear dynamic
response-history analyses and experimental results from shaking table tests of a half-

scale woodframed building supported on a sliding isolation system.

4.2 Half-Scale Seismic Isolation Test

Seismic shaking table tests were performed at Colorado State University on a half-scale
woodframed building supported on Friction Pendulum System (FPS) bearings. The tests
were conducted as part of the NEESWood project. A half-scale woodframed test
structure was designed based on the available plan dimensions of the shake table (see
Figure 4.1). The building is assumed to have been located in either Northern or Southern
California and may be regarded as a single family home with three bedrooms and an
attached one-car garage. The total living area for the full-scale prototype would be
approximately 107 m?® (1150 ft*) which is relatively small compared to typical houses.
The half-scale test specimen had a total living area of 26.7 m”. The height of the first and

second story, H was equal to 1.32 m, thus making the total height of the

SS 2
superstructure (foundation to roof eave) equal to 2.64 m. Note that the shaking table tests
were conducted with motion imposed only along the longitudinal direction (i.e., stronger

direction) of the test structure.
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Figure 4.1 (a) Half-Scale Isolated Test Structure and (b) Geometry of FPS Bearing
used for Testing

The seismic weight at the first and second floor level and the roof level was 14.23
kN, 23.06 kN and 16.45 kN, respectively. The total weight of the superstructure (second
floor and roof levels), W, was 39.51 kN and the total weight of the isolated structure

(first, second and roof levels), W, , was 53.74 kN. The radius of curvature, R, of the

1S >

FPS bearings used for testing was 473.5 mm with a displacement capacity, A ., equal to

A
+/-82.2 mm (see Figure 4.1 for details). Thus, the natural period of a rigid mass

supported on the FPS bearings, T, is 1.38 sec as given by the natural period of a

R
Ty =27z\/: 4.1)
g

4.3 Displacement-Based Design using Inter-Story Drift Spectra

pendulum:

The simple displacement-based design (DBD) procedure presented herein is based on
the generation of inter-story drift spectra and has the potential to be used as a simple and
expeditious PBSD approach for design of isolated structures. This method was
conceptualized based on the important observation that inter-story drifts are more
sensitive than mode shape values to isolation system parameter values (Shinde et.al.
2010). The general method for generating inter-story drift spectra for use within a DBD
procedure was adapted from Pang and Rosowsky (2007). This approach provides a
reasonably accurate solution and thus serves as a suitable tool for preliminary analysis of

isolated buildings. This DBD procedure involves the following steps (see Figure 4.2):
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2)

3)

4)

5)

For given seismic hazard levels, define desired performance level in terms of
limiting inter-story drifts.

Select isolation system properties and model the isolation system as a separate
story while assuming a suitable height of the isolation story and inter-story drift
at the isolation level. Estimate the mass and stiffness ratios for each story
[relative to the first story (i.e., story above isolation story)].

Perform normalized modal analysis to obtain inter-story drift factors and natural
frequency parameters.

Assume a suitable value of equivalent damping (based on selected isolation
system parameters) and construct design inter-story drift spectra for the given
hazard level. From design inter-story spectra obtain estimate of design inter-story
drift in each story of superstructure for the defined value of isolation inter-story
drift ratio.

Compare results with design inter-story drift. Revise isolation design if necessary

and repeat steps 2-5.
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Step 5 : Compare the results with Design
Inter-story Drift and Revise if required

Figure 4.2 Displacement-Based Design using Inter-Story Drift Spectra (Adapted
from Pang and Rosowsky, 2007)
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4.3.1 Design Process

4.3.1.1 Target Performance Levels and Seismic Hazard Levels (Step 1 in Figure
4.2)

Base isolation can be used to achieve higher design performance levels for high seismic
hazard (e.g., Maximum Considered Earthquake (MCE) which has a 2% probability of
occurrence for a design life of 50 years). The test structure is designed for a location in
Southern California with stiff soil conditions (Site Class D). The design 5%-damped
spectral acceleration values for MCE hazard Level were determined in accordance with

ASCE/SEI-41 (2006). The MCE spectral response acceleration for short-period, S

MS >

was taken equal to 1.5g and its value for one-second period, S, ,, was taken as 0.9g. The

M1°
design performance level was chosen as an operational level (0.5% design inter-story

drift limit 6,)).

4.3.1.2 Modeling of Isolation System and Estimation of Mass and Stiffness Ratios
(Step 2 in Figure 4.2)

Since the isolation system is modeled as an individual story, the height of the isolation

story, H ., must be established. One approach to establishing the height is to base it on

A
the geometry of the FPS bearings such that the resulting height is on the order of 5-10%
of the typical height of the stories within the superstructure (4, ).In the case of the

isolated test structure, the isolation story height was taken as ten times the depth, D,, of

the FPS bearings (corresponding to the lowest point of the curved surface) which is
equal to about 5.4% of the typical height of the stories within the superstructure. Since
inter-story drift (actually, inter-story drift ratio) is inversely proportional to the height of

the story, an expression for the isolation story drift limit, 6, as defined by the following

empirical relation:

nH g nH
0.= =
s D, R(l—cos 0') (4.2)

where O is one-half of the central angle made by the FPS arc (10 degrees for the

bearings used in the testing) and 7 is a calibration factor which was taken equal to

0.013 for the two-story test structure. For different numbers of stories in the
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superstructure, a parametric study would be needed to determine a suitable value for the
calibration factor. In addition, for other types of isolation systems, the depth of the
bearing in Equation 4.2 would need to be defined differently (e.g., for elastomeric
bearings, the height of the bearing could be used). Note that Equation 4.2 gives drift
expressed as a percentage. As shown in Equation 4.2, the inter-story drift limit for the

isolation story, the inter-story drift limit for the isolation story, 6,

is inversely
proportional to the radius, R ,and, therefore, to the square of the natural period of the

isolated structure, 7, . Introducing the height of the stories of the superstructure, H g , in

Equation 4.2 allows for a connection to be established between the stiffness of the
superstructure and that of the isolation system, that relation being important as it controls
the degree of isolation effect.

The mass ratios, £, , (relative to the isolation story) were computed as 1.62 and 1.16

for the first and second stories, respectively. For initial design purposes, a uniform
distribution of inter-story drift can be assumed. A preliminary estimate of the stiffness

ratio for each story within the superstructure is given by:

k
By = (4.3)
k]S

where £ is the secant stiffness of the isolation system and kg is the stiffness of each

story in the superstructure (assumed to be equal for initial design purposes) as given by:

W, uw,
k.= 1S+ IS
y R A (4.4)
F
kg =— (4.5)
SS ASS

where Ag is the displacement at the top (roof-level) of the fixed-base superstructure

and F; is the total lateral force applied at the roof level as given by:

t
F=CW (4.6)
where C.is the design base shear coefficient. Note that this method uses a simple
concept of computing the stiffness of superstructure stories by representing the structure

as an equivalent SDOF system and applying the total lateral force F; at the top of the

t
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superstructure which displaces by Ay, (in this simplified approach, the SDOF model is

defined by the total weight, total height, and total displacement at the top of the structure

when subjected to the force £]). To obtain a better estimate of the inter-story drifts, a

non-uniform distribution of design inter-story drifts can be assumed in accordance with
the seismic mass distribution within the structure. Note that the substitute structure
approach used in the classical DDD method developed by Priestley (2007) can also be
used herein to define the effective stiffness of the superstructure and compute the
stiffness ratio. The method described herein is meant to simplify the calculations. Note
that this method results in a smaller value of story stiffness than the effective stiffness
(using substitute structure approach) and thus results in a conservative estimate of peak
inter-story drifts in the superstructure.

Also note that, due to the relatively low pressure on the bearings for light weight

woodframed structures, the value of the coefficient of friction, x«, was taken as 0.10.
The design base shear coefficient, C,, is obtained from:

S

C =2
=B, 4.7)

where B.is the damping reduction factor determined in accordance with (ASCE/SEI-41,

2006):

4
B. =
*5.6-1n(100&)

(4.8)

where £ is the equivalent damping of the superstructure and is assumed equal in all
modes of vibration. The value of B;is equal to unity as an equivalent viscous damping
of 5% 1is assumed for the superstructure (considering that elastic or nearly elastic

response of the superstructure is expected).

4.3.1.3 Normalized Modal Analysis and Construction of Inter-story Drift Spectra
(Step 3 and 4 of Figure 4.2)

After the mass and stiffness ratios have been determined, a normalized modal analysis is

performed to compute frequency parameters, ¢, , and mode shapes, ¢,, as given by:
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Mg, =K, (4.9)
Knowing these parameters, the inter-story drift factors for the j-th story in the n-th

mode, };, , is obtained as follows:

an = Fn (¢jn _¢j—l,n) (4. 10)
where T, is the modal participation factor corresponding to the n-th mode. The design

inter-story drift spectra are then generated from the design acceleration response

spectrum (Pang and Rosowsky, 2007) using:

A(T)= HL ;[ym [%T S, (gjr (4.11)

J n

where A, (f ) is the inter-story drift for the j-th story (with contributions from all
modes), H ; 1s the height of the j-th story, Sa(f / aﬂ)is the interpolated design

acceleration response spectra value, and 7' is the normalized first-story period. Note that

the inter-story drift spectra should be further adjusted for equivalent damping of the

isolated structure, feq , as given by (Priestley, 2007):

geq — Ass QZSSA"' A Sis (4.12)
D

where A, is the design displacement of the isolated structure which is equal to the sum

of the top structural displacement, A ., and the displacement capacity of the isolation

Ss

bearings, A, . The derivation of Equation 4.12 involves the assumption that the ratio of

equivalent damping of the structure and isolation system is equal to the ratio of the
corresponding hysteretic areas used to compute them. Note that the damping reduction

factor B, defined in Equation 4.8 is used to scale down the inter-story drift spectra by
additional equivalent damping of the isolated structure, feq, by replacing the & term in

Equation 4.8 with é’eq. The damping ratio associated with the FPS isolation system, &,

is calculated based on Jacobsen’s Equation (Cardone et al. 2008) which involves the
ratio of the total energy dissipated by the isolation system to the strain energy stored at

the maximum displacement as given by:
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_2_ M
Sis Sz uTA /R (4.13)

After generating the design inter-story drift spectra, the estimate of the peak inter-
story drift in each story of the superstructure was obtained at the defined value of
isolation inter-story drift ratio (239%) calculated using Equation 4.2 (see Figure 4.3).
The first and second story will experience only 0.40% and 0.17% drift, respectively.

These values are less than the design inter-story drift limit, 6, , of 0.5% and thus there is

no need to redesign the isolation system.
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Figure 4.3 Inter-Story Drifts for Test Superstructure from Isolation Story Inter-
Story Drift

4.3.2 Advantages of Proposed Displacement-Based Design Procedure

The advantages of the displacement-based design procedure based on using the inter-
story drift spectra are:

1) It is simple and thus saves time and effort while maintaining reasonable accuracy
of results.

2) Itis easy to define the inter-story drift capacity for different isolation systems by
performing a parametric study.

3) The use of more sensitive inter-story drifts in the analysis allows better fine-
tuning while selecting isolation parameters values than an analysis based on the
less sensitive mode shape values.

4) The substitute structure approach to define effective stiffness can be easily

incorporated within the design procedure.
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5)

6)

7)

1)

In the proposed procedure, the isolation story height is directly related to the
isolation system parameters (for FPS bearing it is related to the height of the
curved surface). Note that this is a better approach than using an assumed value
of the isolation story height which is not strongly correlated to the isolation
system geometry (e.g., using a percentage of the story height).

The proposed procedure gives an estimate of the peak inter-story drift in all the
stories of the superstructure which may be useful to make the final design of the
superstructure economical (e.g., by modifying the structural properties to avoid
excess drift in any one particular story).

For fine-tuning the design, a single analysis with the selected isolation system
parameters can be used directly as the inter-story drifts in the superstructure are
constant for the given isolation inter-story drift generated from the elastic
response spectra (i.e., the isolation story drift can be recalculated using Equation
4.2 and the inter-story drift spectra generated in the initial analysis can be
directly used to estimate the peak inter-story drifts in the stories of the
superstructure for subsequent changes in the isolation system parameter values).
Note that this approach does not consider the change in the equivalent damping
of the isolated structure and thus results will be approximate. Thus, it is
recommended to use it only if the isolation system parameters are changing

within a small range with an insignificant change in the equivalent damping.

4.4 Direct Displacement-Based Design

The procedure described herein involves a conventional direct displacement-based
design procedure (Priestley et al. 2007) in which a new approach has been taken to
define an equivalent single-degree-of-freedom (SDOF) model for the isolated building
structure with the computation of its design inter-story drift based on the relative
contribution of the isolation system displacement and the effective displacement of the
equivalent SDOF fixed-base superstructure, all without the need for modal analysis. This

DDD procedure involves the following steps:

For given seismic hazard levels, define desired performance level in terms of

limiting inter-story drifts.
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2) Define equivalent SDOF model for a fixed-base superstructure using substitute
structure approach.

3) Select isolation system properties and model isolation system as a separate story.
Define an equivalent SDOF model for the isolated superstructure (note that the
superstructure is converted to an equivalent SDOF model in the previous step)
and determine its actual effective stiffness.

4) Enter displacement response spectra (modified with equivalent viscous damping
of equivalent SDOF model of isolated structure) with the design displacement of
isolated structure to determine the required effective stiffness.

5) Estimate approximate peak inter-story drift by dividing the design inter-story
drift ratio by the ratio of actual to required effective stiffness.

6) Compare results with design inter-story drift. If necessary, revise isolation

system design and repeat steps 2-6.

4.4.1 Design Process

DBD of the half-scale test structure presented previously is also used herein to explain
the steps of the DDD procedure. Note that target performance levels and hazard levels
are the same as defined previously in displacement-based design using inter-story drift

spectra.

4.4.1.1 Equivalent SDOF Model of Superstructure

An equivalent SDOF model for a fixed-base superstructure based on DDD guidelines
(Pang et al. 2009) is developed herein. Note that the procedure used to define the
effective weight and height of the structure is the same as the substitute structure
approach discussed by Priestley et al. (2007). Table 4.1 shows the design parameters for
the equivalent SDOF model of the superstructure which are defined in Figure 4.4. Note

that the design inter-story drift limit for each story, 6}, is the same as the design inter-
story drift limit, ,, defined previously. A uniform distribution of inter-story drift is

assumed. Alternatively, non-uniform distribution can be assumed based on relative

stiffness of stories and the inertial masses associated with them.
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Table 4.1 Design Parameters for Equivalent SDOF Model of Half-Scale Test

Superstructure
Story h, h; W 0, A A C,
(m) (m) (kN) (%0) (mm) (mm)
1 1.32 1.32 23.06 0.50 6.60 6.60 0.41
2 1.32 2.64 16.45 0.50 6.60 13.20 0.59
The vertical distribution factors for base shear, C,, , is computed using:
c WA,
v Z W At (4.14)
The effective height, hf; , 1s determined as follows:
hy = Z C,h, 4.15)

The target displacement at the effective height, Aff; , 1s obtained by interpolation at
the effective height hSS The effective seismic weight, Wf , 1s computed as follows:
2
2(m4))

Wy =t—— (4.16)

eff ZWJ(AZ)z
J

Note that, in Figure 4.4, the effective seismic mass, me/f is shown instead of the

effective seismic weight We// The design lateral force, F*, is given by:
E*=CW, (4.17)

where C, is the design base shear coefficient which is adjusted in accordance with the
damping reduction factor B. (see Equation 4.7 and 4.8). As mentioned previously, the

value of B, can be taken as unity if it is assumed that the equivalent viscous damping in

the superstructure is 5%. Finally, the effective stiffness of the superstructure, kf;, i

determined as follows:

ke/?’ = Atss (4~18)
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Figure 4.4 Equivalent SDOF Model of Superstructure
4.4.1.2 Equivalent SDOF Model for Isolated Superstructure

An equivalent SDOF model for the isolated structure can also be defined as shown in
Figure 4.5 wherein the isolation system is combined with the equivalent SDOF model of

the superstructure.
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Figure 4.5 Equivalent SDOF Model of Isolated Structure

The design displacement of the isolated structure, A}, is determined using:
Ap =Ag +A (4.19)

The effective mass of the equivalent isolated structure, mi; , 1s obtained as follows:

SS A SS
IS _ meﬁ' Ae{f’ Mg A1s 4.20
eff — A[S ( . )
D
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The displacement response spectra in step 4 should be further adjusted for the

equivalent damping of the isolated structure. The effective damping of the equivalent
isolated structure, «fej,s , is determined using (Priestley, 2007):

s
s _ 5SSAeff +§[SA[S
eff I

AD

4.21)

Note that the above equation is the same as Equation 4.12 except with some

different notation as used in the DDD procedure described herein. Finally, the actual

effective stiffness of the equivalent isolated structure, kf, is determined as follows

(equivalent to combining two springs in series):

k3k
kyy = ——— 4.22
eff k;:; +k15' ( )

4.4.1.3 Required Effective Stiffness using Displacement Response Spectra
Displacement response spectra (adjusted with damping reduction factor B ) are used to
determine the required effective period, 7;5[ , corresponding to the design displacement

of the isolated structure, Ag (see Figure 4.6). Next, the required effective stiffness, k,];r,

of the equivalent isolated structure is obtained:

2

2z

s _ s

kmﬁ- —(TTJ meﬁ, (423)
reff

Note that, for the given design example, the displacement response spectrum for the

full-scale test structure (i.e., prototype) is determined as follows:

S, (7,)= (QT S.(1,) (4.24)

27
where Sd(Tp)is the spectral displacement of the prototype, Sa(Tp)is the spectral

acceleration of the prototype and T ,» 18 the natural period of the prototype. The spectral

displacement for the half-scale test structure is also given by Equation 4.24 except that
the values at model scale are used instead of at prototype scale. In that case, the natural

period at model scale, 7, , is obtained by invoking similitude principles and results in:
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Figure 4.6 Displacement Response Spectra for Half-Scale Isolated Test Structure
4.4.1.4 Estimation of Peak Inter-Story Drift

The ratio of actual to required effective stiffness of the equivalent isolated structure, 7,
is given by:

kIS

_ K
7 S (4.26)
Koy

and an approximation of the expected peak inter-story drift, 8, , can be obtained from:
0, =-" (4.27)

The expected peak inter-story drift was computed as 0.35% for the half-scale test
structure using the DDD procedure described herein. This value is less than the 0.5 %
design inter-story drift limit and thus there is no need to redesign the isolation system.
Note that this estimated value is almost identical to the peak inter-story drift prediction
(i.e., 0.40% in first story; see Figure 4.3) from the displacement-based design procedure
using the inter-story drift spectra.

The expected value of peak inter-story drift obtained by imposing different
performance levels make sense only when the actual isolated structure is subjected to a
similar magnitude of drift demand for the given hazard level. Thus, for accurate
predictions, it is important in the DDD procedure to select the performance levels and

the isolation system parameters carefully for the given hazard level.
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4.4.2 Advantages of Proposed Direct Displacement-Based Design Procedure

The advantages of the proposed DDD procedure are:

1) This procedure is more PBSD oriented (similar to the displacement-based design
using the inter-story drift spectra) in which the design inter-story drift is
explicitly defined at the start of design and results are obtained in terms of the
inter-story drifts which are then directly compared with the design value.

2) The use of isolation story height is eliminated in the proposed procedure. The
iterations focus on changing the isolation system parameters to achieve the
desired performance, thus saving time and effort. (Note that in Priestley's DDD
method for the flexible isolated structure (Priestley et al. 2007), the substitute
structure approach (similar to fixed-base structure) is used to define the
equivalent SDOF model of the flexible isolated structure. The effective height of
the equivalent isolated structure is assumed at the start and iterations may be
needed for getting accurate results for the chosen isolation system parameters.
Additionally, the height of the isolation floor needs to be defined which includes
the assumed value of the thickness of the rigid base diaphragm.)

3) Similar to Priestley's DDD method for flexible isolated structures (Priestley et al.

2007), the proposed procedure does not require modal analysis.

4.5 Comparison of Proposed Displacement-Based Procedures

Figure 4.7 shows a comparison of the proposed displacement-based procedures in terms
of the peak inter-story drift prediction for different values of the radius of the FPS
bearing. Note that the displacement-based design using inter-story drift spectra is
indicated by the red line whereas the direct displacement-based design is indicated by
the blue line. The range of radii values is chosen such that the peak inter-story drift
varies from a very rigid response of the isolated superstructure (peak drift close to
0.25%) to a maximum value that is deemed acceptable (peak drift close to 1%). It is
evident from Figure 4.7 that both displacement-based procedures gives essentially the
same prediction for more rigid behavior of the superstructure [i.e., peak drift less than
0.5% (operational performance level)] which might be considered as an acceptable

upperbound performance objective for most isolated structures. A possible reason for the
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deviation of the two displacement-based procedures at low values of the radii (see Figure
4.7) may be due to the rapid variation of the isolation story drift used in the
displacement-based design using inter-story drift spectra at those values. Some of the
differences between the two methods are clear from the previous discussions on the
advantages of these procedures. It is evident that the displacement-based design
procedure using the inter-story drift spectra is better than the conventional DDD

approach in terms of time and effort expended relative to the accuracy of results.
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Figure 4.7 Comparison of Proposed Displacement-Based Procedures

4.6 Design Appraisal
4.6.1 Design Appraisal via Nonlinear Response-History Analysis
4.6.1.1 Numerical Modeling

The numerical model that was developed during testing of the half-scale isolated
woodframed building was used herein for the design appraisal. In this model, the FPS
bearing element was modeled as a three-dimensional element with coupled horizontal
stiffnesses and restoring forces. The model also included a time-varying vertical force
component and a pressure- and velocity-dependent dynamic coefficient of friction. The
FPS bearing model was integrated into the SAPWood software package (Pei and van de
Lindt, 2007) wherein it was combined with a non-linear flexible model of the
woodframed superstructure. Complete details regarding the numerical model are

available in Liu et al. (2008).
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4.6.1.2 Nonlinear Response-History Analysis

The optimal design of the isolation system was determined based on the displacement-
based design procedure and, as a verification step in the PBSD procedure, earthquake
simulations using a suite of twenty earthquake ground motions (Krawinkler et al. 2000)
were performed using SAPWood. Similar to the work by Krawinkler et al. (2000), these
earthquake ground motions were scaled such that their mean 5%-damped spectral values
over a period range from 0.1 to 0.6 seconds is equal to 1.5g, corresponding to the flat
region of the response spectrum for the Southern California region for a 2%/50 yr hazard
level (see Table 4.2). The approach used in the present study is consistent with ground

motion scaling described in FEMA 302 (BSSC 1997) and FEMA 356 (ASCE 2000).

Table 4.2 Suite of Ground Motion Records Used for Design Appraisal

. Peak Ground Acceleration (g)
Earthquake Event/Year | Notation _
Actual | Scaled for Collapse Prevention
Cape Mendocino Cml 0.116 0.795
1992 Cm2 0.385 0.798
Landers Lanl 0.154 0.813
1992 Lan2 0.152 0.599
Lpl 0.529 0.635
Lp2 0.555 0.710
Loma Prieta Lp3 0.417 0.780
1989 Lp4 0.226 0.615
Lp5 0.279 0.623
Lp6 0.332 0.900
Nor2 0.416 0.705
Nor3 0.356 0.899
) Nor4 0.357 0.708
Northridge Nors | 0.231 0.723
Nor6 0.273 0914
Nor9 0.271 0.728
Nor10 0.157 0.708
- ) Supl 0.116 0.906
S“persltgg;“ Hills Sup2 | 0258 0.876
Sup3 0.186 0.597

In Figure 4.8, the simulation results (with and without isolation) for the suite of 20

motions are plotted in terms of cumulative probability. Note that the simulations are
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carried out only in the longitudinal direction (i.e., stronger direction) to be consistent

with the experimental tests (see Figure 4.1a).
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Figure 4.8 Peak Drift Distributions from Nonlinear Dynamic Analysis of Half-Scale
Structure With and Without Isolation

As shown in Figure 4.8, the first story drift ratio (which corresponds to the peak
drift ratio of the structure) for the no isolation case exceeds the 2% drift limit
corresponding to the Life Safety (LS) performance level for four out of twenty
earthquakes scaled for a 2%/50 yr hazard level. Since the test structure is stronger in the
longitudinal direction, the LS performance level is achieved for most of the earthquakes
(median value = 1.72% and probability of nonexceedance (Pyz) = 81%) in spite of the
strong hazard level (2%/50 year). Although the code criterion for design is well satisfied,
the results indicate the possibility of damage to the structure that could render it
nonrepairable or uninhabitable. For the isolated structure, it is apparent that the
specified performance objective (i.e, operational performance level with a design inter-
story drift of 0.5%) can be achieved for a 2%/50 yr hazard level (median value = 0.46%
and probability of nonexceedance (Pnz) = 57.5%). Also note that the degree of isolation
effect would have been even more pronounced for earthquake loading along the weaker
direction of the test structure.

The reasonably good agreement between the design inter-story drifts (based on
displacement-based design procedures) and the median peak drifts obtained from
response-history analyses serves to validate both displacement-based design procedures

and thus suggests that they are suitable for design of isolated structures.

111



4.6.2 Design Appraisal via Experimental Results

Historical ground motions from three different earthquakes were used for the seismic
shaking table tests: 1989 Loma Prieta, 1994 Northridge, and 1987 Superstition Hills. The
peak interstory drift obtained from experimental testing of the isolated half-scale test
structure is shown in Table 4.3 for the three earthquake motions scaled to the same
hazard level (2%/50 year) that was used in the displacement-based design presented
previously. As an example, the isolated test structure experienced a peak inter-story drift
of 0.44% for the Northridge ground motion scaled to a 2%/50 yr hazard level, indicating
that, for a hazard level associated with a collapse prevention performance level for
conventional structures, an operational performance level was achieved without any
significant damage. For the fixed-base test structure, the peak inter-story drift was more
than 5% for the same motion, indicating severe damage and a near-collapse condition for
the test structure. Note that, for this particular experimental test (Northridge ground
motion applied to isolated test structure), the measured peak drift of 0.44% is reasonably
close to the design inter-story drifts (i.e., 0.40% and 0.35% based on DBD and DDD,
respectively) and thus the proposed displacement-based design procedures are further
validated. Also note that, for the other ground motions, the measured peak drift
exceeded the design inter-story drift limit (i.e., 0.5%) by about 20%. This may be due to
some accumulated damage as the half-scale test structure was also tested with ground
motions scaled to 50%/50 year and 10%/50 year hazard levels. The experimental
measured drift also includes the effect of overturning of the test structure and shaking
table, uplift of shearwalls, bending deformation of shearwalls, and slippage at sill plates.
Thus, the actual inter-story drifts (which are directly correlated to damage) may be lower
than the values shown in the Table 4.3.

Table 4.3 Peak Drifts from Shaking Table Tests of Half-Scale Test Structure with
Motions Scaled to 2%/50 Year Hazard Level

Earthquake Event Year Station (ZP%G/?O) Drli)t?ta(l‘(’ %)
Loma Prieta 1989 Capitola 0.683 0.61
Northridge 1994 LA — Hollywood Storage 0.778 0.44
Superstition Hills 1987 Plaster City 0.643 0.63
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4.7 Summary and Concluding Remarks

Displacement-based PBSD procedures for design of multi-story buildings supported on
sliding isolation systems have been presented. These methods were applied to the design
of a half-scale woodframed test structure. The final design was evaluated using results
from experimental testing and nonlinear response-history analyses. The results
demonstrated that the predicted design inter-story drifts based on the selected operational
performance level were in reasonable agreement with the median peak inter-story drifts
obtained from nonlinear response-history analyses and the peak inter-story drifts from
experimental testing, thus validating the proposed displacement-based design
procedures. These practical approaches enable designers to efficiently evaluate various
options before making the final selection of isolation system parameters.

The isolated half-scale test structure was designed such that the superstructure
would respond essentially as a rigid body (the design peak inter-story drift was 0.50%).
Thus, treating the superstructure as a rigid mass and performing a simple displacement-
based design using only the isolation system properties would be acceptable for practical
purposes. However, as the design peak inter-story drift increases, it becomes more
important to consider the superstructure flexibility. In such cases, lower performance
levels would be expected (e.g., Immediate Occupancy or Life Safety rather than
Operational) but might be advantageous in terms of reducing the cost of the isolation

system (e.g., by reducing the required bearing displacement capacity).
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5. SUMMARY, CONCLUSIONS AND FUTURE WORK

5.1 Summary

Conventionally designed woodframed structures perform well with regard to life safety
but suffer significant structural and non-structural damage making them uninhabitable
during severe seismic events. Advanced seismic protection systems (e.g., a seismic
isolation or damping system) can be employed to effectively protect woodframed
buildings during a large seismic event. There are additional challenges in the application
of seismic protection systems to woodframed structures as compared to steel and
concrete structures. The study presented herein focused on the unique characteristics of

woodframed structures that affect the design and implementation of seismic protection
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systems and approaches used to increase their performance and their performance
reliability in regions of high seismic intensity.

The feasibility of implementing modular damper walls within a full-scale, three-
dimensional, woodframed building was demonstrated via Phase 2 benchmark testing.
The modular damper walls contained fluid dampers within a wood framing system.
Such dampers can readily fit within the dimensional restrictions of a conventional wood
shearwall. Thus, the modular damper walls can be constructed off-site and delivered to
the job site for “drop-in” installation.

An improved modular damper wall was designed based on experience gained from
the benchmark testing, with particular attention given to increasing the damper
displacements by employing a toggle-braced damper assembly. The toggle-braced
damper assembly was tested within full-scale shearwalls on a seismic shaking table. The
performance of the retrofitted walls with the toggle-braced assembly was significantly
improved as compared to the conventional walls. The improvement in performance can
be attributed to both added stiffness and additional energy dissipation capacity due to the
damper assembly (i.e., visco-elastic behavior). The ability of the retrofitted walls to
resist repeated seismic excitation without any significant damage was apparent, both
from the measured response and from visual inspection of the walls after each test.

Due to a number of factors, including the inherent flexibility in the connections of
wood framing systems, engagement of the dampers was limited in both the benchmark
structure testing and the shear wall testing (especially in the benchmark testing) and thus
the full effectiveness of the dampers was not realized. A detailed evaluation revealed
that displacement transmission losses within the woodframed shearwall itself can be on
the order of 30 to 40%. Additionally, there will be losses within the damper assembly
due to its inherent flexibility. Although there is potential for improvement of the
modular damper wall design to minimize the displacement transmission losses, there
will always be some losses due to the flexibility of both the woodframing system and the
damper framing assembly.

A displacement-based PBSD procedure for design of multi-story woodframed
buildings with supplemental linear viscous dampers was presented. The proposed

method can be applied to the retrofit of existing structures or to the design of new
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structures. The method was applied to the retrofit of the NEESWood Benchmark
Structure (with and without interior finish materials) with the final design being
evaluated using nonlinear response-history analyses. The results demonstrated that the
design inter-story drifts based on selected performance levels were in reasonable
agreement with median peak inter-story drifts obtained from the nonlinear response-
history analyses, thus validating the proposed displacement-based design procedure.
New displacement-based PBSD procedures for design of multi-story buildings
supported on sliding isolation systems were presented. These methods were applied to
the design of a half-scale woodframed test structure. The final design was evaluated
using results from experimental testing and nonlinear response-history analyses. The
results demonstrated that the predicted design inter-story drifts based on the selected
operational performance level were in reasonable agreement with the median peak inter-
story drifts obtained from nonlinear response-history analyses and the peak inter-story
drifts from experimental testing, thus validating the proposed displacement-based design
procedures. These practical approaches enable designers to efficiently evaluate various

options before making the final selection of isolation system parameters.

5.2 Conclusions

The main conclusions of this study can be summarized as follows:

1) Sliding isolation systems are very effective for protecting lightweight
woodframed structures during earthquakes and offer some advantages over
energy dissipation systems as they are largely independent of the structural
response whereas the energy dissipation provided by dampers is directly related
to the displacement and velocity response of the structure (note that a high
damping coefficient of the dampers, or a displacement amplification system, is
often needed in stiff structures to dissipate significant energy in spite of the low
displacement and velocity response of such structures). Additionally, losses in
the displacement transmission to the dampers are difficult to control in
woodframed structures and thus it is more challenging to achieve the desired
performance. On the other hand, sliding isolation systems can be effective in the

seismic protection of woodframed structures due to their reliable performance.
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However, there may be cases where isolation is not possible or desirable and thus
suitably designed energy dissipation systems (i.e., with low displacement
transmission losses) may offer a good solution.

The implementation of modular damper walls within a full-scale, three-
dimensional, woodframed building is feasible but displacement transmission
losses to the dampers should be carefully considered in the design of the modular
damper walls.

Displacement transmission losses can be considered to originate from the
structural framing system itself and the damper framing assembly. The losses in
the damper framing assembly can be considered to be independent of the type of
structural framing system. Compared to steel and concrete structures, in
woodframed structures the displacement transmission losses within the
woodframed shearwall can be relatively high due to the inherent flexibility of
wood framing system and its connections. These additional losses in wood
framing systems can be on the order of 30 to 40%. The losses in both the
structural framing system and the damper framing assembly should be taken into
consideration during the design process via reduction of the ideal displacement
amplification factor.

The hysteretic energy dissipation demand on the wood framing system can be
significantly reduced with implementation of modular damper walls, especially
those that employ displacement amplification framing systems. The reduction in
hysteretic energy dissipation demand results in reduced structural damage as
compared to conventional woodframed structures.

The toggle-braced assembly is a promising design for the modular damper walls
as the losses in the displacement transmission to the dampers are compensated to
some extent by its displacement amplification properties. However, there can be
significant amount of losses due to the deformation of the bracing members and
these losses should be considered in the design process.

The bracing systems within modular damper walls add stiffness to the structural
system and thus their visco-elastic behavior should be accounted for during the

design process.
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7)

8)

9

The proposed displacement-based procedure offers a simplified nonlinear
analysis tool for including fluid viscous dampers in woodframed buildings and
can be applied in both retrofit applications and the design of new structures.
Other types of energy dissipation devices can also be included in the proposed
procedure.

The proposed displacement-based procedure using the inter-story drift spectra for
isolated structures overcomes various problems associated with the conventional
DDD procedure while providing a reasonably accurate solution and thus serves
as a suitable tool for preliminary analysis of isolated buildings

The proposed displacement-based procedures for isolated structures are practical
for preliminary design and fulfill the objective of enabling designers to
efficiently evaluate various options before making the final selection of isolation

system parameters.

5.3 Contributions of Research

The major contributions of this research to the field of structural/earthquake engineering

are summarized as follows:

Development of new PBSD procedures, and integration within existing PBSD
procedures, for woodframed structures that incorporate seismic protection
systems.

Development of experimental database for benchmarking future numerical
models of woodframed structures with and without seismic protection systems.
Development of simple and complex numerical models and analysis tools for
woodframed structures with and without seismic protection systems.
Development of new concepts for integrating seismic protection systems within
woodframed structure construction.

An improved understanding of global and local behavior of woodframed
structures with and without seismic protection systems.

Development of systems that provide increased performance reliability for

woodframed structures in high seismic regions.
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5.4 Recommendations for Future Study

Future research could be directed toward improving the energy dissipation and base
isolation systems presented herein. The performance of modular damper walls can be
further improved by designing a more effective system in terms of minimizing
displacement transmission losses. A numerical (and possibly experimental) parametric
study should be carried out to evaluate the optimal damping coefficient for fluid viscous
dampers to maximize the energy dissipation for a given woodframed building
configuration. The study presented herein focused on fluid viscous dampers but other
cost-effective and simple energy dissipation systems could also be evaluated. Although
the toggle-braced fluid viscous damper tests showed significant improvement in the
performance of the retrofitted shearwalls in the component level testing, the implications
for full-scale, three-dimensional buildings are unclear. Thus, their performance should
be further verified via testing of a full-scale, three-dimensional woodframed building.
This could be done in a shake table laboratory or by retrofitting (or constructing) a
woodframed building in an active seismic zone. Another possible improvement that
could be explored involves hybrid woodframed construction (e.g., steel and wood)
where the modular damper assembly is installed in portions of the woodframed building
where displacement transmission losses would be minimized (e.g., portions where steel
framing is used rather than wood framing).

The proposed displacement-based design procedure for structures with dampers
uses the equivalent stiffness of the shearwall segments derived from the hysteretic
parameters of connections (i.e., sheathing-to-framing connectors). There is a need to
develop a more comprehensive database from experimental testing of connections to
further improve the reliability of the proposed method. The database could include the
effect of different finishing materials, different types of wood framing materials, and
different environmental and workmanship conditions. Since a poor correlation between
experimental and numerical results, especially beyond the peak response, is generally
observed for woodframed structures, a comprehensive database will also help to improve
numerical predictions such as those obtained with the SAWS program. In addition, there
is a need to incorporate the proposed displacement-based procedures in a single

comprehensive numerical analysis package (such as the “SAPWood” program developed
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within the NEESWood project). A numerical (and possibly experimental) parametric
study and testing of a full-scale building with toggle-braced damper walls will also aid in
the further validation of the proposed displacement-based design procedures.

The proposed displacement-based design procedures for isolated buildings offer
simple and reliable analysis tools. There is a need for a full-scale numerical (and
possibly experimental) parametric study to further validate these procedures, including
consideration of different sliding isolation systems (e.g., flat sliding bearings combined
with elastomeric bearings) with varying isolation system parameters. Other simple and
cost-effective isolation systems can also be evaluated. New concepts for stiffening the
floor system above the isolation plane could also be explored with emphasis given to

reducing the cost of the isolation system.
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APPENDIX A

SAWS

Folz and Filiatrault (2004a) developed a software program for nonlinear dynamic
analysis of woodframed structures [SAWS - Seismic Analysis of Wood Structures (Folz
and Filiatrault 2004a] in which a three-dimensional woodframed building is degenerated
to a two-dimensional “pancake” model. The model consists of the lateral load resisting
system (shearwalls in both orthogonal directions) that are modeled as zero-height
nonlinear hysteretic spring elements and horizontal diaphragms that are assumed to have
infinite in-place stiffness, resulting in three degrees-of-freedom per floor. The structure
is assumed to be connected to a rigid foundation.

The hysteretic parameter values that are used to develop the SAWS model can be
obtained by using the companion analysis program CASHEW (Folz and Filiatrault
2001). In the CASHEW program, the wall geometry, nail spacing, shear stiffness of the
sheathing panels, and hysteretic parameters from sheathing-to-connector tests, are used
to generate a SDOF hysteretic model for each shear wall. The resulting hysteretic model
includes pinched behavior and strength and stiffness degradation. The framing members
are assumed to be rigid with pinned-pinned boundary conditions. Figure A.1 shows the
hysteretic response of a sheathing-to-framing connector along with a ten-parameter non-
linear model used to define it. For a detailed explanation of these parameters, see Folz
and Filiatrault (2001). Note that the hysteretic response of a shearwall is similar to that
of the sheathing-to-framing connector and the CASHEW program gives output of zero-
height nonlinear hysteretic spring elements for a shearwall with a similar ten-parameter
hysteresis model. This model (generated for different configurations of shearwalls in the
structure) is directly used in the input file of the SAWS program. The analysis can be
performed using shearwall hysteretic parameters for wall configurations with exterior
and/or interior finish materials. Inherent rate-dependent damping is accounted for via a
Rayleigh damping formulation (based on the initial stiffness matrix). Since energy

dissipation due to nonlinear hysteretic response (rate-independent damping) is explicitly
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considered in the response-history analysis, a damping ratio of 1% is generally assumed
in the first and second modes to account for rate-dependent damping effects.
Modifications to the SAWS program were made to allow for the inclusion of the
dampers as a pure viscous element (both linear and non-linear type). In the SAWS
model, the viscous damper element is oriented horizontally with its deformation being
equal to the difference in horizontal displacement of the top and bottom of the wall.
Thus, for analysis of other damper configurations (e.g., a toggle-braced damper), an
equivalent damping coefficient must be utilized for the horizontal damper in the SAWS
model. Similarly, in the post-processing of the analysis results, the output from the
SAWS analysis (displacement and force between the upper and lower nodes of the
horizontal viscous damper element) must be modified to obtain the corresponding force

and displacement for the actual damper configuration.
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Figure A.1 Hysteretic Response of a Sheathing-to-framing Connector (Adapted
from Christovasilis et al. 2007)
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A.1 SAWS Analysis Input File Example

RPI Toggle-braced Damper Test (Units: kips,in)

2 ! Nonlinear dynamic analysis

1 Number of diaphragms

1 4 0.0341 106 Floor # 1, no. of pts needed to define geometry,
mass & elevation

|
|
!
00 ! Al Floor # 1 coordinates
44 0 1 A2
44 96 1 A3
0 96 1 A4
0 ! Number of discrete masses
0 ! Number of walls parallel to x-axis
2 ! Number of walls parallel to y-axis
0 0 1 ! Shear Wall-Y1l (X intercept and connectivity)
2.47 0.338 2.198 ! Ten-parameter hysteretic model from CASHEW
10.00 0.0383 -0.0491 1.0 0.0149
0.6857 1.25
44 0 1 ! Shear Wall-Y2 (X intercept and connectivity)
2.47 0.338 2.198 ! Ten-parameter hysteretic model from CASHEW
10.00 0.0383 -0.0491 1.0 0.0149
0.6857 1.25
0 Number of viscous elements parallel to x-axis

!
2 ! Number of viscous elements parallel to y-axis
001 ! Viscous element 1 (X intercept and connectivity)
0.095 1 ! Damping and velocity coefficient for element 1
|
|
1

44 0 1 Viscous element 2 (X intercept and connectivity)
0.095 1 Damping and velocity coefficient for element 2
1 0.01 2 0.01 Mode no. and corresponding damping ratio
0.001 5 31155 5 6232 0 1 2 I EQ parameters: DELTA, INTER, NSTEP,

' TOLER, NPDATA, ISCALE, ACCMAX, IEQXY
0 0 ! Earthquake acceleration data starts

0.005 -3.9485E-05
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Appendix B

PHASE 2 BENCHMARK TESTING

B.1 Earthquake Motions

Figure B.1 shows the acceleration time histories and absolute acceleration response
spectra [true (not pseudo) acceleration] for the east-west component (i.e., the
longitudinal X-direction) of the ordinary ground motion [Canoga Park (unscaled)] and
near-field ground motion (Rinaldi) used in the Phase 2 benchmark testing. The data in
Figure B.1 is for the field recorded motions, not the shake table motions. Also, these
motions are the weaker of the two orthogonal components for each ground motion (the

stronger north-south components were applied in the transverse Y-direction).

S 04 1 Canoga Park: X-Direction 04 1 Rinaldi: X-Direction

PGA = 0.36g PGA = 0.47g

0 5 10 15 20 25 5
Time (sec) Time (sec)
2 2
Spectra at 5% damping: Canoga Park Spectra at 5% damping: Rinaldi
1.5 1
c
o 1
»n
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a) b)

Figure B.1 Acceleration Time Histories and Absolute Acceleration Response
Spectra for Earthquake Ground Motions in X- direction: (a) Canoga Park (b)
Rinaldi Motion
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B.2 Shake Table Fidelity

Shake table fidelity can be investigated via comparison of time history response and
response spectra of field motion and recorded shaking table motion. A68 and A71 are
the acceleration sensors in the X-direction located at the center of the west and east
shake table extension frame, respectively. Figure B.2a and B.2b shows the acceleration
time history comparison of the field motions and west shake table motion (A68 sensor)
for NWP2S14 (Level 4) and NWP2S16 (Level 5) seismic tests, respectively (note that
the time lag in the recorded shake table motions was adjusted to approximately match
the field motions). Figure B2 also shows the 5%-damped response spectra [true (not
pseudo) acceleration] up to a period of two seconds for the same seismic tests. Note that
Level 4 (i.e., 1.2 times Canoga Park) and Level 5 excitation was applied in the
longitudinal direction of the benchmark structure for the phase 2 testing. From the time-
history comparisons, it is evident that the shaking table was capable of reproducing the
dominant features of the ground motion. On the other hand, the response spectra
comparisons indicate that, for the Level 4 Canoga Park record, the shake table motion
will tend to amplify the acceleration response of the test specimen (natural periods of
wood structures are relatively low) whereas, for the Level 5 Rinaldi record, the shake
table motion may amplify or deamplify the acceleration response. For the Phase 2
benchmark structure, the first three modes had natural periods that ranged from about 0.2
to 0.3 sec, putting it in a range of natural periods where amplification or deamplification

of the acceleration response can not be definitively stated prior to the tests.
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Figure B.2 Comparison of Field and Shake Table Motion via Acceleration Time
History and Response Spectra: (a) Level 4 and (b) Level S Excitation

B.3

Description of Fluid Damper

Fluid viscous dampers are one of many alternatives for dissipating energy in structures.

A key feature of this type of damper is its high energy dissipation density (i.e., its ability

to dissipate significant amounts of energy in comparison to its physical size). Due to its

compact size, it can be easily accommodated within the confines of a woodframed
shearwall and thus results in a compact, portable, and thus economical, modular damper

wall. The damper consists of two major parts, a cylinder filled with a low viscosity

silicone fluid and a piston rod that includes a piston head (cylinder) containing orifices

(see Figure B.3). Energy is dissipated as the piston head strokes through the fluid-filled

chamber, resulting in differential pressure that causes the silicone fluid to pass through

the orifices at high speed.
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Figure B.3 Cross-Section of Fluid Viscous Damper

B.4 Instrumentation

Table B.1 summarizes the types of sensors (230 in all) that were used to monitor the
response of the benchmark test structure during the Phase 2 testing. A detailed
description of the sensors and their locations are available in Christovasilis et al. (2007).
Accelerometers were used to record the shake table, floor, and roof absolute acceleration
at several locations in the benchmark test structure. String potentiometers were used to
measure the absolute horizontal displacement at the shake table level and along the
North and West walls on each floor level. Thus, the relative displacement of the
benchmark test structure with respect to the shake table was obtained by subtracting the
shake table displacement from the floor displacements. String potentiometers were also
used to measure shear deformations of selected walls in each story. Additionally, uplift
and sliding of the sill plate was monitored at several locations using displacement
transducers. All anchor bolts along the perimeter of the base of the structure were
instrumented with load cells to obtain the distribution of anchor bolt forces.
Displacement transducers and load cells were used to measure the stroke and force in

each damper.

Table B.1 Sensors used for Benchmark Structure Seismic Tests

Type of sensors Qty.
Accelerometers 71
String potentiometers 38
Displacement transducers 62
Displacement transducers for dampers 4
(or 6)
Load cells for dampers 4
Load cells (for anchor bolts) 50
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B.5 Benchmark Results Summary

Table B.2 summarizes the peak response quantities for the Phase 1 and Phase 2
benchmark testing (i.e., without damper and with dampers, respectively). Note that the
peak drifts were small [largest corresponds approximately to the Immediate Occupancy
performance level (1%)]. The peak drifts are consistently reduced whereas other
response quantities (the peak base shear and peak overturning moment) were not
consistently increased or decreased. However, the peak acceleration was generally
reduced. The base shear was calculated by adding the forces obtained by multiplying the
accelerations at each floor of the superstructure (i.e., second floor and roof) by the
corresponding portion of the mass assigned to them. The overturning moment was
obtained by summing the moments of these forces about the base of the structure. The
peak inter-story drifts and accelerations (absolute and in a horizontal direction) represent
the maximum values of these quantities throughout the structure. Note that, since
uniaxial excitation along the longitudinal direction (N-S direction) was applied during
these tests, the North and South walls (Line D or Line A, respectively) produced the

maximum response.

Table B.2 Summary of Peak Responses With & Without Dampers

Global Test ID Level Global Peak | Peak Base Overturning Peak
Test # Drifts (%) Shear (kips) | Moment (kip-ft) | Acceleration (g)
Without dampers
1.1 NWPI1S03 1 0.061 6.50 95.81 0.111
1.2 NWP1S07 2 0.237 19.02 263.55 0.315
1.3 NWPI1S10 3 0.602 32.70 450.38 0.602
2.23 NWP2S29 4 0.865 51.84 735.50 0.952
2.24 NWP2S30 5 1.026 58.77 854.52 1.046
With dampers
2.12 NWP2S08 1 0.052 5.05 74.53 0.087
2.14 NWP2S10 2 0.218 20.22 282.62 0.357
2.16 NWP2S12 3 0.441 33.36 468.31 0.585
2.18 NWP2S14 4 0.714 48.03 665.89 0.838
2.20 NWP2S16 5 0.996 60.07 850.50 1.045

B.6 Verification of Diaphragm Rigidity

In the numerical simulations using SAWS, in-plane rigidity of diaphragms is assumed.

To verify the diaphragm rigidity, the rotational response was obtained by dividing the
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difference in response values of sensors (i.e., acceleration and displacement sensors)
located at the corners of the North and West walls by the corresponding length of the
walls. Figure B.4 and B.5 show the rotational response for the Level 4 test with dampers
(NWP2S14) obtained from acceleration and displacement data, respectively. As
expected, the roof rotational response is larger than that of the second floor.

Note that the angular acceleration and rotation as measured by response at the North
and West walls is similar in terms of frequency content and amplitudes (particularly the
peak amplitudes). This suggests that the relative rotation at the floor diaphragm corners
is negligible and thus, due to the relatively short transverse direction, any in-plane
diaphragm deformations due to longitudinal excitation would be relatively small. Thus,
the rigid diaphragm assumption that is used in the numerical simulations (SAWS

program) is reasonable.
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Figure B.4 Comparison of Rotational Response from Acceleration Data:
(a) Second Floor and (b) Roof
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Figure B.5 Comparison of Rotational Response from Displacement Data:
(a) Second Floor and (b) Roof
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B.7 Torsional Response

The torsional response was evaluated by comparing the displacements at each floor level
in the EW and NS directions from the Level 4 test with dampers (NWP2S14) (see Figure
B.6). In this Figure, sensors D8, D9, D15 and D16 are the EW direction horizontal
displacement sensors located at the corners of the West wall. Also, sensors D10, D13,
D17 and D20 are the NS direction horizontal displacement sensors located at the corners
of the North wall. Note that the torsional response appears to be minor since the
displacements at the corners of the West wall are nearly equal. The displacements at the
corners of the North wall are out-of-phase but the motion in that direction is relatively
small, again suggesting that the torsional response was minor. Thus, although the
structure was asymmetric, primarily with respect to the longitudinal axis, minimal
torsional response occurred. This can also be seen in Figure B.5 where the maximum
rotation of the North and West Walls was about 0.001 rad (0.06 degrees). The small
torsional response is expected since the center of mass and center of rigidity are quite

close (about 6 in. apart).
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Figure B.6 Displacement Time Histories for (a) Second Floor (b) Roof
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Appendix C

DISPLACEMENT-BASED DESIGN WITH FLUID VIscous
DAMPERS

C.1 Development of Shearwall Design Table via Equivalent Stiffness
Estimation from Shearwall Backbone Curve

The backbone curve parameters used in the proposed displacement-based procedure

(Pang and Rosowsky 2007) are defined by following five-parameter nonlinear equation

(also see Figure C.1):

_Kog
ﬂ(&):[l—e Fn ](’iKoé""E)) for 6<9, .1

F,(0)=F,+nK,(6-0,) for §>0,
For a detailed explanation of these parameters, see Pang and Rosowsky (2007). Note
that, to reduce the complexity of the numerical model used in the DBD procedure, the
five-parameter model defined above is used instead of the ten-parameter model used in
the CASHEW program (which defines the full cyclic hysteretic behavior of a wood
shearwall). An equivalent stiffness, k., is defined such that the energy stored in an

actual nonlinear wood shearwall at a design (target) displacement, o, , is equal to that of

an equivalent linear system (see Figure C.1). Estimation of equivalent viscous damping
is not needed as the hysteretic energy dissipation (displacement-dependent energy

dissipation) at the design displacement &, is used to define the equivalent stiffness

associated with non-linear behavior.
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Figure C.1 Shearwall Backbone Curve with Concept of Equivalent Linearization

Backbone parameters for 8 ft high walls with studs spaced at 16 in on-center and OSB
attached using 8d common nails is shown in Table C.1 for Phase 1 (OSB only) and
Phase 4 (OSB and GWB). The table contains the values of parameters that define the
backbone curve for walls constructed with various nailing patterns and panel widths. The
CASHEW program (Folz and Filiatrault 2001), along with available shearwall test data
from the benchmark test, was used to generate the design table. Table C.2a and C.2b
shows the shearwall design table for the same parameters which include the actual

equivalent stiffness of shearwall segments.
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Table C.1 Backbone Parameters for 8ft High Walls with 16 in Stud Spacing and

OSB Attached Using 8d Common Nails

Nail Backbone Parameters
Sheathing | Panel Spacing | Panel
(Phase) | Width (in) D K r | 8,(in) | Fy(kip) | F. (kip)
(ft) ; (kips/in) | " 2 v o (p) | Fu (KIP
ext./int.
2/12 sl 7.65 0.040 | -0.083 | 4.09 4.25 5.51
)5 3/12 s2 6.40 0.038 | -0.070 | 3.94 2.92 3.89
: 4/12 s3 5.42 0.037 | -0.062 | 3.82 2.23 2.99
6/12 s4 4.17 0.035 | -0.055 | 3.70 1.51 2.05
2/12 s5 9.88 0.042 | -0.096 | 3.58 5.53 7.01
OSB 3/12 $6 8.17 0.042 | -0.075 | 3.35 3.62 4.77
(Phase 1) 3 4/12 s7 6.91 0.041 | -0.066 | 3.27 2.72 3.64
6/12 s8 537 0.039 | -0.055 | 3.15 1.84 2.50
2/12 s9 1433 |0.037 | -0.126 | 2.91 8.34 9.82
4 3/12 s10 1245 | 0.042]-0.099 | 2.76 5.58 7.01
4/12 sl 1091 | 0.043 | -0.083 | 2.64 4.20 5.42
6/12 s12 8.85 0.042 | -0.070 | 2.52 2.90 3.84
2/12 s13 8.57 0.025 | -0.075 | 4.09 4.65 5.51
)5 3/12 sl4 737 0.021 | -0.061 | 3.86 3.33 3.91
: 4/12 s15 6.45 0.017 | -0.053 | 3.74 2.63 3.01
6/12 s16 5.25 0.011 | -0.047 | 3.58 1.91 2.11
OSB & 2/12 s17 1142 ]0.026 | -0.084 | 3.58 6.07 7.10
GWB 3 3/12 s18 9.88 0.022 | -0.064 | 3.35 4.18 4.90
(Phase 4) 4/12 s19 8.68 0.018 | -0.054 | 3.19 3.28 3.78
6/12 $20 7.19 0.012 | -0.044 | 3.03 2.41 2.65
2/12 21 16.67 | 0.023 | -0.110 | 2.95 8.84 9.94
4 3/12 $22 15.07 | 0.021 | -0.084 | 2.76 6.27 7.13
4/12 $23 13.70 | 0.017 | -0.069 | 2.64 4.95 5.58
6/12 $24 11.82 | 0.012 ] -0.053 | 2.48 3.66 4.00
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Table C.2a Shearwall Design Table for 8 ft High Walls with Studs Spaced at 16 in
On-Center and OSB Attached Using 8d Common Nails

Panel Nail Equivalent Stiffness k., (kips/in) at Target Drift
Sheathing Width Spacing | Panel Drift (% of Wall Height)
i .
(Phase) (ft) (in) ID

ext./int. 025 | 0.50 | 0.75 | 1.00 | 1.25 | 1.50 | 1.75 | 2.00
2/12 sl 6.73 | 598 | 536 | 484 | 440 |4.04 | 3.72 | 3.45
25 3/12 s2 548 | 476 | 418 | 3.72 | 334 |3.03]|2.77 | 2.55
' 4/12 s3 4.57 | 391 | 340 | 3.00 | 2.67 | 2.41 |2.19]2.01
6/12 s4 343 | 2.89 | 248 | 2.16 | 191 | 1.71 | 1.55 | 141
2/12 s5 871 | 7.75 | 695 | 6.28 | 572|525 |4.84 | 449
OSB 3 3/12 s6 698 | 6.04 | 530 | 471 | 423 | 3.83 | 3.50 | 3.22
(Phase 1) 4/12 s7 579 | 494 | 428 | 3.76 [ 335]3.02|2.74 | 2.52
6/12 s8 438 | 3.66 | 3.13 | 2.72 | 240 |2.14 194 | 1.77
2/12 s9 12.67 | 11.30 | 10.16 | 9.20 | 839 | 7.70 | 7.11 | 6.60
4 3/12 sl0 | 10.65| 924 | 8.12 | 7.21 | 648 | 5.87 | 5.37 | 4.94
4/12 sl 9.11 | 7.75 | 6.71 | 5.89 | 524|472 |4.29 |3.94
6/12 sl2 7.17 | 596 | 507 | 439 | 3.87 346 |3.13 | 2.86
2/12 sl3 749 | 6.61 | 589 | 529 |4.79 | 437 |4.01|3.70
25 3/12 sl4 627 | 540 | 472 | 4.17 | 3.73 | 3.36 | 3.06 | 2.80
' 4/12 sl5 538 | 458 | 395 | 346 | 3.06]|2.74 | 248 | 2.26
6/12 sl6 428 | 3.57 | 3.04 | 2.62 | 230 |2.05 ] 1.84 | 1.67
OSB & 2/12 sl7 995 | 877 | 7.80 | 6.99 | 6.32 | 5.76 | 5.28 | 4.88
GWB 3 3/12 sl8 832 | 7.11 | 6.17 | 543 | 483|434 |3.94 | 3.60
(Phase 4) 4/12 s19 7.15 | 6.01 | 5.15 | 448 |3.95|3.52 |3.18 | 2.89
6/12 s20 577 | 475 | 400 | 344 |[3.00]2.66 | 238 2.15
2/12 s21 14.51 | 12.77 | 11.34 | 10.16 | 9.18 | 8.36 | 7.66 | 7.07
4 3/12 s22 | 12.64 [ 10.79 | 934 | 820 | 7.29 | 6.54 | 593 | 5.42
4/12 s23 11.19 | 934 | 795 | 6.89 | 6.05|539 485|441
6/12 s24 933 | 7.59 | 633 | 539 | 4.68 | 4.13 | 3.69 | 3.33
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Table C.2b Shearwall Design Table for 8 ft High Walls with Studs Spaced at 16 in
On-Center and OSB Attached Using 8d Common Nails (continuation of Table C.2)

. Panel Nail Equivalent Stiffness k., (kips/in) at Target Drift
S?lfﬁg;g)‘g Width | Spacing | "3n¢! Drift (% of Wall Height)
(ft) (in) ext./int. 225|250 | 2.75 | 3.00 | 3.25 | 3.50 | 3.75 | 4.00
2/12 sl 3.21 [ 3.00 | 2.83 | 2.67 | 2.53 | 2.40 | 2.29 | 2.19
25 3/12 s2 2361220206194 183|174 | 1.65]|1.58
’ 4/12 s3 1.86 | 1.73 | 1.62 | 1.52 | 143 | 1.36 | 1.29 | 1.23
6/12 s4 1.30 | 1.21 | 1.13 | 1.06 | 1.00 | 0.94 | 0.90 | 0.86
2/12 s5 4.19 1392 | 3.69 | 348 {330 ]3.14] 299 | 2.85
OSB (Phase 3 3/12 s6 299|278 | 2.61 | 2451232 (220209199
1) 4/12 s7 2331216 (2.02 190|180 ] 1.70 | 1.62 | 1.53
6/12 s8 1.63 1152 1142 1133 1.25]1.19 ] 1.12 | 1.06
2/12 s9 6.15 576|542 | 512 | 4.84 | 4.56 | 4.30 | 4.05
4 3/12 s10 | 4.58 | 427 14.00 | 3.77 | 3.54 | 333 [3.12 294
4/12 sl 3.64 339317 (297278261244 |2.29
6/12 sl2 1263244228 2131199186 1.74]1.63
2/12 s13 343320 |3.00]2.82]2.67|253]240]2.29
25 3/12 sl4 12591240224 1210]197|186|1.77 | 1.68
’ 4/12 sl5 1208192179 ]1.67 157148140133
6/12 sl6 1.53 1141130 ]1.21]1.14]1.07 ] 1.01 | 0.96
SB & 2/12 s17 | 4531422395372 |3.51(332]3.16]3.00
GVgBl(gPhase 3 3/12 s18 |3.32|3.08|287]2.68]253]239]226]2.14
4) 4/12 s19 | 2.65|245|2.28]2.13]2.00| 188|178 1.68
6/12 s20 197 | 1.81 | 1.68 | 1.56 | 146 | 1.37 | 1.29 | 1.21
2/12 s21 6.55[6.10 | 5.71 | 5.37 | 5.06 | 4.76 | 4.48 | 4.22
4 3/12 s22 1499 | 4.62 | 430 | 4.03 | 3.77 | 3.53 [ 3.30 | 3.09
4/12 s23 1 4.04|3.73 1346|322 ]3.01 |281]2.62]|245
6/12 s24 |13.042.79|2.58]239]222]206]192]1.79
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Appendix D

TESTING OF WOOD SHEARWALLS WITH TOGGLE-
BRACED DAMPER

D.1 Code-Based Design of Conventional Shearwalls

Seismic load calculations according to ASCE/SEI-7 (2005):

Assume two story residential building: h, =16 ft
Approximate natural period of building: 7 =C" =0.020 (16)” =0.16 sec

Maximum spectral accelerations for a site in California:
Ss= Mapped short-period spectral acceleration = 1.5g
S; = Mapped one-second spectral acceleration = 0.75g
(Note: Above values are taken from Ch. 2 (Section 2.14) of “Design of Wood
Structures” by Breyer et al. (2007))

Site class: D
Site coefficients: F,=1.0, F, = 1.5 (from Table 11.4.1 and 11.4.2, respectively)

Maximum considered earthquake (MCE) spectral response acceleration for short-period:

S, =FSg =1.5¢g
Maximum considered earthquake (MCE) spectral response acceleration for one-second

period:

S, =FS, =1.125¢

Short-period design spectral response acceleration: S, = %S s = 1.0g
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One-second design spectral response acceleration: S, = %S w1 =0.75¢g

Controlling periods: T = % =0.75sec , I, =027 =0.15sec

DS

Design spectral acceleration at zero period: S, =0.4S,,; =0.4(1.0)=0.4g

Design response spectrum for considered site:

Sa
, @ Sbs = 1.0g
100 | g
040 [ E
T,=0.15  T.=075 m T (eo)

Figure D.1 ASCE/SEI-7 Design Response Spectrum for a California Site

Response modification factor: R = 6.0 (wood bearing wall structure with structural
panels rated for shear)

(Note: R = 6.0 was used (instead of R = 6.5 specified in ASCE/SEI-7) since non-
structural finish materials were not included in the test specimens whereas they would be

present in a complete structural system)

Importance factor: 7=1.0

Superimposed load (weight) on each wall = 825 plf
Combined superimposed load on both walls =2 x 8 x 825 = 13200 lbs =13.20 kips

Estimated weight of wall = 20 psf (Breyer et al. 2007)

148



Combined weight of both walls =2 x 8 x 4 x 20 = 1280 lbs = 1.28 kips
(Note: 8 ft walls are sheathed only over 4 ft center portion)

Total weight on both walls: W = 14.48 kips

Seismic response coefficient (for short period structures):

S, 10
S = = :O‘
R/I 6.0/1.0

166 g

Base shear: V'=C,W'=0.166 x 14.48 = 2.40 kips

Base shear on each 4 ft wall segment: v =2.40/(2*4) = 0.3 k/ft = 300 plf

Shear Force Demand (ASD Level):

The seismic force demand calculated in accordance with ASCE/SEI-7 is at a strength
(LRFD level) while IBC Table 2306.4 (IBC 2006) specifies resistance in terms of
allowable shear in the wall (ASD level).

Shear demand on wall (ASD): v=(1/1.4) x 300 = 214 plf
(Note: Factor of (1/1.4) used to convert from LRFD to ASD shear demand (i.e. from
LRFD level according to APA shear wall design guide (APA 2007a))

Shear Force Capacity (ASD Level):

In accordance with IBC Table 2306.4.1 (IBC 2006), the allowable shears (ASD level)
are provided in Table D.1 for different wall configurations with 6 in edge spacing and 12
in field spacing.

(Note: The allowable shears given in Table D.1 are for APA panel shear walls with

framing of douglas-fir, larch, or southern pine. The values are reduced by the specific

149



gravity adjustment factor [1 - (0.5 - SG)] for spruce-pine-fir (SG = 0.42) which gives an
adjustment factor of 0.92).

Table D.1 Allowable Shear for Different Wall Specifications

Wall specifications ASD capacity (plf)
5/16” or 4~ thk OSB, 6d 165.6
3/8” thk OSB, 6d 184.0
3/8” thk OSB, 8d 202.4
7/16” thk OSB, 8d 220.8
15/32” thk OSB, 8d 239.2

Note:

In Table D.1, the allowable shears for 3/8 in and 7/16 in thk OSB are permitted to be
increased to the value shown for 15/32 in thk OSB sheathing (for the same nailing
schedule) when: (1) studs are spaced a maximum of 16 inch on center or (2) panels are
applied with long dimension across studs. Although the first condition is satisfied herein,
the permitted increase was not considered in the design of the walls to ensure a
conservative design. Also, the APA wood construction guide (APA 2007b) mentions
that greater stiffness is required for wall sheathing when stucco (which is commonly
used as a finish material in California) is to be applied and recommends a minimum
7/16" thk OSB for 16 in stud spacing with vertical panel orientation. Hence, 7/16" thk
OSB with 8d nails and 6/12 spacing was selected (ASD capacity = 220.8 plf > ASD
demand = 214 plf).

D.2 Code-Based Design of Retrofitted Shearwalls

Section 11.4.7 of ASCE/SEI-7 (2005) specifies that for seismically isolated structures
and for structures with damping systems on sites with S; greater than or equal to 0.6g, a

ground motion hazard analysis shall be performed in accordance with Section 21.2.

For the assumed location in California:
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Ss= Mapped short-period spectral acceleration = 1.5g

S; = Mapped one-second spectral acceleration = 0.75g

Site class: D
Site coefficients: F,=1.0, F,=1.5

S,s=FS; =1.5g, S, =F.S, = 1.125¢
(Note: For S¢=1.25g and S§,20.50g, the values of F, and F, obtained from Table

11.4.1 and 11.4.2, respectively, get capped to above mentioned values.)

Section 21.2.2 provides the following response spectra as a lower limit on the

deterministic MCE ground motion response spectrum.

Sa
) © Sy =1.5F,= 1.5¢

1.50

Sar = 0.6(F,/T)

T=0.16

K

> T (sec
T=0.6 sec ( )

Figure D.2 ASCE/SEI-7 Deterministic Lower Limit on MCE Response Spectra

where S,y = site-specific MCE spectral response acceleration at any period.

The design spectral response acceleration at any period is obtained as follows:

Short-period design spectral response acceleration: S, = %SQM =1.0g

One-second design spectral response acceleration:
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SDl =P T 5

ZS 2[0.6><1.5 j 2
3 3

=2(0.9¢) =0.6
8 3( g) g

The above values should not be less than 80 percent of S, determined in accordance with

Section 11.4.5 (i.e., design of conventional wall). Thus,

2
(S, = o.g[gsmj _0.8¢

2
(Sp) = o.s(gsmj =0.6g=0.6g

Hence, final values of design spectral response acceleration for retrofitted wall are:

S, =1.0g
Sp; =0.6g
Base shear:

Calculations for base shear are identical to those for the conventional walls (i.e.,
C, =0.166 g) since the design spectral response acceleration is the same (1.0g) and the

R-factor is the same (i.e., the basic structural framing is of the same form — light-framed
walls with wood sheathing). The reduction in base shear that is permitted (but not
required) in Section 18.2-1 of ASCE/SEI-7 was not considered since the focus of this
study is on the effectiveness of the damping system when incorporated within a
nominally conventional wall design. Thus, the retrofitted wall design was nominally the
same as the conventional wall design (7/16" thk OSB with 8d nails and 6/12 spacing) but

with some modification to accommodate the toggle-braced framing system.
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D.3 Working Drawings of Test Setup
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D.4 Sensors

Table D.2 Location of Sensors

Sensor
Units Location of Sensor
Number
Al A2 Attached to End Face of Sill Plate of both Walls to Measure
’ £ Acceleration Input to the Walls and Monitor Slippage
A3 A Attached to End Face of Top Plate of both Walls to Measure
’ £ Acceleration Response of Top of Walls
A-5 g Attached to Shake Table to Measure Acceleration Input
in )
R-1,R-2 q Attached to End Face of Sill Plate of both the Walls to Measure
an
(+/- 6 in) ) Slippage Between Sill plate and Shaking Table
in/sec
in
Connected to End Face of Top plate of Both Walls to Measure
DT-12, DT-24 and
) Displacement and Velocity of the Top of the Walls
in/sec
Attached to Damper to Measure Damper Stroke
SP-E, SP-W in
(only used in tests of retrofitted walls)

Table D.3 Selected Accelerometer Specifications as Provided by Manufacturer

Manufacturer Endevco Corporation
Model Number 7292A-10M1

Type of Accelerometer Variable Capacitance
Peak Response Range +10g

Sensitivity 200 £ 20 mV/g

Scale Factor S5g/V

Voltage Output Range +/-2V

Frequency Response (£ 5%) 0 to 500 Hz
Excitation 8.5 10 30.0 Vdc
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Table D.4 Selected String Potentiometers Specifications as Provided by

Manufacturer
Manufacturer Unimeasure
Model Number LX-PA25
Input Impedence 100 ohms +/- 10%
Output Impedence 0 to 1000 ohms
Sensitivity 39.282 mv/V/in
Linearity +/- 0.5% Full Scale
Excitation 25 V maximum AC or DC

Table D.S Selected Displacement and Velocity Transducer Specifications as

Provided by Manufacturer

DT-12 | DT-24 | R-1 and R-2
Manufacturer MTS Systems Corporation
Model Number LHTRBOOU01204NO | LHTRB00U02404NO | RHS0120UD601V610200
Type of Sensor Analog Linear Position Sensor Analog Magnetostrlctlve
Position Sensor
Displacement Stroke | 1554 o1 (46 in.) +30.48 om (£12 in.) +15.24 om (£6 in.)
Capacity
Output Voltage Range +10 Vdc +10 Vdc 0- 10 Vde
Displacement +0.66 V/cm +0.33 V/ecm +0.33 V/ecm
Sensitivity (£1.67 V/in.) (£0.83 V/in.) (£0.83 V/in.)
Displacement Scale +1.52 cm/V +3.05 cm/V +3.05 cm/V
Factor (0.6 in./V) (£1.2 in./V) (1.2 in./V)
Output Displacement (Square Wave Neuter) DC voltage
Resolution Infinity 10 pm
Operating Voltage +11.4 to +26.4 Vdc (for Strokes < 152.4 cm (60 in.))
Corresponding Analog
Output Module (AOM) | 315011020RBU0120 315011020RBU0240 Not applicable
Model Number
Excitation Voltage 24 Vdc
Velocity Capacity +50.8 cm/s (£20 in./s)
Output Voltage Range +10 Vdc

Velocity Sensitivity

+0.20 V/ecm/s (£0.50 V/in./s)

Velocity Scale Factor

+5.08 cm/s/V (£2.0 in./s/V)
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D.6 Evaluation of Loss of Displacement Transmission to Damper via
Code-Based Analytical Equations

IBC 2006 provides an equation to predict the total deflection, A, experienced by

shearwalls during earthquakes. The equation includes deformation due to bending (A,),

shear (A,)), nail slip (A,) and anchorage slip (A,) and is given by (see Breyer et al.
(2007) and APA (2007a) for further explanations of each component):

3
A=A +A +A +A, = Sl +ﬂ+0.75hen+d” 4
EAb

o (D.1)

where 4 is the area of the boundary element cross-section (vertical member of shear wall
boundary) in square inches, b is the shearwall length in feet, d, is the vertical
displacement (elongation) of the overturning anchorage or the hold-down slip in inches,
E is the elastic modulus of the boundary element [vertical member at shearwall boundary
(chord)] in psi, e, is the nail slip in inches, G is the shear modulus of the sheathing in psi,
t 1s the thickness of the sheathing in inches (and thus Gt is the sheathing panel rigidity in
Ib/in), & is the shearwall height in feet, and v is the maximum shear due to the design
loads at the top of the shearwall, in Ib/ft.

The calculation of displacement components for the Level 5 (40% Rinaldi) shaking

table test with toggle-braced dampers (Test No. 58) is shown below:

Experimentally measured data:  a,,=0.44g A=0.74in

v=—= = = = 726 plf

V. Meopleop  WeopQiop(g) (13200 1b)(0.44) 5808 Ib
L L L (2)(4 ft) 8 ft

Assuming hold-down displacement increases linearly with hold-down

tensile force, T:

d, = Yedmaxp _ @odmax )  QOMIR 75001638 £4) = 0.0647 in

Tonax Tmax 3680 lb

For two 2 x 6 vertical end studs at boundary of shear wall:

A =2(15in)(5.5 in) = 16.5 in?
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_ SR _ (8)(726 plf)(8 ft)°

b= T - (1,200,000 psi)(165 m?) @ fry - 0188
_ Vh _(726plf)(8ft) _
A= Gr (83500 Ibf/in) 0.0696 in
A= dgh  (0.0647 in)(8 ft) 00647 in

b (8 ft)

Ap=A-A, —A —A, =0.74in—0.0188 in — 0.0696 in — 0.0647 in = 0.587 in

0.0188 in
0.0696 in

%Av= m X 100 =9.41%
0.0647 in

%A, = m X 100 = 8.74%
0.587 in

%obn= g7 100 = 79.32%

The shearing component (9.41%) is directly transmitted to the damper. A portion of the
nail slip component contributes to displacement transfer in that, as the nails slip, the wall
is more flexible, and thus the damper is stroked. Herein, it is assumed that 70% of the
nail slip component is transmitted to the damper. Thus, the displacement transmitted to

the damper assembly is:

% Displacement Transmitted to Damper Assembly = 9.41% + (0.7)(79.32%) = 64.93%

and the displacement transmission loss within the wood framing of the shearwall

(displacement that does not get transmitted to the damper assembly) is then:

% Displacement Loss within Wood Framing = 2.54% + 8.74% + (0.3)(79.32%) = 35.08%

An evaluation of displacement transmission losses based on the above code-based
analytical equations is provided in Table D.6 for the toggle-braced test specimens. Note

that the losses within the wood framing and within the damper assembly (see last two
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rows of table) are essentially the same for the three different cases shown. Thus, the
losses may be regarded as independent of the level of excitation. Recall that significant
loss of displacement transmission (about 60% loss from ideal magnification of 165% to
actual magnification of 65%) occurred in the shaking table tests. As noted previously, it
is assumed that 30% of the deflection due to nail slip will be lost within the wood
framing of the shearwall, The 30% value was selected such that it will give reasonable
contribution of losses within the wood framing of the shearwalls to the total
displacement transmission loss observed (about 60%). Based on these assumptions, the
total displacement loss within the wood framing of the shearwall was estimated to be in
the range of 30 to 40% (see second to last row in Table D.6). The additional
displacement loss observed (i.e., 20 to 30%) is assumed to be due to losses within the
steel damper assembly (e.g., due to tolerances in the joints of the toggle-brace assembly,

flexibility of bracing, and other losses with unknown origin (see Section 3.7 for details)).
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Table D.6 Summary of Displacement Transmission Losses

Test # 55 Test # 58 Test # 61

Level 4 Level 5 Level 4

(33%) (40%) (60%)
Maximum Total Deflection (in) 0.31 0.74 0.94
Acceleration (g) (at time of maximum total deflection) 0.25 0.44 0.38
Unit Load (plf) 412.5 726 627
Hold-Down Slip (in) 0.0368 0.0647 0.0559
Deflection due to Bending, A, (in) 0.0107 0.0188 0.0162
Deflection due to Shear, A, (in) 0.0395 0.0696 0.0601
Deflection due to Anchorage Slip, A, (in) 0.0368 0.0647 0.0559
Deflection due to Nail Slip, A, (in) 0.2257 0.587 0.808
%A, 3.45 2.54 1.72
%A, 12.74 9.41 6.40
%A, 11.87 8.74 5.95
%A, 72.81 79.32 85.96
% Transmitted to Damper Assembly (% A, + % A, (0.7)) 63.71 64.93 66.57
% Displacement Loss within Wood Framing
%A, + %A, +%A (0.3) 37.16 35.08 33.46
% Displacement Loss within Damper Assembly (connection
of wood framing to damper assembly, deformation of bracing 2371 24.93 26.57

members, and other unknown losses) = 60% minus losses
within wood framing
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D.7 Photographs of Experimental Test Setup

Mo i@ i8 a - - _ - -\x.";,ﬂ

Roof Diaphragm Anchor Bolts with 3 in. Square Washer

- : Y

Toggle Assembly Installed Simpson HD6A Hold-Down
inside Retrofitted Wall Installed in Test Walls
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Top Channel Connected to Top Plate Bottom Channel Anchored to Shake
with Three A325 Structural Bolts Table with Two A325 Structural Bolts

Fluid Viscous Damper Installed Sensors Installed at Various Locations
with String Potentiometer
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