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ABSTRACT

This thesis explores next generation passive and semi-active tuned mass damper
(PTMD and SATMD) building systems for reducing the seismic response of tall
structures and mitigating damage. The proposed structural configuration separates the
upper storey(s) of a structure to act as the ‘tuned’ mass, either passively or semi-
actively. In the view point of traditional TMD system theory, this alternative

approach avoids adding excessive redundant mass that is rarely used.

In particular, it is proposed to replace the passive spring damper system with a semi-
active resetable device based system (SATMD). This semi-active approach uses
feedback control to alter or manipulate the reaction forces, effectively re-tuning the
system depending on the structural response. In this trade-off parametric study, the
efficacy of spreading stiffness between resetable devices and rubber bearings is
illustrated. Spectral analysis of simplified 2-DOF model explores the efficacy of
these modified structural control systems and the general validity of the optimal
derived parameters is demonstrated. The end result of the spectral analysis is an

optimally-based initial design approach that fits into accepted design methods.

Realistic suites of earthquake ground motion records, representing seismic excitations
of specific return period probability, are utilised, with lognormal statistical analysis
used to represent the response distribution. This probabilistic approach avoids bias
toward any particular type of ground motion or frequency content. Statistical analysis
of the performance over these suites thus better indicates the true overall efficacy of
the PTMD and SATMD building systems considered.

Several cases of the segregated multi-storey TMD building structures utilising passive
devices (PTMD) and semi-active resetable devices (SATMD) are described and
analysed. The SATMD building systems show significant promise for applications of
structural control, particularly for cases where extra storeys might be added during
retrofit, redevelopment or upgrade. The SATMD approach offers advantages over
PTMD building systems in the consistent response reductions seen over a broad range



of structural natural frequencies. Using an array of performance metrics the overall
structural performance is examined without the typically narrow focus found in other
studies. Performance comparisons are based on statistically calculated
storey/structural hysteretic energy and storey/structural damage demands, as well as

conventional structural response performance indices.

Overall, this research presents a methodology for designing SATMD building systems,
highlighting the adaptable structural configuration and the performance obtained.
Thus, there is good potential for SATMD building systems, especially in retrofit
where lack of space constrains some future urban development to expand upward.
Finally, the approach presented offers an insight into how rethinking typical solutions
with new technology can offer dramatic improvements that might not otherwise be

expected or obtainable.
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1 Introduction

1.1 Background and Motivation

It is well accepted that earthquakes will continue to occur, and cause significant social
structural and economic damage if we are not prepared. Assessing earthquake risk
and improving engineering strategies to mitigate damage are thus the only viable
options to create more resilient cities and communities. Geologists, seismologists and
engineers are continuing their efforts to improve zoning maps, create reliable
databases of earthquake processes and their effects, increase understanding of site
characteristics, and develop earthquake resistant designs. As for the engineer, the
ultimate goal is to design damage free, cost effective structures that will behave in a

predictable and acceptable manner to maximise life safety and minimise damage.

Today, we understand to a great deal about how our built environment will respond to
a wide range of earthquake motions. The challenges are therefore to develop new
techniques and to improve on the existing practices so that the performance of these
structures is predictable and acceptable. In this case, acceptable means minimal or

no damage for credible design events with no loss of life safety.

As a multi-disciplinary field of engineering, the design of earthquake resistant
structures is at a threshold from which many exciting developments are possible in the
coming years. New techniques and new materials that are not traditionally used in
civil engineering structures offer significant promise in reducing the seismic risk.
Notable improvements have also been made in the nonlinear dynamic understanding
of earthquakes and the response of structures. These improvements include
improving the structural configuration (Arnold 1984; Arnold and Reitherman 1982;
Challa and Hall 1994; Lagorio 1990; Sabouni 1995; Shustov 1999), more optimally
determining the size and shape of various elements (Gu et al. 2000; Ohkubo and Asai
1992; Sfakianakis and Fardis 1991; Wang et al. 2002), the increased understanding of
construction materials and improved methods of fabrication (Aref and Jung 2006;
Moncarz et al. 2001; Pieplow 2006; Saadatmanesh 1997). These ‘modern’ design

techniques were developed primarily during the last five decades, mostly in developed



countries with active seismic regions, such as the United States, Japan and New
Zealand.

Clearly, the problem of loads and structures interacting in such a complex, hard-to-
predict fashion requires a multi-disciplinary approach. Hence, modern earthquake
resistant design involves specialists from a variety of other disciplines including
geoscientists, seismologists, structural engineers, geotechnical engineers, mechanical
engineers and material scientists, as well as others. As a result, many new devices,
techniques and strategies have been proposed to reduce seismic demand and/or
enhance the strength, ductility or energy dissipation capacity of a given structure.

In view of the discussion on the nature of the earthquake resistant design problem, it
is not very difficult to identify some likely future growth areas. In addition to
identifying those areas, the factors that could define the success of earthquake
resistant design concepts, approaches and techniques in the future should also be
considered. Particularly, in the light of ever changing and rising regulatory standards

for seismic protection.

Hence, in the coming years, the field of earthquake resistant design of structures is

likely to witness the following significant developments:

e Performance-based design processes will increasingly take centre stage,
making conventional prescriptive (minimum standard) codes obsolete (Moehle
1992; Priestley 2000)

e The acceptable risk criterion for design purposes will be defined in terms of
performance objectives and hazard levels, creating a more site and structure
specific standard (Kircher 1997; Mehrain and Krawinkler 1997; Shapiro et al.
1997)

e Multiple annual probability maps for response spectral accelerations and peak
ground accelerations, along with more realistic predictions of the effects of
site soils, topography, near-source rupture mechanisms and spatial variation,
should provide better characterization of design earthquakes and expected
ground motions (Bolt 1997; Frankel et al. 1996)



e Analytical tools for reliable prediction of structural response, essential tools in
performance-based design processes, will continue to improve and include
new devices and materials (Mackie and Stojadinovic 2006; Min Liu 2005)

e The area of soil-structure interaction, perhaps the least understood aspect in
the field of earthquake engineering, is poised to witness the emergence of new
numerical techniques to model nonlinear soils and structures in a manner that
was not possible until now, due to the significant computational effort required
(Chen et al. 2000a; Chen et al. 2000b; Choi et al. 2004; Takewaki 2007;
Takewaki and Fujimoto 2004; Wu 1997; Wu and Chen 2002; Wu and Smith
1993; Wu and Smith 1995)

e The development of new structural systems and devices will continue for base-
isolation, and passive, active and semi-active control systems. These will
progress, in part, with the increasing proliferation of non-traditional civil
engineering materials and systems (Chase et al. 2006; Housner et al. 1997;
Hunt 2002; Mulligan et al. 2005a; Mulligan et al. 2006; Rodgers et al. 2007a;
Soong and Spencer 2000)

e A complete probabilistic analysis and design approach that rationally accounts
for uncertainties present in the structural system will gradually replace
deterministic approaches, especially in the characterization of the loading
environment (Annaka and Yashiro 2000; Refice and Capolongo 2002;
Robinson et al. 2006)

This thesis is based on the second to last topic and the now well understood concept
that the performance of seismic-isolated structures is enhanced by the use of passive
energy dissipation devices. A control system consisting of a combination of the
seismic isolation system and control devices, such as passive, active or semi-active
control elements is often referred to as a hybrid control system (Akira Nishitani 2001,
Nagashima et al. 2001; Ricciardelli et al. 2003; Skinner et al. 1993; Watakabe et al.
2001; Yang and Agrawal 2002). Among different combinations that are possible for a
hybrid approach, semi-active control systems are attractive for use with base isolation
systems because of their mechanical simplicity, low power requirements, and large
controllable force capacity (Chase et al. 2007; Feng 1993; Feng and Shinozuka 1992;
Yang and Agrawal 2002). However, the range of applicable structures for this type of



base isolation is still narrow due to technical difficulties in the isolation layer. Thus, a
modified system concept needs to be defined to broaden the applicability and efficacy
of these approaches to cover a wider range of structures. Especially, tall and flexible

buildings those are not well suited to any form of base isolation.

The basic idea behind the proposed research is to develop a combination of semi-
active resetable devices and modified structural isolation systems, and merge them
into existing tuned mass damper system concepts. More specifically, to expand
effective application of isolation techniques, it is proposed to focus on certain storeys
of the structure as the main target for isolation. The isolation layer is thus located
between separated storeys of the structure. This approach creates a large, yet fully
functional tuned mass. Conceptually, it combines emerging semi-active technologies
with traditional tuned mass and base isolation concepts to broaden and merge the
applicability of all of these approaches to provide improved, more robust performance.

1.2 Objectives and Scope

The primary objective of this research is to evaluate the efficacy of the semi-active
tuned mass damper building (SATMD) system concept. Performance will be assessed
by statistically enumerating seismic response improvements compared to a traditional
optimised Passive TMD (PTMD) system for multi-storey structures for a series of
input ground motions. Structurally, this research focuses on the seismic response of

moment resisting frames, and its scope looks at four main areas:

1) The understanding of the control ability and special features of resetable
devices

2) The application of resetable devices to semi-active structural control systems

3) The overall concept of modified tuned mass damper system utilizing large
partial mass of structure as a tuned mass, including design issues

4) The statistical performance-based seismic response comparison of No TMD
(uncontrolled), PTMD, and SATMD building systems to provide results

suitable for use in creating modern and emerging design guidelines



To investigate the fundamental ability of resetable devices in this role, spectral
analysis methods have been used on standard 2-DOF TMD design models. The
structures selected for MDOF time history analysis using these results are 12-storey,
moment resisting linear and nonlinear frames. All analysis process have been
developed using three suites of probabilistically scaled earthquakes representing a
wide range of seismic excitation characteristics from the maximum likely event to the

maximum possible event.

1.3 Preface

Chapter 2 introduces various structural control methodologies with the focus on a
semi-active control and tuned mass damper (TMD) systems. The control properties
and some aspects of TMD parameters are outlined. In addition, several modified
seismic isolation systems that allow greater flexibility in structural control and

applications are presented

Chapter 3 presents a structural configuration of TMD building systems. In addition,
the details of the design and dynamic properties of resetable device are described in
this chapter. Chapter 4 gives statistical methodology with earthquake suites that are
used in the simulations to assess the TMD building systems. Chapter 5 describes the
spectral analysis procedure of simplified 2-DOF TMD building systems that
investigates the efficacy of TMD building systems, highlighting the benefits of
SATMD systems. This chapter also provides the design, modelling and validation of

TMD building systems which are utilised in MDOF applications.

Chapter 6 introduces a prototype 12-storey framed reinforced concrete structure for
investigating the response properties of realistic multi-storey structures with the
concept of TMD building systems. This chapter also describes modelling techniques
and related computational methods. Analytical qualitative results for the prototype
multi-storey TMD building systems (10+2 and 8+4 storeys) are presented in Chapter
7, while those for the retrofit or structural upgrade applications of being added new
stories on a structure (12+2 and 12+4 storeys) are presented in Chapter 8. These

chapters describe realistic novel structural configuration where upper several storeys



of the structure are utilised as the damping mechanism. In addition, these chapters
present a selection of results for the structures investigated using several statistically
calculated response indices, enabling effective comparisons of the different cases of

TMD building systems.

In Chapter 9, a multi-storey nonlinear MDOF TMD building system is developed to
predict the actual seismic responses of controlled buildings for possible earthquake
excitations. The development of nonlinear building systems with the inclusion of
structural nonlinear effects is outlined, followed by an explanation of how this is used
as part of a time history analysis. In particular, energy and damage-based response
indices are developed to demonstrate the accurate and valid controlled performances
of the TMD building systems.

A brief summary of previous discussion and the primary conclusions of this research
are presented in Chapter 10, along with suggestions for future developments leading

from this research.



2 Structural Control

2.1 Introduction

The control of structural vibrations produced by earthquake or wind loads can be done
by various fundamental means. These conceptual approaches include modifying
rigidities, masses, damping, or shape, and by providing passive or active counter
forces. To date, some methods of structural control have been used successfully and
newly proposed methods offer the possibility of extending applications and improving

efficiency (Housner et al. 1997).

In recent years, considerable attention has been paid to research and development of
structural control devices. Furthermore, serious efforts have been undertaken in the
last two decades to develop the structural control concept into a workable technology.
It is now established that structural control is an important part of designing important
new structures, such as hospitals, and, in some cases, for retrofitting existing
structures for earthquake and wind. However, to date most existing and planned

strategies are passive tuned mass or isolation approaches.

Over the years, many control algorithms and devices have been investigated, each
with its own merits depending on the particular application and desired effect.
Clearly, the ability to make direct comparisons between systems employing these
algorithms and devices is necessary to focus future efforts and to set effective goals
and specifications. One approach to achieving this goal is to consider consensus
approved, high-fidelity, analytical benchmark models (He and Agrawal 2007; Loh
and Chang 2006; May and Beck 1998; Samali and Al-Dawod 2003; Samali et al.
2003; Xu et al. 2006) that allow researchers in structural control to test their

algorithms and devices and to directly compare results.

The structural model in early research was considered to remain perfectly elastic.
However, large magnitude earthquakes cause inelastic behaviour in nonlinear
responses. Therefore, the pursuit of nonlinear analysis for the seismically excited
building has been advocated (Barroso 1999; Hunt 2002), as both the structural



damage and large motion hysteretic structural damping processes are inherently
nonlinear. Therefore, nonlinear evaluation models can portray the salient structural
dynamics for which appropriate evaluation criteria and control constraints can be
presented for design problems (Barroso et al. 2003; Hunt 2002; Ohtori et al. 2004;
Rodgers et al. 2007D).

The focus of many previous structural control design investigations has been the
reduction of transient interstorey drifts, which have historically been used as an
indicator of structural damage. However, other evaluation criteria need to be
considered to include building responses, building damage and energy dissipation,
control devices, and control strategy requirements for multi-purpose based seismic
design (Barroso et al. 2003; Hunt 2002; Ohtori et al. 2004; Rodgers et al. 2007b).
These metrics would include hysteretic energy, permanent and RMS mean drifts, peak
and RMS mean acceleration, energy absorbed by control devices, and potentially
others. All of these metrics represent a form of potential damage and thus repair cost
to the building on occupants and contents. In addition, the use of a wide variety of
realistic ground motion excitation that are representative of broad ranges of potential
inputs and the suitable methods of statistical assessment are another important factor,
but rarely considered, for the accurate outcome of structural control (Barroso et al.
2003; Chase et al. 2003; Chase et al. 2004b; Chase et al. 2005b; Hunt 2002; Rodgers
et al. 2007b).

2.2 Passive, Active and Hybrid Control

A passive control system does not require an external power source. Passive control
devices impart forces that are developed in response to the motion of the structure.
The energy in a passively controlled structural system, including the passive devices,
cannot be increased by the passive control devices guaranteeing stability. Passive
supplemental damping strategies, including base isolation systems (Andriono and
Carr 1990; Andriono and Carr 1991a; Andriono and Carr 1991b; Charng 1998;
Johnson et al. 1998; Skinner et al. 1993; Xu et al. 2006; Yoshioka et al. 2002),
viscoelastic dampers (Park 2001; Tzou and Wan 1989), and tuned mass dampers



(Abdel-Rohman 1984; Ghosh and Basu 2006; Murudil and Mane 2004), are well
understood and widely accepted by the structural engineering community. However,
these passive device methods rely on exact tuning, are unable to adapt to structural
change and varying usage patterns, and are not necessarily optimal for all potential

loading conditions.

In comparison with passive control, active control of structural response is essentially
characterized by the following two features: (a) a certain amount of external power or
energy is required; and (b) a decision-making process based on real-time-measured
data is involved. In this regard, active control includes a wide range of technologies.
In an active control system, an external source powers control actuator(s) that apply
forces to the structure in a prescribed manner. These forces can be used to both add

and dissipate energy in the structure to achieve a desired, optimised response.

From the control-engineering point of view, active control systems consist of four
inter-connected components or elements. These components are: the plant (i.e.
building), the sensors, the control computer or controller, and the actuators. Each of
these elements works as a subsystem and are mutually integrated such that the output
from one component is the input to other components in a closed feedback control
loop (Franklin et al. 1994). Full-scale implementation of active control systems have
been accomplished in several research structures (Akira Nishitani 2001; Nagashima
2001; Samali et al. 2003), mainly in Japan. However, cost effectiveness and potential
reliability considerations have limited any wide spread or non-research acceptance to

date in comparison to passive solutions.

Hybrid control strategies have been investigated by many researchers to exploit their
potential to increase the overall reliability and efficiency of the actively controlled
structure. The common usage of the term “hybrid control” implies the combined use
of active and passive control systems. For example, a structure equipped with
distributed viscoelastic damping supplemented with an active mass damper (Inman
2001; Yang et al. 2004), or a base isolated structure with actuators to actively enhance
performance (Barbat et al. 1995; Huang et al. 2003; Jalihal et al. 1994; Scruggs et al.
2006). Because multiple control devices are operating, hybrid control systems can

alleviate some of the restrictions and limitations that exist when each system is acting



alone. Thus, higher levels of performance may be achievable. In addition, the hybrid
control system is considered more reliable than a fully active system, as the passive

elements are always effective regardless of the status of the active elements.

2.3 Semi-Active Control

Semi-active (SA) control systems are a distinctly and emerging class of active control
systems. In this case, the external energy requirements are orders of magnitude
smaller than typical active control systems. Typically, semi-active control devices do
not add mechanical energy to the structural system (including the structure and the
control actuators), therefore bounded-input bounded-output stability is guaranteed
(Bobrow et al. 2000; Hunt 2002). Semi-active control devices are also often viewed
as controllable passive devices. More specifically, their resistive or dissipative force
produced via control of internal mechanisms based on external sensor feedback.
Hence, they can combine the best elements of active and passive systems, or, in

contrast, mitigate their less desirable features.

Because of their low power requirements and large controllable force capacity, semi-
active systems provide an attractive alternative to active and hybrid control systems.
Semi-active control strategies are particularly promising in addressing many of the
challenges to wider application of control to civil engineering structures, by offering
the reliability of passive devices, while maintaining the versatility and adaptability of
fully active systems. Studies have shown that appropriately implemented semi-active
damping systems perform significantly better than passive systems and have the
potential to achieve, or even surpass, the performance of fully active systems (Dyke et
al. 1996a; Dyke et al. 1996b). Examples of semi-active devices include variable-
orifice fluid dampers (Jung et al. 2004; Wongprasert and Symans 2005), controllable
friction devices (Akbay and Aktan 1990; Akbay and Aktan 1991), variable-stiffness
devices (Nagarajaiah and Varadarajan 2001; Zhou et al. 2002), tuned liquid dampers
(Fujino et al. 1992; Wu et al. 2005), and controllable fluid dampers (Gordaninejad et
al. 2002; Symans and Constantinou 1997).

10



2.3.1 SA Stiffness Control Methods

Yang and Agrawal (2002) presented the safety performances of various types of
hybrid control systems, which consist of a base isolation system and SA dampers for
protecting nonlinear buildings against near-field earthquakes. Djajakesukma et al.
(2002) reported SA stiffness damper systems with various control laws, such as
resetting control, switching control, Linear Quadratic Regulator (LQR) and modified
LQR systems and compared results to uncontrolled and passive control cases.
Similarly, Chase et al. (2003; 2004a) proposes a series of SA control laws based on
optimal control design, and presented results as cumulative hazard distribution based

on responses to suites of ground motions.

2.3.2 SA Control with Resetable Devices

Resetable devices are essentially fluid springs that are able to alleviate pressure to
dissipate energy by resetting their effective rest length (Bobrow 1997; Bobrow et al.
2000; Jabbari and Bobrow 2002). They also focused on the basic analytical
techniques needed to characterise structural systems that use a resetable SA device for
vibration suppression. Barroso et al. (Barroso et al. 2003; Chase et al. 2003; Chase et
al. 2004b) and Hunt (2002) presented extensive investigation of the ability of SA
control methods utilizing resetable devices to mitigate structural response in the
presence of hysteretic, geometric and yielding nonlinearities under various intensity
level seismic hazard suites to define control efficiency and seismic hazard statistics.
Yang et al. (2000) suggested that a general resetting control law based on the
Lyapunov theory for a resetting SA damper and compared this with a switching
control method through extensive numerical simulations. Finally Rodgers et al.
(2007b) presented a spectral analysis and performance-based design guidelines for

suing resetable SA devices.
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2.4 Tuned Mass Damper Systems

2.4.1  The Principle of TMD systems

TMD systems are a practical well accepted strategy in the area of structural control
for flexible structures, and particularly for tall buildings. It consists of added mass
with properly tuned spring and damping elements, providing a frequency-dependent
hysteresis that increases damping in the primary structure. The mechanism of
suppressing structural vibrations by attaching a TMD to the structure is to transfer the
vibration energy of the structure to the TMD and to dissipate the energy in the damper
of the TMD. In other words, the frequency of the damper is tuned to a particular
structural frequency so that when that frequency is excited, the TMD will resonate out

of phase with the structural motion.

It is not always necessary to dissipate a large amount of energy. Instead, the TMD
can reduce the amount of energy that goes into the system by changing the phase of
the vibration. The addition of a TMD, in fact, transforms the lightly damped first
mode of the uncontrolled structure into two coupled and highly damped modes of the
2-DOF modal system.

Compared to control devices that are connected to structural elements or joints, the
TMD involves a relatively large mass and displacements. The method used to support
the mass and provide precise frequency control is an important issue in the design of a
TMD. Thus, the ultimate performance of the TMD system is limited by the size of
the additional mass, where is typically 0.25~1.0% of the building’s weight in the

fundamental mode.

In some cases, spacing restrictions will not permit traditional TMD configurations.
This limitation has led to the installation of alternative configurations, including
multi-stage pendulums, inverted pendulums, and systems with mechanically-guided
slide tables, hydrostatic bearings, and laminated rubber bearings. Coil springs or
variable stiffness pneumatic springs typically provide the stiffness for the tuning of

most types of TMDs.
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A number of TMDs have been installed in tall buildings, bridges, towers, and smoke
stacks for response control against primarily wind-induced loads (Kwok and Samali
1995). In terms of TMD configuration there is also a large variety. The first structure
in which a TMD was installed appears to be the Centrepoint Tower in Sydney
Australia (Kwok and Macdonald 1990). There are some buildings in the United
States equipped with TMDs or tuned liquid dampers (TLDs), the Citicorp Center in
New York City (McNamara 1977) and the John Hancock Tower in Boston (Khan
1983) and TransAmerica Tower in Sanfransisco (Balendra et al. 1998). In Japan, the
first TMD was installed in the Chiba Port Tower (Kawabata et al. 1990; Obtake et al.
1992), followed by installations in the Funade Bridge Tower, Osaka (Ueda et al.
1993), and in steel stacks in Kimitsu City (Soong and Dargush 1997), among others.
Table 2-1 shows a number of applications of the TMD system as a passive damping

device.
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Table 2-1

Worldwide applications of Tuned Mass Dampers (Kwok and Samali 1995)

. Type and number of Date of Natural frequencies/
Name and type of structure City/Country dampers installation | Effective damper mass
CN TowerTV antenna Toronto, Canada | Tuned mass damper 1973 -
(553m)
John Ha&ﬁ;)Bu”dmg Boston, USA Tuned mass dampers 1977 0.14 Hz / 2 x 300t
City Corp Center
(high-rise building) (278m) New York, USA | Tuned mass damper 1978 0. 16Hz / 370t
.| Tuned mass damper
Sydney Tower (305 m) Sydney, Australia (pendulum type) 1980/1 0.10,0.50Hz /20t
Al Khobar chimneys Saudi Arabia Tuned mass damper 1982 0.44Hz /7t
(120 m)

Ruwais Utilities chimney Abu Dhabi Tuned mass damper 1982 0.49Hz /10t
Deu@sche Bundespost Nornberg, Tuned mass damper 1982 0.67Hz /1.5t
cooling tower (278 m) Germany
Yanb}J Cement Plant Saudi Arabia Tuned mass damper 1984 0.49 Hz / 10t

chimney (81 m)
Hydro-Quebec wind generator Canada Tuned mass damper 1985 0.7-1.2Hz /18t
Chiba Port Tower (125m) Chiba, Japan | 2 Tuned mass dampers 1986 0.43-0. 44 Hz / 10, 15t
Pylon, Aratsu Bridge )
(cable-stayed) Japan Tuned mass damper 1987
Pylon, Yokohama Bay Bridge Yokohama, Japan| Tuned mass damper 1988 -
(cable-stayed)
Bin Quasm_1 Thermal Power Pakistan Tuned mass damper 1988 0.99Hz/4.51
Station (70 m)
T'W'?St Rutile Plant Australia Tuned mass damper 1989 0.92 Hz /0. 5t
chimney (43 m)

Fukuoka Tower (151 m) Fukuoka, Japan |2 Tuned mass dampers 1989 0.31-0.33Hz /25,30t

ngashly(alr;j ril)(y Tower Nagoya, Japan Tuned mass damper 1989 0. 49-0. 55 Hz / 20t

Pylon, Bannaguru Bridge _

(cable-stayed) Japan Tuned mass damper 1990
Crystal Tower (157 m) Osaka, Japan | 2 Tuned mass dampers 1990 0. 24-0. 28 Hz/180, 360 t
Huis Ten Bosch Domtoren | Nagasaki, Japan | Tuned mass damper 1990 0.65-0. 67 Hz /7. 8t
Hibikiryokuchi Sky Tower Kitakyushu, Tuned mass damper 1991 )
(135 m) Japan
HKW chimney (120m) Pkt Tuned mass damper | 1992 0. 86 Hz / 10t
ermany
BASF chimney (100 m) Antwerp, Tuned mass damper 1992 0.34Hz /8.5t
Belgium
Slemens(ggvr\:]e)r station Killingholme, UK| Tuned mass damper 1992 0.88Hz/ 7t
Rokko island P & G Kobe, Japan Tuned mass damper 1993 0.33-0.62 Hz / 270 t
(117 m) (pendulum type)
. .| Tuned mass damper
Chifley Tower (209 m) Sydney, Australia (pendulum type) 1993 400t
Al Taweggrr:])c himney Abu Dhabi Tuned mass damper 1993 1.4Hz/1.35t
Akita Tower (112 m) Akita, Japan Tuned mass damper 1994 0.41Hz
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2.4.2 Passive, Active and Hybrid TMD Systems

One of the limitations to the TMD design is the sensitivity related to the narrow
bandwidth of the frequency tuned control it provides and the resulting potential
fluctuation in tuning the TMD frequency to the controlled frequency of a structure. If
the frequency of the disturbing force shifts even slightly, then the effect of the TMD is
diminished. In some cases, poor tuning can even amplify the vibration, rather than
suppress it. Mis-tuning or off-optimum damping can thus significantly reduce the
effectiveness of the TMD, which means that the TMD is not entirely reliable or robust

despite its passive nature.

In addition, a TMD is more effective when the ground motion has significant spectral
content at the TMD fundamental mode frequency. Further away from this frequency,
a TMD may have much less effect rendering it less effective for same ground motions.
Therefore, it is difficult to draw general conclusions characterising the seismic
effectiveness of a TMD system, especially when the structure includes inelastic
behaviour (Chey 2000).

The passive TMD (PTMD) is undoubtedly a simple, inexpensive and somewhat
reliable means to suppress the undesired vibrations. However, its performance is
limited because of the fixed damper parameters. In an attempt to increase the
performance of the TMD without incurring the problems noted above, active TMD
(ATMD) systems have been proposed. Chang and Soong (1980) introduced an active
force to act between the structure and the TMD system. Abdel-Rohman (1984)
proposed a process for designing an effective ATMD system to control a tall building
subjected to stationary random wind forces by using the pole-assignment control
design method. The results suggested that the design of an optimal ATMD required at
least a parametric study to select the ATMD parameters. Furthermore, common
feedback control methods using displacement, velocity, full state, and acceleration
feedback for the ATMD have been studied by many researchers (Chang and Yang
1995; Li et al. 2003; Nagashima 2001; Yan et al. 1999). However, while these
systems avoid many issues of PTMD systems, fully active systems require significant

power sources and entail significant complexity.
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2.4.3 Semi-Active TMD System

It has been reported that ATMDs can provide better suppression of structural
vibrations than PTMDs. However, ATMDs have the disadvantages of added
complexity, high operational and maintenance costs, and high power requirements.
Hence, they are considered less reliable than passive systems, limiting implementation

of to special certain cases.

Recognising both performance benefits, as well as the limitations of active systems, a
new class of semi-active tuned mass dampers (SATMDs) has been introduced using
controllable variable damping or stiffness devices. Since only a small amount of
active energy is required to modulate the damping of such devices, the need for the
large energy supply required by the ATMD is eliminated. In addition, its adoptive
response to structural response sensor feedback provides the wide bandwidth of
control, unlike narrowly tuned PTMDs. Hence, it provides an extremely promising
alternative to PTMDs and ATMDs.

Hrovat et al. (1983) used semi-active TMDs with variable damping components for
the control of wind-induced vibrations in tall buildings. Abe (1996) studied a
variation of semi-active TMDs with pulse generators for the seismic protection of
civil structures. Setareh (2001) studied the application of semi-active ‘ground hook’
dampers, which have been used for vehicle body vibration control, as an element of
TMD systems. He also adopted semi-active dampers for the reduction of floor
vibrations due to human movements (Setareh 2002). Pinkaew and Fujino (2001)
presented a SATMD with variable damping under harmonic excitation and it showed

that the semi-active optimal control becomes a clipped optimal control law.

Meanwhile, an empirical algorithm for the optimization of the properties of SATMDs
based on the measured response of the main structure has been presented by
Ricciardelli et al. (2000). Their numerical example showed that the optimization of
the TMD damping did not bring a reduction of the main structure response, but rather
to a reduction of the displacement of the added mass. This result can be explained by
the low sensitivity of the response of the main system to the TMD damping. Shen
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(2001) developed a semi-active control scheme using a functional switch which is
able to finely adjust stiffness and damping for the TMD system. Aldemir (2003)
studied the optimal performance of a magnetorheological (MR) damper, as is used in
a tuned mass damper to reduce peak responses of a single-degree-of-freedom structure
subjected to a broad class of seismic inputs. It was numerically shown that the
optimal performance of the MR damper is always better than the equivalent passive-
tuned mass damper for all the investigated cases, and that the MR damper has a great
potential in suppressing structural vibrations over a wide range of seismic inputs. The
effectiveness of a semi-active variable stiffness tuned mass damper (SAIS-TMD) in
response control of 76-storey tall buildings was studied and its performance was
evaluated analytically (Varadarajan and Nagarajaiah 2004). The SAIS-TMD system
had the distinct advantage of continuously retuning its frequency due to real time

control, hence, the system was robust to changes in building stiffness and damping.

Finally, Mulligan et al. (2006; 2007) investigated spectral analyses and design of
SATMD systems for suites of probabilistically scaled events. Their results indicated
that resetable devices allowed for simpler tuning design that was very robust to
variation in structural parameters. They also showed that resetable SATMD systems

were more robust to variations in ground motion input than equivalent PTMD systems.

2.4.4  The optimisation of TMD parameters

While, the basic principles of TMDs on reducing structural response have been well
established, optimal TMD configurations are a quite a different problem. In the
design of any control device for the suppression of undesirable vibrations, the aim
would be to provide optimal damper parameters to maximize its effectiveness. The
chief design response oriented parameters of the TMD are its tuning ratio (the ratio of
the damper frequency to the natural frequency of the structure) and damping ratio.
The other important design parameter is the mass ratio (the ratio of the damper mass
to the mass of the structure). This latter parameter is generally fixed at 0.5~1.0%

from practical considerations and its optimization is not of general interest.
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Considerable research has been devoted to the study of TMD performance, to enable
proper selection of absorber parameters. In the classical work by Den Hartog (1956),
simple expressions for the optimum tuning ratio and damping ratio of a mass damper
were derived. These expressions were based on minimising the displacement

response of an undamped primary system subjected to sinusoidal excitation.

To obtain the analytical solution for the optimal values of the parameters that
minimise the dynamic response of the building measured, Crandall and Mark (1963)
obtained the mean square response of the stationary process when the spectral density
is known. When the input spectrum is assumed to be ideally white, a constant input
for all frequencies, the mean square of the response was determined. Using their
process, Chey (2000) derived simple expressions for the optimal values of the
frequency ratio and damping ratio of TMD in terms of displacement and acceleration.
For practical application to a real system, practical parameters for the TMD, such as
the optimal TMD damping stiffness, and optimal damping coefficient were also

derived.

For the case of damped primary structure, it is difficult to obtain closed-form
solutions for the optimum damper parameters. loi and lkeda (1978) presented
empirical formulae for optimum stiffness and damping of a TMD, based on the
minimization of the acceleration response of a lightly damped structure. Randall et al.
(1981) used numerical optimization procedures for evaluating the optimum TMD
parameters, while considering damping in the structure. In the procedure proposed by
Thompson (1981) for a damped structure with TMD, the tuning ratio has been
optimized numerically and then using the optimum value of the tuning ratio the
optimum damping in the TMD is obtained analytically. Warburton (1982) carried out
a detailed numerical study for a lightly damped structure with TMD, subjected to both
harmonic and random excitations. The optimal damper parameters of tuning ratio and
damping ratio for various values of mass ratio and structural damping ratio are
presented in the form of design tables. Fujino and Abe (1993) employed a
perturbation technique to derive formulas for optimal TMD parameters, which may be
used with good accuracy for mass ratios less than 0.02 and for very low values of

structural damping less than 5~10%.
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Thus, for the realistic general case with damping in the primary system, the optimal
TMD parameters have to be evaluated either numerically or from empirical
expressions. When damping is added to the primary system, the existence of ‘fixed-
point’ frequencies is lost. These fixed point frequencies are frequencies at which the
transmissibility of vibration is independent of the damping in the attached control
device making closed form design straight-forward (Den Hartog 1956).

However, it is possible that even for moderately damped structures the existence of
two ‘fixed-point’ frequencies may still be assumed to be valid in an approximate
sense. Based on the theory developed by Den Hartog (1956) in obtaining the optimal
criteria of a mass damper attached to an undamped mass subjected to harmonic
excitation, an alternative closed-form solution for the optimum tuning ratio of the
TMD for damped structures has therefore been derived (Ghosh and Basu 2006).
Ghosh and Basu presented a closed-form expression for the optimum tuning ratio of a
TMD attached to a damped primary structure modelled as an SDOF system. It is
based on the ‘fixed-point” theory, which is approximately valid for low-to-moderate
structural damping. The higher mass ratio case exhibited closer intersection of the
transfer function curves to form the “fixed-points’ than lower mass ratio cases in this
work. The proposed expression for the optimal tuning ratio was therefore a function
of the mass ratio and the structural damping, and has been evaluated for different
values of these parameters. The values of the optimum tuning ratios from the
proposed expression have been found to be in close agreement with those obtained
numerically validating the overall approach.

Using numerical searching techniques the optimum parameters of a TMD system for
damped main systems has been investigated by several researchers (Bakre and Jangid
2006; Chey 2000; Jangid 1999; Tsai and Lin 1994). The optimum parameters have
been obtained in these studies for various combinations of minimising different
response parameters and/or excitation. A curve-fitting technique can then be used to

determine explicit expressions for the optimum parameters of the TMD system.

Hoang and Warnitchai (2005) presented a new method to design multiple TMDs for
minimising excessive vibration of linear structures. The methods used a numerical

optimiser following a gradient-based non-linear programming algorithm to search for
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optimal TMD parameters. The target response is formulated as a quadratic
performance index which can be efficiently computed by solving a Lyapunov

equation.

Meanwhile, optimisation of the absorber weight, with constraints on the combined
weight of the main system and attached absorber, has been also done. Reasons behind
these analyses include project specifications that limit the choice of fabrication
materials, one-piece manufacturing, practical design, economic manufacturing,
minimising main system vibration, and other ergonomic reasons (Jimmy 1990). Once
a main structure is approximated into a one mode beam structure and a random
excitation into a Gaussian white noise excitation, the optimal mass ratios can then be
determined to minimise the effective main system’s response, and create overall TMD

design.

2.4.5 Influence of ground motion and nonlinear system

One of the central issues of TMD effectiveness is the matter of optimum TMD
parameters. However, another objective of parametric studies of TMD performance is
to examine how the optimum TMD for earthquake excitation is affected by the
parameters that characterize the motion. This examination is particularly important
considering that optimum solutions are developed from approximated systems and

inputs that may not fully reflect realistic seismic excitation or structural conditions.

An examination of the effect of ground motion characteristics on the effectiveness of
TMD was made using a nonstationary random vibration formulation (Bernal 1996).
His results indicate that optimum TMD damping is insensitive to the bandwidth and
depends on the duration to period ratio only for relatively low values of this quotient,
where the optimum decreases with decreasing duration. The results suggest that TMD
units may be able to provide notable reductions in spectral ordinates for periods near
the dominant motion period when the excitation is narrow band and of long duration,

which is not always the case in seismic events.
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Soto-Broto and Ruiz (1999) analyzed the effectiveness of TMD on buildings
subjected to moderate and high intensity motions. The results show that the
effectiveness of TMD is higher for systems with small non-linearity produced by
small and moderate earthquakes, than for systems with the highly non-linear
behaviour associated with high intensity motions. They recommended using more
than one TMD on the roof of the structures to cover a wider range of periods of

vibration and account for such nonlinearities, but of the cost of significant added mass.

Murudil and Mane (2004) investigated the effectiveness of TMDs n controlling the
seismic response of structures and the influence of various ground motions. Their
research showed that the effectiveness of a TMD for a given structure depends on the
frequency content, bandwidth and duration of strong motion. However, the seismic
effectiveness of the TMD is not affected by the intensity of ground motion.
Specifically, TMDs are more effective for long duration earthquake and when the
structural frequency is close to the central frequency of ground motion. A TMD is
also reasonably effective for broad banded motions across the spectrum of structural
frequencies. However, a TMD is also effective for narrow banded motions, if the
structure and ground motion frequencies are close to each other, but much less so if
they are not close. Effectiveness and optimum TMD parameters are not affected by
increasing peak ground acceleration values, keeping all other parameters constant.

All of these results validate or match other results in this area.

The effectiveness of TMD in vibration control of buildings was investigated under
moderate ground shaking caused by long-distance earthquakes with frequency
contents resembling the 1985 Mexico City (SCT) or the 1995 Bangkok ground motion.
More specifically, the accumulated hysteretic energy dissipation affected by TMD
was examined (Lukkunaprasit and Wanitkorkul 2001). Unlike in an elastic system,
the commonly used peak displacement ratio could not give a good indication of TMD
effectiveness for an elasto-plastic building, since significant reduction in the
dissipated energy may result in an elastic-plastic building with a TMD, even though
only a small reduction in the displacement response is effected by the presence of the
TMD. Thus, they recommended that the hysteretic energy absorption ratio should be
supplemented as another performance index because it reflects the amount of

dissipated energy in the yielding elements in both the controlled and uncontrolled
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buildings. Hence, the extent of damage induced is separated from energy absorbed by
the TMD or the TMDs effect.

Finally, Ruiz and Esteva (1995) evaluated and discussed the loss of effectiveness of
TMDs on nonlinear systems. They concluded that the reductions on the structural
response obtained by adding a TMD to nonlinear systems built on the compressive-
clay zone of Mexico City, become small as the nonlinearity increases. This fact led to
the conclusion that the use of TMDs is therefore limited to structures designed to
develop a weak or a moderate nonlinear behaviour and in areas that don’t have very

soft soil sites on excessive soil structure interaction effects.

2.5 Seismic Isolation

Seismic isolation consists essentially of the installation of mechanisms that decouple
the structures and their contents from potentially damaging earthquake-induced
ground motions. This decoupling is achieved by increasing the flexibility of
intervening or connecting layer, along with providing appropriate damping to the
elements of this isolation layer. Careful studies have been made of structures for
which seismic isolation may find widespread application (Kelly 1990; Skinner et al.
1993).

In seismic isolation, the fundamental aim is to substantially reduce the transmission of
the earthquake forces and energy into the structure. This objective is achieved by
mounting or linking the structure on an isolation system with significant horizontal
flexibility so that during an earthquake, when the ground moves strongly under the
structure, only moderate motions are transmitted to the structure itself. As isolator
flexibility increases, movements of the structure relative to the ground may become a
problem under other vibration loads applied above the level of the isolator. In
addition, isolator flexibility is limited to prevent extensive relative motion of the

structure to the ground to protect lifelines and services.
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2.5.1 Base Isolation Systems and Designs

Successful base isolation design requires adequate understanding of the influence of
each parameter in the isolation system and the superstructure on the overall seismic
performance of the isolated building. The primary function of an isolation device is to
support the superstructure, while providing a high degree of horizontal flexibility,
resulting in a long fundamental period for the isolated building as a rigid mass on the
isolator. Isolation devices used to meet these requirements include laminated
elastometric rubber bearings (Tyler 1991), lead-rubber bearings (Cousins et al. 1992;
Dowrick et al. 1992; Robinson and Greenbank 1975), yielding steel devices (Kelly et
al. 1972; Skinner et al. 1975; Tyler and Skinner 1977), friction devices (PTFE sliding
bearings) (Tyler and Skinner 1977) and lead extrusion devices (Cousins and Porritt
1993; Parulekar et al. 2004).

Skinner et al. (1993) indicated that a base isolator with significant hysteretic force-
displacement characteristics can provide the desired properties of isolator. In
particular, they have significant flexibility, high damping and force limitation under
horizontal earthquake loads, as well as together with high stiffness under smaller
horizontal loads to limit wind-induced motions. Kelly (1990) gave a brief
introduction to the response mechanisms of base isolated buildings through a two
degrees of freedom linear system for simplified design. This approach assumes that
the isolation provided is enough to ensure the resulting (limited) structural response is

in an elastic regime.

The effectiveness of any isolation system to mitigate the seismic response is obtained
through its ability to shift the fundamental frequency of the system out of the range of
frequencies where the earthquake is strongest. Similarly, Skinner et al. (1993)
demonstrated that the most important feature of seismic isolation is its increasing of
the natural period of the structure to achieve this task. Because the period is increased
beyond that of the earthquake, resonance and strong excitation are avoided, the input
motion is primarily in a lower magnitude frequency range and thus smaller, and the

overall seismic acceleration response is thus reduced.
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Simplified methods of design for base isolated structures have been proposed by
Turkington et al. (Turkington et al. 1989a; Turkington et al. 1989b), Antriono and
Carr (Andriono and Carr 1991a; Andriono and Carr 1991b; Skinner et al. 1993) and
Mayes et al. (1992), among others. In particular, Andriono and Carr indicated that
base isolated structures have the ability to significantly reduce the ductility demands
in the superstructure compared with those of unisolated structures. This reduction
makes possible the simplification of structural detailing and other seismic design
considerations required by more conventional structures and design approaches.
Therefore, a wider choice of architectural forms and structural materials is available to
the designer with base isolated systems.

While these performance-based code provisions and simplified design procedures
give high-level guidance regarding acceptable and unacceptable levels of performance,
there is a mounting body of evidence that base isolation may not always provide
adequate protection (Yoshioka et al. 2002). One concern is the possibility of localized
buckling of the isolator devices and/or collapse of the structure caused by excessive
lateral displacement of isolator elements with details on the appropriate analysis
procedures being described by Naeim and Kelly (1999). A second area of concern,
raised by Johnson et al. (1998) and Spencer and Nagarajaiah (2003), points to the
inability of base isolation to protect structures against near-source, high-velocity,
long-period pulse earthquakes. In similar studies, Hall et al. (1995) and Heaton et al.
(1995) express concerns about excessively large base drifts caused by strong, near-

fault ground motions.

Using isolators at the base of building is a still leading approach in the seismic design
of structures. However, this technique is not applicable in a variety of buildings due to
technical difficulties in the isolator technology or in tall structures where overturning
is a concern. The high cost of some isolator devices and their implementation in
structures are other concerns in designing such systems. Further expansion in
application of isolation methods requires more affordable techniques applicable to a

wider range of structures and excitations.
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2.5.2  Upper Storey Isolation Systems

The seismic isolation concept using TMD design principles has been extended to
convert a structural system, especially a high-rise structural system, into a TMD
system by specially designing the upper storey(s). TMDs of all possible types have
the added advantage of being effective and feasible for taller structures where base
isolation is not possible. To overcome the typical limitations of a small TMD mass
ratio, it has been suggested that using a portion of the building itself as a mass damper
may be more effective. In particular, one idea is to use the building’s top storey as a

tuned mass.

The concept of an ‘expendable top storey’ (Jagadish et al. 1979), or the ‘energy
absorbing storey’ (Miyama 1992), is an effective alternative where the top storey acts
as a vibration absorber for the lower storeys. Villaverde et al. (2002) studied a 13-
storey building to assess the viability and effectiveness of a ‘roof isolation’ system
aimed at reducing the response of buildings to earthquakes. Hence, the proposal to
build a vibration absorber with a building’s roof or upper storeys has the potential to
become an attractive way to reduce structural and nonstructural earthquake damage in
low- and medium-rise buildings as well as a mean of avoiding excessive added mass

for a typical TMD design.

2.5.3 Mass Isolation Systems

The concept of vibration isolation is also extended to tall buildings using a technique
that targets the mass of the structure as the main goal for the isolation purposes
(Ziyaeifar 2002; Ziyaeifar and Noguchi 1998). The isolator layer in this approach is
placed between the horizontal component of the mass and the lateral stiffness of the
structure. By using this technique the main part of the mass of the system can be
shifted to the low force and energy zone of the earthquake spectrum. This approach
also increases the damping ratio of the structure to a level not achievable by other

techniques. One of the proposals is to convert a mega-structural system to a mega-
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sub-control system that exhibits structural efficiency by allowing a high rigidity of the
system while keeping a minimum amount of structural materials (Feng and Mita
1995). Its additional advantage is its planning flexibility for substructures consisting
of only several floors of the mega-structure. However, to date this approach has

remained confined to simulation and research studies.

Similarly, Mar and Tipping (2000) presented their new high-performance seismic
technology. This approach utilises stiffness control and passive damping to achieve
high performance aseismic structural response. The system consists of a building’s
floors and columns (the gravity frame), which are connected to the lateral load
resisting elements (the reaction frames) via a unique assembly of springs and passive
dampers located at each floor. In this specific case, the gravity frame is laterally
isolated from the base through slide bearings, as illustrated in Figure 2-1. Again, this

concept is currently only examined in research studies.

Figure 2-1 Gravity frame and reaction frame (Mar and Tipping 2000)

2.5.4 Mid-storey Isolation Systems

Some researchers (Charng 1998; Pan et al. 1995; Pan and Cui 1998) sought to
evaluate the effect of using segmental structures, where isolation devices are placed at
various heights in the structures and at the base to reduce displacements. Each
segment may comprise a few stories and is interconnected by additional vibration
isolation systems. Charng (1998) suggested three possible design methods to link two
segments to prevent the occurrence of rocking modes and transmit gravity loads

between the two segments as shown schematically in Figure 2-2.
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Figure 2-2  Different isolation installation options for segmental structures (Charng 1998)
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Murakami et al. (2000) described the design of a multifunctional 14-storey building
accommodating apartments, office rooms and shops, where a seismic isolation system
is installed on the middle storey. In their paper, they obtain a result that the best
building plan can be adopted by connecting different structural systems suited for
each function with the mid-storey isolation structural system. Thus, seismic force to
the building may be reduced by concentrating seismic energy dissipation in the

isolation storey.

Sueoka et al. (2004) examined a 25-storey building with a mid-storey isolation
interface between the 11" floor and the 12" floor. The building comprises office
space at the upper floors and a hotel space at lower floors. To solve the large
displacement problem at the isolation interface they introduced the different planning
between the upper and lower sections by providing larger elevator shaft space in
lower sections. Figure 2-3 shows the building design schematics. They also found
that the response of the structure is affected by high frequency modes according to the

vibration features of the upper and lower structures.
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Figure 2-3  Shiodome Sumitomo building with mid-storey isolation (Sueoka et al. 2004)
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Another retrofitting application using mid-storey isolation, a 16-storey personnel-
training centre of Taisei Corporation, is presented Kawamura et al. (2000). Mid-
storey isolation was located at the 8th floor, as the building is partially underground
from the 7th floor down. In the paper, the non-jack method was adopted to support
the 6,500tf upper structure during cutting and reforming of the 22 columns. All
piping, elevator shafts, staircases and walls were arranged to allow a maximum of

40cm of relative motion at the isolation layer.

Meanwhile, Zhou et al. (2004) introduced several examples of seismic isolation
buildings in China using base isolation, basement isolation and storey isolation. One
of these examples is the 2-storey RC frame platform with plane size 1,500m wide and
2,000m long that covers the city railway communication hub area. About 50 houses
(9-storey RC frame) were built on the top floor of the platform using a storey isolation

system.

Recently, semi-active coupled building control has been proposed. Zhu, et al. (2001)
optimised the passive-coupling elements between two parallel structures under
different circumstances. Emphasis was placed on the derivation of simple, effective
algorithms for semi-active control that guarantees the power absorption from the

primary structure at every time step.

Overall, isolation has been extensively studied and many concepts examined. Passive
approaches predominate, but semi-active methods or combinations are emerging.
Isolation as also been used at every like level. However, most concepts have

remained in the province of research studies.

2.6 Summary

This chapter provides a fundamental basis and literature review to formulate present
the concept of structural control as a means of mitigating or reducing earthquake
damage potential. It is intended to provide the background to bridge the gap between
conventional structural design and the emerging field of structural control that
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actively manages structural response as it occurs. The text also contains some
systematic approaches and strategy issues for structural control, highlighting the
benefits of semi-active control strategies and the distinguishing features of resetable

devices.

Tuned mass damper systems acting as resonance absorbers are also presented, along
with a brief description of optimum TMD parameters, some TMD installed examples
and the influence of ground motion on TMD systems. In these cases, added masses
are placed in the uppermost storey and coupled to the building structure through
springs and dampers.

Other topics covered include base isolation systems and several modified isolation
systems as various approaches to earthquake resistant design. The good of these
systems is to reduce the seismic demand rather than increasing the earthquake
resistance capacity of the structure. Proper application of these technologies leads to
better performing structures that will remain essentially elastic during large

earthquakes.

Hence this chapter provides the fundamental background for active and semi-active
structure. It then provides added depth on the three maim elements utilised in this
thesis: 1) semi-active resetable devices; 2) tuned mass damper systems; 3) base
isolation systems. These three elements are merged here to create the SATMD
concepts developed and analysed in-depth in the subsequent chapters.
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3 TMD Building Systems

3.1 Structural Configuration

The proposed TMD building system concept can be defined as an extension of the
conventional TMD system, but using a large mass ratio. Due to the large mass ratio,
the upper portion may experience large displacement. To avoid excessive lateral
motion or stroke of the tuned mass, the upper portion can be interconnected by the
combined isolation system of rubber bearings and a viscous damper (for the PTMD
passive version) or a resetable device (for the resetable SATMD proposed here).
When the building frame is implemented with the proposed TMD (PTMD or
SATMD) system, the upper portion is supported by rubber bearings attached on the

top of the main frame’s columns. The system is shown schematically in Figure 3-1.

TMD System

L
N
~—

Main System

Resetable Device Viscous Damper
(SATMD) (PTMD)

Figure 3-1  Schematic of model concept and resetable device

The overall mechanism of suppressing structural vibration induced by an earthquake
Is to transfer the vibration energy of the structure to the isolated upper storey. The
transferred energy is dissipated at the isolation interface so that seismic force of the
entire superstructure can be reduced. Thus, the overall effectiveness depends on the
amount of energy transferred or the size of the tuned mass, and the ability of the
isolating elements (viscous damper or resetable device) to dissipate that energy via the
relative motions at the interface. Additional tradeoffs with respect to ease of
tuning/design and ability to manage non-linearity and/or degradation, may also be a

factor, as discussed in Chapter 2.
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3.2 Spring and Damping Members

To model the effects of the TMD stiffness coefficient, the spring member which is
incorporated to the program Ruaumoko was used. In Ruaumoko, this member may be
used to model special effects in the structure or to represent members acting out of the
plane of the frame but representing forces that act in the plane of the frame. Figure
3-2 shows the model structure of the spring member. An optimal passive TMD

stiffness, kzom which was obtained from a parametric study, can be applied to the

value of the spring stiffness option in the transverse direction. This stiffness
represents optimal tuning for a PTMD. The spring member utilises a linear elastic

hysteresis rule.

The TMD damping component is modelled using the damping or dash-pot member in
Ruaumoko, and is defined as shown in Figure 3-3. This model represents the action of
a local viscous energy dissipator that may exist in the structure and contribute to the

damping matrix of the structure. An optimal TMD damping coefficient, Copp based

on PTMD design can be used as the transverse damping coefficient. The linear elastic
model was used as the hysteresis rule in this case, as well. The spring member and
the damping member can be placed at the ends of a frame member that contains a
mass providing the required mass ratio. The TMD structure is located at the top floor
and has a role as a passive device to conrol the response of the framed structure.
Through the response of the nodes corresponding to the TMD, the designer can

examine the movement of the TMD itself such as the TMD stroke and acceleration.

Node 1 Node 2 Node 1 Node 2

Transverse
spring

Transverse
dashpot

link link

Node 3 - “—Node 4
Longitudina,
‘Rotational spring dashpot Rotational dashpot

(Moment proportional fo
difference in rotations
of joints 3 and 4)

spring

(Moment proportional fo
difference in rotational
velocities of foints 3 and 4)

Figure 3-2  Spring member Figure 3-3 Damping member
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3.3 Semi-Active Resetable Device

3.3.1 Introduction

Semi-active devices are particularly suitable in situations where the device may not be
required to be active for extended periods of time, but may be suddenly required to
produce large forces (Bobrow et al. 2000). The potential of semi-active devices and
control methods to mitigate damage during seismic events is well documented
(Barroso et al. 2003; Jansen and Dyke 2000; Yoshida and Dyke 2004). Ideally, semi-
active devices should be reliable and simple.

Resetable devices fit these criteria as they can be constructed with relative ease and
utilise well understood fluids, such as air. These attributes contrast with more
complicated semi-active devices, such as electro-rheological and magneto-rheological
devices (Dyke and Spencer 1996; Spencer et al. 1997). Instead of altering the
damping of the system, resetable devices nonlinearly alter the stiffness with the stored
energy of a compressed working fluid being released as the compressed fluid is
allowed to revert to its initial pressure. This action releases stored energy, acting as a
dissipater, and also effectively resets the device’s spring rest length.

3.3.2 Device Dynamics

Resetable devices act as hydraulic or pneumatic spring elements, resisting
displacement in either direction. However, they possess the ability to release the
stored spring energy at any time, creating the semi-active aspect of these devices.
Therefore, instead of altering the damping of the system directly, resettable devices
non-linearly alter the stiffness with the stored energy being released, rather than
returned to the structure, as the compressed fluid is allowed to revert to its initial

pressure.

Schematically, the equilibrium position or rest length can be reset to obtain maximum

energy dissipation from the structural system (Bobrow et al. 2000). Energy is stored
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in the device by compressing the working fluid, such as air, as the piston is displaced
from its centre position. When the piston reaches its maximum displaced position in a
given cycle, the stored energy is also at a maximum and the device changes direction
of motion. Thus, the reset criteria are determined to be the point of zero velocity at
displacement peaks. At this point, the stored energy is released by discharging the
working fluid to the non-working side of the device, thus resetting the equilibrium
position of the device. Figure 3-4 shows the conventional resettable device
configuration, with a valve connecting the two sides, as defined in (Bobrow et al.
2000). Note that this original design assumes that the stored energy and fluid can
switch chambers relatively instantly, compared to the structural motion input to the

device, or the significant supplemental damping and device performance will be lost.

Valve

Ko

% Mass =)

Figure 3-4  Schematic of a single-valve, resettable actuator attached to
a single-degree-of-freedom system.

The prior largest capacity of experimental resettable device delivered approximately
100N and therefore offered the capability of releasing all the stored energy effectively
instantaneously relative to the structural periods being considered (Jabbari and
Bobrow 2002). For larger devices, the rate of energy dissipation may be more
important, as the flow rates required for large systems to release large amounts of
stored energy will potentially be very high, and the resulting time to release all stored
energy may well be significant in comparison to the structural response and dynamics.
Failure to release all stored energy would significantly reduce the effectiveness of the
device and the supplemental damping it adds to the structure. Therefore, more

detailed models are required (Mulligan et al. 2007; Mulligan 2007) to create effective
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designs and to determine the true effectiveness of these devices at more realistic and

practical sizes.

Developing equations to represent the force—displacement relationships for each
chamber enables the design space to be parameterised. More specifically, each
chamber volume can be related to the device’s piston displacement, which in turn
leads to a change in pressure and therefore the resistive force of the device. Resetting
the device by opening the valve on the compressed portion releases the stored energy
as the pressure equalises with, in the case of air as the working fluid, the atmosphere.
Therefore, assuming air is an ideal gas, it obeys the law:

pvV' =c (3-1)

where r is the ratio of specific heats, c is a constant, and p and V are, respectively, the
pressure and volume in one chamber of the device (Bobrow et al. 2000). If the piston
is centred in the device and the initial pressure p, in both chambers with initial

volumes V,, the resisting force is defined as a function of displacement, x:

F)=(p, = p)AC=[(V, +AX)" = (V, -~ AX) " ]Ac (3-2)

where A is the piston area. Equation (3-2) can be linearised and an approximate force
defined:

2
F(x) = _2ATD, (3-3)
VO

Hence, the effective stiffness of the resettable device, ki, is readily defined:

2
kl = _M (3-4)
Vo

3.3.3 Resetable Device with Independent Chambers
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3.3.3.1 Introduction

Unlike previous simple resetable devices, the resetable device suggested in this
research eliminates the need to rapidly dissipate energy from one side of the device to
the other by using a two-chambered design that utilises each piston side independently.
This approach treats each side of the piston as an independent chamber with its own
valve and control, as shown in Figure 3-5, rather than coupling them with a
connecting valve. This approach allows a wider variety of control laws to be imposed,
as each valve can be operated independently. Thus, independent control of the
pressure on each side of the piston is enabled, allowing a greater diversity of device
behaviours (Chase et al. 2006; Rodgers et al. 2007b).

Valve 1 E Valve 2

Cylinder Piston

Figure 3-5 Schematic of independent chamber design. Each valve vents to atmosphere for a
pneumatic or air-based device, or to a separate set of plumbing for a hydraulic fluid-based device.

For this research, air is assumed as the working fluid for simplicity and to make use of
the surrounding atmosphere as the fluid reservoir. It has been successfully
demonstrated up to 100kN level devices (Chase et al. 2006; Mulligan et al. 2007,
Mulligan 2007). In combination with independent valves, it allows more time for the
device pressures to equalise, as resetting the valve does not require all the compressed
air to flow to the opposite chamber, as it would for the design in Figure 3-4. Hence,
while the opposing chamber is under compression, the previously reset chamber can
release pressure over a longer time period by having its valve open. This approach
would not be feasible with the single-valve design in Figure 3-4, as it would eliminate

the ability of the opposing chamber to store energy if the valve were still open. Thus,
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for the practically sized devices considered in this research, this design has the

advantage of allowing significant amounts of energy to be stored and dissipated.

Similar equations can be used to model, independently, the pressure—volume status of
each chamber of the device in Figure 3-5. Equation (3-4) can then be used to design a
device to produce a set resisting force at a given displacement, or a set added stiffness.
Since Equation (3-4) includes the device geometry in A (area) and V (volume), it can
be used to parameterise the design space to determine the appropriate device
architecture (Mulligan et al. 2005a). Semi-active damping via this type resettable
devices also offers unique the opportunity to sculpt or re-shape the resulting structural
hysteresis loop to meet design needs, as enabled by the ability to control the device
valve and reset times actively (Chase et al. 2006; Mulligan et al. 2005a; Rodgers et al.
2006; Rodgers et al. 2007Db).

3.3.3.2 Device Design

Resetable devices with independent chambers were developed in Department of
Mechanical Engineering, University of Canterbury, by Professor J. Geoffrey Chase
and his research team (Chase et al. 2005a; Chase et al. 2006; Mulligan et al. 2005a;
Mulligan et al. 2005b; Rodgers et al. 2006). The devices are for a one fifth scale, four
story steel moment resisting test frame with basic dimensions of 2.1x1.2x2.1 m and a
total seismic weight of 35.3 kN, as described by Kao (1998), and is widely used in the
University of Canterbury Structures Laboratory. The structure is expected to have a
fundamental natural period within 0.4s to 0.46s and its structural damping is
approximately 5% of critical. Given that the total actuator authority might have a
reasonable value of approximately 15% of the total building weight (Hunt 2002), and
assuming two actuators in the structure, a stiffness of 250kN/m was required. This
stiffness results in a force of 2.5kN developed at 10 mm displacement of the piston
from its centre position, which represents a large story drift for this structure when

subjected to a large-magnitude ground motion (Kao 1998).
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Trade-off curves for a pneumatic-based resettable actuator with air as the working
fluid show the relationships between the fundamental design parameters. The primary
parameters are the diameter, individual chamber length, and maximum piston
displacement. The trade-offs between these variables are shown in Figure 3-6 for
different stiffness values. These parameters control the stiffness of the device using
Equations (3-2) to (3-4). The practical design space (boxed) is determined by
combining these curves with practical, cost, safety and ease of handling constraints.
These added constraints include ensuring that the length of each chamber is greater
than the maximum likely displacement of the piston (30mm), limiting the internal
pressure to 2.5 atmospheres, and keeping the weight of the device under 20kg and the

cylinder diameter at approximately 0.2m or less. The final design parameters selected
are marked with an “x” and are in the upper left corner of the design space shown in

Figure 3-6.
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Figure 3-6  Trade off curve between the diameter and initial chamber length of the device for

different stiffness values assuming a maximum piston displacement of 20mm. Each line
represents a different stiffness value (Chase et al. 2006; Mulligan et al. 2005a).

An exploded view of the device is shown in Figure 3-7. The piston located inside the
cylinder has four seals, each located in a groove, to ensure minimal air movement
between the two chambers, as such movement would reduce the effective stiffness
and energy dissipated by the device. The end caps are press fitted into the cylinder
and held in place by four rods. An O-ring located between the end caps and the
cylinder further ensures no leakage of air. Air is prohibited from escaping where the

piston rod passes through the end caps by two seals located in the end caps. The
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assembled prototype in an MTS test rig for hybrid testing is shown in Figure 3-8
(Mulligan et al. 2006) and an elevation view is shown in Figure 3-9. The final critical
device dimensions selected are an internal diameter of 0.2m with a max stroke in

either direction of 34.5mm from device centre.

Seal  End Cap \

\
0\

Piston Cylinder

Figure 3-7  Exploded view of components of

: Figure 3-8  Prototype device in MTS test
the protzogé/g_e h';fjﬁﬁggf S[e;/ll_cgo(ég?se etal. rig (Chase et al. 2006; Mulligan et al. 2005a)

200
1 260

Figure 3-9  Elevation view and basic dimensions of the resetable device
(Chase et al. 2006; Mulligan et al. 2005a).
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3.3.3.3 Modelling

To represent the effects of the resetable device properly, a ‘Semi-Active Resetable
Actuator Member’ has been developed for the inelastic dynamic analysis program,
Ruaumoko (Carr 2004). Figure 3-10 shows the two different hysteretic behaviours of
the SA resetable device based on experimental results (Chase et al. 2006). Figures 3-
10(a) and 3-11(a) represent the hysteretic behaviour of simple resetable device where
all stored energy is released at the peak of each sine-wave cycle and all other motion
is resisted (Bobrow et al. 2000). This form is denoted a “1-4 device” as it provides
damping in all quadrants (Chase et al. 2006; Rodgers et al. 2007b). The hysteretic
behaviour shows that the force is proportional to the displacement until a saturation
force is attained, Fy+ or Fy-, which might be near the yield forces for the member. At
these values the resisting force is capped by gradually opening the valve, and the
system appears to show a perfectly plastic response. On any reversal of displacement
the force is automatically reset to zero, the origin is moved to the existing
displacement, and the system will then behave as an elastic member until either

saturation is reached or the displacement again changes sign.

Beta

Fy-

(2) 1-4 resetable device (b) 2-4 resetable device

Figure 3-10 Resetable device hysteresis (Carr 2004)
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(b) 2-4 control low

Reset has just occurred so chamber
pressure is at equilibrium. Hence,
the force is zero.

Valve that piston is moving towards
is closed.

Piston passes the zero (center)
position. The valve remains closed
as all motion, for the entire piston
stroke, is resisted.

Piston reaches the maximum
displacement for the cycle. Thus,
piston velocity is zero.

Piston begins to move in opposite
direction. Valve that was closed is
opened releasing the stored energy.
Hence, force returns to zero.

Valve that piston is moving towards
is closed. All motion in the opposite
direction is resisted.

Piston reaches the maximum
negative displacement. The valve is
opened releasing the stored energy.

Reset has just occurred so chamber
pressure is at equilibrium. Hence,
the force is zero.

Piston is moving away form zero,
motion is unresisted so both valves
are held open.

Piston reaches maximum displacement
and moves back in the other direction.
Piston is moving towards zero so motior
is resisted. Hence, the valve the piston i
moving towards is closed.

Piston passes through zero and begins
to move away from zero. Hence, the
valve is opened releasing the energy
and returning the force to zero.

Piston is moving away from zero.
Both valves are open as motion is
unresisted.

Piston reaches maximum displacement
and moves back in the other direction.
Piston is moving towards zero so motior
is resisted. Hence, the valve the piston i
moving towards is closed.

Piston passes zero. The valve is
opened releasing the stored energy,
returning the force to zero.

Figure 3-11 Schematic showing one cycle of devices (Mulligan 2007)



If the control law is changed such that only motion towards the zero position (from
peak values) is resisted, the force-deflection curves that result are shown in Figures 3-
10(b) and 3-11(b). In this case, the device provides damping forces only in quadrants
2 and 4; a “2-4 device”. The notation of ‘Beta’ indicates the friction force due to
forcing air out and open valve. Experimentally, this error is attributed to energy
release times that are not instantaneous, as well as friction between the seals and the

cylinder wall.

3.4 Summary

To avoid adding more mass for effective TMD system, an alternative approach is
proposed and modeled to segregate the top section of a structure to act as the ‘tuned’
mass. The isolated top section behaves as a primarily rigid block on top of a flexible
structure. For retrofit or structural upgrade applications, additional storeys being
added to the structure could be utilized in this way to achieve the same effect.

For a given structural configuration, the connections between the segregated section
and main structure can be either passive for a PTMD system or resetable for a
SATMD system. In each case, the segregated section for the PTMD and SATMD
systems is assumed to be vertically supported on rubber bearings with a stiffness
defined for the given PTMD and SATMD design.

This chapter has also introduced semi-active resetable devices with air as the working
fluid and has detailed the dynamics of the resetable devices used in this research.
Additionally, it has introduced a novel device design with independent chambers that
disassociates the chamber pressures resulting in control low applications not possible
for the original proposed design. These devices are readily scaled to higher forces, as
needed, using hydraulic working fluids or similar (Mulligan 2007). Overall, this

chapter introduces the basic structural concepts and elements in specific detail.
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4 Earthquake Suites and Statistical Methodology

4.1 Earthquake Suites

The use of suites of accurate seismic time histories is a key feature of this research,
with little prior research focusing on the importance of examining a wide range of
excitation characteristics. Statistical methods are used to evaluate structural response
over the suites, presenting results in a form suitable for performance-based design
methods. As the characteristics of seismic excitation are entirely random and unlike
other types of vibrational excitation, the use of multiple time history records over a
range of seismic levels is also essential for effective controller evaluation, particularly

where results from PTMDs have been found to be sensitive to the ground motion used.

Sommerville et al. (1997) developed three suites of 20 earthquake acceleration
records to represent the seismic hazard at the SAC Phase Il Los Angeles site. The
high, medium, and low suites are grouped according to a probability of exceedance of
2%, 10%, and 50% in 50 years, respectively. The low and medium level suites are
comprised solely of recorded ground motions pairs, while the high level suites contain
five recorded and five artificially generated motion pairs. The time histories for the
low suite are from earthquakes at a distance range of 5 to 100km, while those for the
medium and high sets, with the exception of the 1992 Landers earthquake which was
recorded at a distance of 40km, are near-field recordings. Near field recordings have
rapid spikes in acceleration and hence, will effectively test the benefits of the SATMD
concepts for effective acceleration and jerk control. Each of the ground motion pairs
represents the same earthquake measured in orthogonal directions, each of which is at
45 degrees to the fault strike with respect to north, at which the fault plane intersects a

horizontal plane.

The earthquakes contained within the three suites (odd half) are shown in Table 4-1.
It should be noted that although in some cases multiple pairs of earthquake pairs have
the same name, these are in fact different time histories, from different recordings of
the same earthquake. The error between the suites of ground motions and the USGS

hazard maps was minimised over the selected period range as the damped natural
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frequencies of the SAC3 and SAC9 structural models fall within this band. The
earthquake motion accelerations are shown in APPENDIX B.

To accurately represent the seismic hazard at the Los Angeles site, each earthquake
was scaled. Thus, their response spectra, for a given probability of exceedance, were
comparable with the spectrum from the United States Geological Survey (USGS)
probabilistic seismic hazard maps for the Los Angeles area, in the period range of 0.3
to 4.0 seconds for stiff local soil conditions. Due to the scaling method used to ensure
each suite of earthquakes falls within the prescribed probability of exceedance, the
entire suite must be used for probability groupings to hold. In particular, although the
median spectral acceleration for the entire suite at a given period will closely match
the desired USGS value, the value for an individual scaled earthquake may not. Due
to the computational time involved for simulations of the SAC9 structure it was not
possible to efficiently run the full 20 earthquakes per set due to computational
intensity. Instead, only the odd-half sets were used. Although this approach may
introduce some potential error in the exceedance probabilities, using the first
earthquake in each pair is expected to still give a fair indication of the building
response for the prescribed excitation level.

Spectral acceleration diagrams allow the relative intensity of earthquakes to be
assessed, and are developed by determining the response of a 1-DOF system over a
spectrum of different periods. Intensity comparisons can then made using the
fundamental frequency of the structure of interest. Figures 4-1 and 4-2 show the
spectral acceleration and displacement plots for the odd half suites of earthquakes
used. To reduce any potential skewing of the results from those of the full sets,

comparisons will only be made between suites that contain the same earthquakes.
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Table 4-1  Names of earthquakes scaled within suites

Pé?('gggg;tgcgf Record Earthquake Distance Scale Duration PGA ,
(Suite) Magnitude (km) Factor (sec) (cm/sec?)
Coyote Lake, 1979 5.7 8.8 2.28 26.8 578.34

Imperial Valley, 1979 6.5 1.2 0.4 39.08 140.67

Kern, 1952 7.7 107 2.92 78.60 141.49

Landers, 1992 7.3 64 2.63 79.98 331.22

50% in 50 years Morgan Hill, 1984 6.2 15 2.35 59.98 312.41
(Low) Parkfield, 1966, Cholame 5W 6.1 3.7 1.81 43.92 765.65
Parkfield, 1966, Cholame 8W 6.1 8 2.92 26.14 680.01

North Palm Springs, 1986 6 9.6 2.75 59.98 507.58

San Fernando, 1971 6.5 1 1.3 79.46 248.14

Whittier, 1987 6 17  3.62 39.98 753.70

Imperial Valley, 1940, El Centro 6.9 10 2.01 39.38 452.03

Imperial Valley, 1979, Array #05 6.5 4.1 1.01 39.38 386.04

Imperial Valley, 1979, Array #06 6.5 1.2 0.84 39.08 295.69

Landers, 1992, Barstow 7.3 36 3.2 79.98 412.98

10% in 50 years Landers, 1992, Yermo 7.3 25 2.17 79.98 509.70
(Medium) | oma prieta, 1989, Gilroy 7 12 1.79 39.98 65249
Northridge, 1994, Newhall 6.7 6.7 1.03 59.98 664.93

Northridge, 1994, Rinaldi RS 6.7 7.5 0.79 14.95 523.30

Northridge, 1994, Sylmar 6.7 6.4 0.99 59.98 558.43

North Palm Springs, 1986 6 6.7 2.97 59.98 999.43

Kobe, 1995 6.9 3.4 1.15 59.98 1258.00

Loma Prieta, 1989 7 3.5 0.82 24.99 409.95

Northridge, 1994 6.7 7.5 1.29 14.95 851.62

Northridge, 1994 6.7 6.4 1.61 59.98 908.70

20 in 50 years Tabas, 1974 7.4 1.2 1.08 49.98 793.45
(High) Elysian Park (simulated) 7.1 17.5 1.43 29.99 1271.20
Elysian Park (simulated) 7.1 10.7 0.97 29.99 767.26

Elysian Park (simulated) 7.1 11.2 1.1 29.99 973.16

Palos Verdes (simulated) 7.1 1.5 0.9 59.98 697.84

Palos Verdes (simulated) 7.1 1.5 0.88 59.98 490.58
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Figure 4-1  Spectral acceleration plots for odd half earthquake suite (5% critical damping)
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Figure 4-2  Spectral displacement plots for odd half earthquake suite (5% critical damping)
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4.2 Statistical Methodology

Most often, the prime objective of the engineer is to satisfy the design requirements
with the least possible cost and maximum function. However, there are numerous
uncertainties associated with the determination of both demand and capacity, and the
design requirements can often be satisfied only in a probabilistic manner. In other
words, the odds of failure of the structure can be reduced to an acceptable minimum
with the desired level of confidence, but its total safety cannot be guaranteed. Thus, it
appears that having a consistent account of all uncertainties is the only rational way

for proper decision-making.

Probabilistically scaled suites ensure that appropriate hazard curves can be generated
from groups of results. As a result, the median likely outcome and its variability or
variation can be readily defined. This overall approach leads to the generation of
hazard curves and emerging probabilistic performance-based design methods.
Similarly, probability theory and statistics provide an adequate mathematical
framework to account for uncertainties on the capacity side of the design equation.
Issues like the variation in material properties, construction uncertainty, dimensional

errors and errors in modelling, analysis and design can thus be accounted for.

Statistical assessment of structural response is an important step in performance-based
seismic design. Most prior research into active or semi-actively controlled structures
employed either sinusoidal, random, single, or selected earthquake excitations to
illustrate the benefits of control (Bobrow et al. 2000; Cho et al. 2005; Jansen and
Dyke 2000; Narasimhan and Nagarajaiah 2005; Yang et al. 2000; Yoshida and Dyke
2004). As the characteristics of seismic excitation are entirely random and vary
significantly, unlike other types of vibrational excitation, the use of a number of
multiple time history records over a range of seismic levels is essential for effective
controller evaluation. This approach has been used extensively to develop design
guidelines and complete performance assessment of control (Barroso et al. 2003;
Chase et al. 2003; Chase et al. 2004a; Hunt 2002; Mulligan et al. 2006; Rodgers et al.
2006; Rodgers et al. 2007Db).
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The performance measures of interest in this thesis are therefore evaluated statistically
from the individual structural responses from the seismic records within each
earthquake suite. Therefore, the choice of statistical tools must ensure the simulation
results are accurately represented. To combine the response results across the
earthquakes in a suite, log-normal statistics are used (Hunt 2002; Limpert et al. 2001),
since it is widely accepted that the statistical variation of many material properties and
seismic response variables is well represented by this distribution provided one is not
primarily concerned with the extreme tails of the distribution (Kennedy et al. 1980).
More specifically, the central limit theorem states that a distribution of a random
variable consisting of products and quotients of several random variables tends to be

lognormal even if the individual distributions are not lognormal.

For the statistical assessments, the response measures are each defined with respect to
a single seismic event. To combine these results across the earthquakes in a suite, the
following log-normal based statistical tools are employed. To combine the response
values of a ground motion suite, a log-normal based median of the response quantities

of a suite with n earthquakes is defined as

X = exp(%zn: In xi] (4-1)

G = exp \/ﬁzn:(ln x; —InX) (4-2)

To present a summary of the distribution change between the controlled (PTMD and
STMD) and uncontrolled (No TMD) data sets, while providing accurate statistical
measures that are not highly affected by changes in any single variable, the 16"
percentile (X/& ), 50™ percentile (%), and 84™ percentile (Xx& ) are presented. It
should be noted that the structural hysteretic energy does not follow a lognormal
distribution, unlike peak drift and peak acceleration (Breneman 2000). To define a
statistical measure of the energy dissipation response values, the standard “counted”

mean and 84th percentile are presented.
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4.3 Summary

This chapter has described earthquake suites used in the assessment simulations of
controlled structures and an explanation of the statistical tools used. Of the three SAC
Project locations, Los Angeles has the highest seismic risk and is seen as a primary
candidate for implement of control systems. The development of the three
earthquakes was presented, with a brief description of 2%, 10%, and 50% in 50 years
according the USGS Los Angeles probabilistic seismic hazard maps. As three suites
of earthquake were used, the statistical tools utilised are important to ensure the true
trends of the data are represented. Using lognormal distribution, structural responses

are presented, using the 16™, 50", and 84" percentile levels.
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5 Simplified 2-DOF TMD Building System Model

5.1 Introduction and Model Elements

To represent the effects of the TMD rubber bearing stiffness, the spring member in

Ruaumoko (Carr 2004) is used. An optimal TMD stiffness, k is then applied to

20pt »
the sum of the stiffness of the SA device and rubber bearings (SATMD) or to the
whole stiffness of the rubber bearings (PTMD) in the transverse direction. Thus, the
optimal stiffness of the semi-active system is assumed to be the same as for the
passive TMD case (Chey et al. 2007). Note that this approach may neglect or
underuse certain qualities of the SA devices (Mulligan et al. 2005a; Mulligan et al.
2005c¢), but provides a clearer initial comparison for this research. The added
damping to the structure for the PTMD case is modelled using the damping or dashpot
member in Ruaumoko. Finally, Figure 5-1 shows the hysteresis loops for the idealised

resetable device elements used.
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(a) With saturation (b) Without saturation

Figure 5-1  Hysteresis behaviour of resetable device
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5.2 Modelling

5.2.1 Motion Characteristics and Equations

Being characterized by its mass, tuning and damping ratios, the PTMD system
consists of a TMD system which is connected by a spring and a viscous damper, as
shown in Figure 5-2(a). Figures 5-2(b) and 5-2(c) represent SATMD building
systems, including passive and resetable springs at the instants of rest and reset
respectively. As the relative displacement between the main system and the SATMD
increases, both springs (passive and resetable spring) stretch and work together
against the relative motion of the SATMD. When the relative displacement reaches
its maximum position, the velocity is zero and the resetable semi-active device resets,
releasing the energy stored (Williams 1994). Thus, the equilibrium position or
unstretched length of the resetable spring is time variant. The linear spring elements,
if any, in the SATMD system return all stored energy to the structure. In contrast, the

viscous damper-based PTMD system spring acts for all motion.

For the TMD (PTMD and SATMD) building systems, 2-DOF systems can be defined
for design by a pair of coupled second-order ordinary differential equations. For the
PTMD and SATMD building systems, the equations of motion of the systems

subjected to the earthquake load X, can be defined respectively:

mX, = —k, (%, — X, )—c (X — X, )+ kz(RB) (X, = %) +C, (%, — X)) 5.1)
m,X, = _kZ(RB) (Xz - X1) - Cz(xz - Xl)
ml).(.l = _kl(xl - Xg ) - Cl(xl - Xg ) + kZ(RB) (Xz - Xl) + k2(res) (Xz - Xs)

. (5-2)
m,X, = _kZ(RB) (Xz - Xl) - k2(res) (Xz - Xs)

where
m; = mass of main system;
m, = mass of TMD;
ky = stiffness of main system;
kore) = stiffness of rubber bearings;

Kares) = stiffness of resetable device;
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c1 = damping coefficient of main system;

c, = damping coefficient of TMD;

X1 = displacement of main system;

X2 = displacement of TMD;

Xg = displacement of ground

Xs = equilibrium position (unstretched length) of the resetable spring.

Note that a resetable device non-linearly alters the stiffness as a function of its motion,
creating a non-linear dynamic system with (implicit) feedback control, in contrast to

the linear PTMD system model.

F» X, ’—' Xy
kz/\,f kZ(RB}\Ii
m m
2 W2 2
© ooo ko 53
1 1
e e e
kl kl kl
AN —AAN— A
[ =l al
Cl Cl—‘ Cl—‘
—X, X, Xq
(a) PTMD at rest (b) SATMD at rest (c) SATMD at peak relative

displacement reset

Figure 5-2  TMD building system models for 2-DOF design analyses

5.2.2 Parametric Optimisation for Large TMD

Performance of TMD systems is usually assessed by parametric studies. Thus,
optimal parameters, such as the frequency tuning ratio and damping ratio of the TMD,
need to be determined to achieve the best performance. Studies on the applicability of
PTMDs for seismic applications by Villaverde (1985) show that a TMD performed
best when the first two complex modes of vibration of the combined structure and

damper have approximately the same damping ratios as the average of the damping

ratios of the structure, &,, and TMD, ¢, as defined:
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gavg = (é:l + ‘);:2) /2 (5'3)

To achieve this, Villaverde (1985) found that the TMD should be in resonance with
the main structure and its damping ratio should satisfy the equation given by:

&=+ u (5-4)

where @ is the amplitude of the mode shape at the TMD location and x is the mass

ratio of the TMD to the generalised mass of the structure in a given mode of vibration.

Bothd and x are computed for a unit modal participation factor.

However, numerical results show that this formulation does not result in equal
damping in the first modes of vibration, especially when utilizing large mass ratios.
To solve the problem for large mass ratios of over 0.5%, Sadek et al. (1997) proposed
another procedure to achieve equal damping in the two vibration modes. They found
that the optimum values are determined when the difference between each of the two
damping ratios is the smallest and that the optimum TMD parameters result in

approximately equal damping ratios greater than (& +&,)/2 , and equal modal

frequencies.

For design purposes, Sadek et al. presented the optimum TMD parameters by simple
equations using curve-fitting methods. Meanwhile, Miranda (2005) presented a
theoretically approximate model for two degree of freedom mechanical systems based
on their modal kinetic and modal strain energies. The model was subsequently used
to determine optimum parameters that maximise the modal damping of TMDs to be
placed at the upper level of buildings using an iterative procedure. For a selected
range of mass ratios, it was shown that the model is capable of closely matching exact

numerical results previously obtained by Sadek et al.

In this study, for the large mass ratios utilising in the concept presented, the equations
from Sadek et al. are adopted to find the optimal parameters of frequency tuning and

damping ratios. For high values of mass ratio, s, it is likely that the TMD will not be

an appendage added to the structure, but, as noted, a portion of the structure itself,
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such as one or more upper storeys. According to Sadek et al., the equation of the

optimal frequency tuning ratio, f and the optimal damping ratio, &, , of the

2o0pt !

TMD systems are thus defined:
1 U
fooe =—|1-& |— 5-5
w( & 1+;J (5-5)

& H
= + | 5-6
520pt 1+,U 1+/,[ ( )

For practical application, it is necessary to obtain the resulting optimal TMD stiffness,
k

20 @Nd optimal damping coefficient, c,,, . These parameters can be derived using

f2opt and ézzopt .

2 2
1
I(Zopt = mZa)l2 f20pt2 = melz(mJ (l_é:l L,U] (5'7)

2m,o, | # g |_#
C20pt = 2mza)l f20pt§20pt = 1+21ul (1_ é:l 14 P j{l‘l‘lﬂ + 14 ,UJ (5'8)

where @, is the frequency of the main system.

Figure 5-3 shows the optimum TMD tuning and damping ratio from Equations (5-5)
and (5-6) respectively, plotted versus mass ratios ranging from 0 to 1, with different
structural damping values (& =0, 0.02, 0.05 and 0.1) and a main structural mass (m,)
of 27.3kN-sm. The figure indicates that the higher the mass ratio, the lower the
tuning ratio and the higher the TMD damping ratio. The higher the damping ratio
(&) of the main system, the lower is the tuning ratio and the higher the TMD damping
ratio. Figures 5-4 and 5-5 show the optimum TMD stiffness and damping coefficient
from Equations (5-7) and (5-8) for the three different periods of main system (T;=1.19,
1.52 and 1.88) with the same structural damping, &. From the figures, as expected,
the larger is the mass ratio and/or the shorter is the building period, the higher is the
stiffness and damping coefficient required of the TMD to achieve optimal

performances.
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From these trends, it can be predicted that there is no more increase in the TMD
stiffness when the mass ratio is over 1.0, which is an unrealistic value. The effects of
the device damping on the performance behaviour of the building system become
more pronounced with higher mass ration and lower building period (ie. higher
building stiffness). A nearly linear increase in TMD damping coefficient is observed
with increase in the mass ratio, and it is also observed that there is nearly no effect of
the damping ratio of the main structure (&) on the TMD damping coefficient for the
fundamental natural period examined. Figure 5-6 shows the resulting optimal design
process for the 2-DOF TMD system. The parametric results from this design process

will be used as the basic references for the MDOF verification study on TMD

building systems.
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Figure 5-3  Optimum TMD tuning and damping ratios
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5.3 Response Spectrum Analysis

5.3.1 Analysis Methods

To demonstrate the proposed control methodology, 2-DOF linear models including
5% internal structural damping with natural periods of 1.19, 1.52 and 1.88 seconds are
investigated. These periods span the seismically critical T=1.0-2.0 sec range and are
obtained using the properties in Table 5-1. For these main systems, the mass ratio of
0.5 was used and this value is the mass ratio of the 1* modal mass of the TMD to the
total mass of the main system. To assess the control effects of the resetable device,
the percentage ratio of the resetable device stiffness to the total stiffness are selected

as 25%, 50%, 75%, 100% and 33% (without rubber bearing) of k the optimal

2opt !
value of the TMD stiffness. The TMD stiffness combinations of resetable device and

rubber bearings are shown in Table 5-2.

Performance with No TMD, optimum PTMD (PTMD(on)), and off-optimum PTMD
(PTMD(off)) are compared with the SATMD cases. For the off-optimum PTMD, the
TMD damping ratio (&) of 0.15 was used, as this much lower value is a much more
realistic figure compared to the optimum one of 0.611. As a result, a more realistic
result will be obtained and the reliability of the optimum parameters can be estimated.
In addition, this value represents the relatively maximum amount of damping that
might be obtained practically, and is thus reasonable for broad comparison to various
equally practical SATMD cases. The maximum force of 27.7kN is selected for the
SA resetable device, representing 13.8% (Hunt 2002) of the total system weight of
402kN multiplied by mass ratio (u=0.5). The TMD parameters used for each case
obtained from Equations (6-5) to (6-8) are listed in Table 5-3.

Table5-1  Dynamic properties of main system

Item Value Unit
Weight 268 kN
1st Modal Mass 27.3 kN-s%/m
Natural period 1.19 (5.26) sec (rad/sec)
(Frequency) 1.52 (4.12)

1.88 (3.34)
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Table5-2  TMD stiffness combination of resetable device and rubber bearings

Resetable device Rubber bearing

TMD (%) %) Total (%)
PTMD(off/on) 0 100 100
SA25TMD 25 75 100
SA50TMD 50 50 100
SA75TMD 75 25 100
SA100TMD 100 0 100
SA33TMD* 33 0 33

* without rubber bearings

Table 5-3  Parameters for TMD system (u=0.5, &;=0.05)

mal?s?clitem ™MD Faopt Saopt (kkl\zf/% (klflz—c;p/tm)
1.19 PTMD(off) 0.647 0.150 158.7 14.0
PTMD(on) 0.647 0.611 158.7 56.9
SATMDs 0.647 i 158.7 :
SA33TMD* 0.647 i 52.8 :
1.52 PTMD(off) 0.647 0.150 97.4 10.9
PTMD(on) 0.647 0.611 97.4 44.6
SATMDs 0.647 i 97.4 :
SA33TMD* 0.647 : 32.4 :
1.88 PTMD(off) 0.647 0.150 63.7 8.8
PTMD(on) 0.647 0.611 63.7 36.0
SATMDs 0.647 i 63.7 :
SA33TMD* 0.647 : 21.2 :

* without rubber bearings

To demonstrate the relative control effects of the TMD systems, the performance
measures are evaluated statistically from the individual structural responses for the 10
seismic records within each suite (low, medium and high). All controlled
displacement and acceleration values are presented and reduction factors are created
by normalising to the uncontrolled (No TMD) result. Reduction factors more clearly
indicate effect and are more readily incorporated into performance-based design
methods when using suites of probabilistically scaled events (Rodgers et al. 2007b).
Thus, the response reduction factors for PTMD (off and on), SA33TMD* (without

rubber bearing) and SATMDs for low, medium and high suites are presented.
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To indicate the range of spread of results over a suite at a given natural period, the
16™, 50" and 84™ percentiles are used. The values of median (50" percentile) and the
width, which is the spread between the 16™ and 84™ percentiles, are taken for each
period analysed. Thus, a specific system would be considered more robust to
different ground motions and/or more effective over all if the width between the 16™
and 84™ percentile curves is reduced. Furthermore, the index of ‘Standard error of
control (SEC)’ can be derived from the each width as a final result for band width

reduction as follow

RF(84™) - RF (16™)

SEC = -
RF (50")

(5-9)

Finally, the TMD case with the best trade off between band width reduction and
response reduction for a decision making can be determined from the collected results

based on the designer’s preference.

5.3.2  Analysis Results

Figures 5-7 to 5-12 show the median displacement and acceleration spectra for each
suite. Figures 5-13 to 5-21 show the maximum response results for both displacement
and acceleration of the main system models at the three natural periods. From these
results, it is observed that the performance of the TMD (PTMD and SATMD)
building systems is feasible. As expected, the No TMD case values coincide with
each spectrum line. The off-optimum PTMD system showed reduced responses
compared to the optimum PTMD system in terms of displacement, while the optimum
PTMD building system presented reduced responses in acceleration due to the higher
damping ratio under the all suites of earthquake intensity. Even though the control
efficiency is not so different, the SATMD systems around SAS0TMD (SA25TMD to
SA75TMD) showed relatively better displacement reductions than other SATMD
cases. Also, all the SATMD cases reduced the acceleration response of each main
system. However, this reduction is less than those of the PTMD (both on and off),

also due to the level of TMD damping contained.
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62



50th Percentile (Median)

2.0

18 ¢ —10records

16 1 — |\ledian
o X No TMD
= 14 | o PTMD(off)
& PTMD(on)
512 ¢ e SATMDs i
Q
2 10 |
0
[a) -
s 08 | [
3 06 | L
o
U) -

04 1

02 1

0.0 = ; ;

0 1 2 3

Period (sec)

Figure 5-11 Response spectra of main system (Median displacement / High suite)

50th Percentile (Median)

45
40 L —— 10 records
— \edian
35 4 X No TMD
¢ PTMD(off)
30 + PTMD(on)
¢ SATMDs

25 +

N
o
|
f

iy

t N
8

N
7 INTDIDR

Spectral Acceleration (m/s?)

Juny
o
|

S

Period (sec)

Figure 5-12 Response spectra of main system (Median acceleration / High suite)

63



1.19sec)

Total Acceleration (T:

1.19sec)

Peak Displacement (T:

T T T T
«QNLOTVS | | | g g g || -awiotvs «aN10TVS
1 \n_q | | | 1o ® = 4 \nﬂv/ £ £ £
LANL0ZYS 3 I I I I +AN102VS = 383 +aN102VS
1 = | | | | | 4 S
=2 | | | | | wn + + +
*QNLEEVS n , , , | | «QNLEEVS > «QNLEEVS
1 = | | | | | 1 T
*AN10SVS (o) | | | | | «AN10SVS o | LANLOSYS
1 - = | | | | | 1 - 5 |
«AW1S.VS ~ 3 | | | | «AW1S.VS =~ o ! *dW1SLVS
‘ ) & I I I I ) % 2 I
+QN100TYS 3 5 , , , +*QN100TYS 7] 5 ! +«QNL00TYS
] > & | | | | ol e I
| | | |
AWLSLYS — s , | | AW15LVS Lo ] | aW1SLYS
1 - g | | | 1 ﬂ_ g I
aw10svs 1 B | | | AW105vS - 3 | AWL0SYS
B _(l\ e | | | 1 ~ 2 |
AW1S2vS »n = ! ! ! AW1SeYs n 3 ! AN1S2vS
] 2 | | | ] 5 |
IS = | | e = |
(uo)aw.Ld ) | | (uo)anrd ko | (uo)anLd
] ] —
7] | | | | 173 |
(Bo)aw.Ld > | | (yo)aw.Ld > | (wo)aw Ld
1 o | | | | 4 n |
anlon [a) I 1 I anLoN [a) I QWL oN
M } } } } } } M }
o wn o o [Te] o o
3 o 8 @ <« I 3 3 3 3 - 3 3 3 b
S/W) uoneIsdIY _m‘_uuwnw S/W) UoneIsdIIY _wbuwnm
> z > &
0 o]
s £
2 ]
17
> P
%) 7
A= c
, g | v T
«QINLOTVS m *dWN10TVS £ £ £ *ANL0TVS
| 1 | | | 4 m I 9 © 1
| S | | | e
| *AN.LOZVS 1S) | | | *QINLOZVS r.m + + + *AW102vS
! 1 [} | | | 1 1
, LONLEEYS 2 , , LQNLEEVS L LNLEEVS
| 1 | | 1 c | 1
I «NLOSVS m. I | «ANL0SYS m. | «NLOSYS
| ] | | 1 | ]
) ~ ) -
W «ANLSLVS o 8 ” ” *ANLSLVS o 8 ! *ANLSLVS
4 I 4 =] | 1
b @
§5¢ anlootvs £ . | «anootvs £ 7 , *AALO0TVS
328 | S o £ £ s | 5 o ! |
T 3 B3 ! z !
+ + + AWLSIYS IS ] , ANLSIYS = m | AWLSLVS
‘ = ANEE o S : ]
i aNL0svs @ ] I AWL0SVS < ] I ANL0svs
| 4 o | 4 o | 4
2 £
” an1sevs p= a] ! ! AWLSevsS = a ! an1szys
| | o P o < ; o
, (o)awLd gk | , (wo)awLd S & , (uo)awLd
| 1 | | 1 ! | 1
| (o)anLd % | | wo)awLd 4 | o)anw1d
| 1 | | | 1 L | 1
fus
I QWL oN S I I I aWLoN vU. I QWL ON
| n n (@)) | n | | | n n |
& I ] S 8 L 8 ] 9 g 3 8 LL 8 ] ] S 8 8
=] S) o o S o (=} [=] [=] =] =] =] o (=) o o

. > =)
(w) wawsoe(dsiq (w) wawaoedsia (w) wawaordsig

1.88sec / Low suite)

tem by TMD systems (T

in sys
64

imum response of ma

5-15 Max

igure

=



1.19sec)

Total Acceleration (T:

9.0

1.19sec)

Peak Displacement (T:

0.35

| |
| | «QNLOTVS ) «ANLOTVS =y , {aNLOTVS
| IREIF-2 - = 1 =
< O © £ £ c©
I [ «ANL0ZYS w *AINLOZYS w I8 68 *AWL02ZVS
| REXLl ‘
” ” *AWLEEVS e *ANLEEVS e + + + «AWLEEVS
] S ] >
| | | | " — r—
| [ | *ANLOSYS S *AWLOSYS o | *AWL0SVS
) i 5]
| | | | (<] P —~ |
| [ | «AWN1SLVS S 2 «AW1SLVS S 8 | +AW1SLVS
| | | | B N 1 D |
” ” ” ” *QNLOOTYS o I *AWLO0TYS Q W ” +ANL00TVS
4 <) [ 1 £
| | | | ) |
| L1 | anusees 3 5 an1svs N 5 | anisLvs
4 1 © B ©
| | | | 1 < 4 o |
I [ I anLosvs — m AWL0SVS ﬂ_ m | AWLO0SYS
| | | | 1 I o 1 o |
I [ I an1szys _/I.\ < aw1sevs _ll\ < I aw1sevs
| I | | ] 3 ] 3 |
| | | [72) = 172} = |
| | | (uo)aw1d £ (uo)aw1d £ , (uo)awLd
| | | 1 (o) [<5) | (o) Q ,
| | | | H0)aWLd 7S AN.Ld 2 | (o)an.Ld
| | | [ > 1 |
| | | | | QWL oN [ dnLoN W ! AWLOoN
} } + + } } } 4 (&) + + + o) + + + .
© 9 9 9 9 9o 9 o 9 S N 2 2 2 2 s 2 2 2 2 2 2
0 ~ © n < o™ ~N - o
(zS/w) uoneis|229Y [endads T (zS/w) uoness|e2Y [enoads T (zS/w) uoness|a20Y [eN08dS
> >
o] o)
g [J]
172} -
17
P >
%)
: : : : P
” . <ANL0TVS = | | «ANLOTVS m ” — *QNLOTYS
c<cc|] ] s<s <1/
5 858 ® £ £ < g &8 &
i@ 8 2| |-awioevs S §gs «QN102VS € I «ANL0ZYS
) Y— ) )
iy 5 AR
| *AINLEEVS W *QNLEEVS o | *AINLEEVS
! i 1 1%} 1 b "
172]
I I *AINLOSYS c T 1 «QNLOSYS c I [ *AINLOSYS
| | 1 o - | | 1 o . | | | ]
! ! «anisevs 2 g Lo antss 2 8 Lo [sanusevs
| | 1 L o | | 1 @ & | | ]
| | *ANL100TVS o | | +QNLOOTVS - W | [ *AINLOOTVS
I I 1 e = o] I c o]
| | AWLSLYS =] m | | AWLSLYS S m I [ AWLSLYS
| | 1 m 5 | | 1 £ | | | 1
I I ANLOSYS ' g I I AWL0SYS m g I (. AWL0SVS
| | 4 =3 | | 1 =3 | | | 1
2 £
! ! anlsevs S a ! ! an1szys o a [ AWLsevs
| | | M % I | ] M X I I | 1
| | | | | | |
| | (uo)aw.id © & | | (uo)awid & [ (uo)awid
| | 1 - I | 1 N I | [ o)
I I (o)awid & I I (o)aw.d \ [ AW Ld
| | 1 | | | 1 Lo | | | q
| | | dW.L ON [) | | | AdW.L ON I3} | | | | dW.loN
+ + } } } } VHIV + } + + . } } ] + . . } }
>
& & %8 2 8 8 38 =y g 8 8 &8 § 2 8 8 8 = & 8 32 3 8 38
=} =} =} =] =] =] =] _|H o o (=} (=} =} =} =] [=] =] o — (=] =] =] =) IS IS
(w) uswaseldsiq (w) wswaoeldsig L w) Juawadeldsiq

88sec/Medium suite)

=1

f main system by TMD systems (T
65

Imum response o

5-18 Max

Figure



1.19sec)

Total Acceleration (T:

1.19sec)

Peak Displacement (T:

—— 84th

—a— 50th

—e— 16th

«AQWLOTVS

«ANL0ZVS

*ANLEEVS
*AWNL0SYS
*AWLSLYS
*ANL00TYS
AWLSLYS
AnL0sYS
an1seys
(uo)awLd
(o)an.Ld

dALON

< ~ o © © <

(zS/w) uone.s|@2y [endads

—A— 84th

—&—50th

—e— 16th

*dN10TVS

*AWN.L0CVS

*QWLEEVS
*QNL10SYS
«AW1SLYS
«QNL00TVS
AW1SLYS
AW10SYS
AW1sevs
(uo)awld
(o)aw1d

dALON

0.6

< ™
=}

> =}
(w) Juawaoe|ds|

0.1

=
S)

1.19sec / High suite)

-19 Maximum response of main system by TMD systems (T

Figure 5

1.52sec)

Total Acceleration (T:

1.52sec)

Peak Displacement (T:

«ANL0TVS

*AQN102vS

+ANLEEVS
*ANL10SYS
*AWLSLYS
«QWL00TVS
AWLSLVYS
AWL0SVS
aw1sevs
(uo)am.d
(Wo)am.Ld

QAL ON

f
|
I
|
|
|
|
|
T
|
- - -
< ] o
39

=
(zS/w) uonels@29y [endads

*AWN10TVS

«AWN.LO02ZVYS

*QWLEEVS
*QNL0SYS
*ANL1SLVS
*QNL100TVS
AW1SLVS
AW10SvS
an1szvs
(uo)awid
(Wo)awid

dALON

1.52sec / High suite)

Figure 5-20 Maximum response of main system by TMD systems (T
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Figures 5-22 to 5-39 present the response (displacement and acceleration) reduction
factors relative to the uncontrolled case for each main system for each of the different
earthquake suites. Note that the solid lines represent the reduction factors, while the
grey lines represent the standard error of control. Note that there are three solid
curves for each set of results where the upper, central and lower curves represent the

84™ 50™ and 16™ percentiles, respectively.

Each suite shows similar results with the SA33TMD* system having a much smaller
band width (or level of uncertainties) and SEC value than the any other TMD system
indicating an improvement in performance and more predictable response of the
system and this statistical properties are clear for higher intensity of suites and in
terms of displacement reduction. These results show that even if the PTMD system is
perfectly tuned for the structural system the SA33TMD* system has a better overall

performance with smaller band widths.

In reality, tuning a PTMD system to perfection would be very difficult, if not
impossible due to insufficient structural information and changes in the structure over
time. Hence, the SATMD system without rubber bearings offers a suitable alternative
as it is easier to design with a certain resetable stiffness, a value that does not have to

be exact for the system to have an improved performance.
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Figure 5-22 Displacement reduction factor and standard error of control (T=1.19sec/Low suite)

Acceleration - T=1.19sec
1.2

1.0 +

0.6 +

Reduction Factor & Standard Error of Control

04 +-—-- -
—a— RF(84th)
02 + |/ —®m—RFGOth)yp - - - - S
—e— RF(16th)
SEC

0.0

PTMD(off)
PTMD(on)
SA25TMD
SA50TMD
SA75TMD
SA100TMD*
SA75TMD*
SA50TMD*
SA33TMD*
SA20TMD*
SA10TMD*

Figure 5-23 Acceleration reduction factor and standard error of control (T=1.19sec/Low suite)
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Figure 5-24 Displacement reduction factor and standard error of control (T
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Figure 5-25 Acceleration reduction factor and standard error of control (T
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Figure 5-26 Displacement reduction factor and standard error of control (T
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Figure 5-27 Acceleration reduction factor and standard error of control (T
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Figure 5-28 Displacement reduction factor and standard error of control (T=1.19sec/Medium suite)
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Figure 5-29  Acceleration reduction factor and standard error of control (T=1.19sec/Medium suite)
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Figure 5-30 Displacement reduction factor and standard error of control (T=1.52sec/Medium suite)
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Figure 5-31 Acceleration reduction factor and standard error of control (T=1.52sec/Medium suite)
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Figure 5-32 Displacement reduction factor and standard error of control (T=1.88sec/ Medium suite)
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Figure 5-33 Acceleration reduction factor and standard error of control (T=1.88sec/ Medium suite)
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Figure 5-34 Displacement reduction factor and standard error of control (T=1.19sec/Hgih suite)
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Figure 5-36 Displacement reduction factor and standard error of control (T=1.52sec/High suite)
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Figure 5-37 Acceleration reduction factor and standard error of control (T=1.52sec/High suite)
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Figure 5-38 Displacement reduction factor and standard error of control (T
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Figure 5-39 Acceleration reduction factor and standard error of control (T
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Tables 5-4 and 5-5 list the final outcomes for the displacement and acceleration
response reduction factors. For the SATMD, in these tables, the case showing the
best response reduction factor based on 50" percentile is listed for each natural period
of main system. For example, the most effective SATMD control schemes for the
main system of 1.19 second period are the SA75TMD (RF=0.672) under the low suite,
the SAS50TMD (RF=0.670) under medium suite and the SAS0TMD (RF=0.733) under
high suite respectively. However, over all the TMD systems, the values of SEC for
the SA33TMD* systems shows remarkably small values compared to any other cases,

for the indicating the potential of this differently tuned system.

From the results, the most effective SATMD for 5 of the total 9 cases is the
SA50TMD design, and they also show good reduction values for the rest of the cases.
This consistent result shows both the independency of the excitation suites used and
that the balanced stiffness between the resetable device (50%) and the rubber bearings
(50%) could be a reasonable design strategy for these TMD systems, where the design

stiffness matches k-

77



Table 5-4

Reduction factor of TMD (Displacement)

Reduction Factor

. Period : Standard Error
Suite (sec) T™MD (Displacement) of Control
50" [16™ 84™]
PTMD(off) 0.723 [0.527 0.990] 0.640
119 PTMD(on) 0.744 [0.542 1.022] 0.645
' SA75TMD 0.672 [0.467 0.967] 0.744
SA33TMD* 0.788 [0.651 0.953] 0.382
PTMD(off) 0.762 [0.584 0.993] 0.537
Low 152 PTMD(on) 0.829 [0.662 1.038] 0.454
: SA50TMD 0.729 [0.578 0.918] 0.466
SA33TMD* 0.823 [0.701 0.966] 0.322
PTMD(off) 0.687 [0.466 1.013] 0.796
1 88 PTMD(on) 0.777 [0.563 1.073] 0.656
' SA50TMD 0.677 [0.476 0.963] 0.721
SA33TMD* 0.773 [0.664 0.900] 0.305
PTMD(off) 0.713 [0.539 0.945] 0.569
119 PTMD(on) 0.809 [0.665 0.985] 0.396
' SA50TMD 0.670 [0.543 0.826] 0.422
SA33TMD* 0.783 [0.681 0.899] 0.279
PTMD(off) 0.804 [0.596 1.084] 0.608
. PTMD(on) 0.823 [0.673 1.052] 0.498
Medium 152 sa75TMD 0.764  [0.624 0.935] 0.407
SA33TMD* 0.849 [0.775 0.929] 0.231
PTMD(off) 0.799 [0.654 0.975] 0.402
1 88 PTMD(on) 0.921 [0.753 1.126] 0.405
' SA50TMD 0.782 [0.643 0.951] 0.395
SA33TMD* 0.805 [0.707 0.916] 0.260
PTMD(off) 0.795 [0.612 1.033] 0.530
119 PTMD(on) 0.918 [0.741 1.136] 0.430
' SA50TMD 0.733 [0.612 0.877] 0.362
SA33TMD* 0.805 [0.715 0.906] 0.237
PTMD(off) 0.679 [0.517 0.893] 0.554
High 152 PTMD(on) 0.774 [0.602 0.995] 0.507
’ SA25TMD 0.671 [0.518 0.871] 0.525
SA33TMD* 0.800 [0.716 0.894] 0.222
PTMD(off) 0.711 [0.604 0.836] 0.325
188 PTMD(on) 0.814 [0.698 0.950] 0.309
' SA25TMD 0.710 [0.586 0.861] 0.386
SA33TMD* 0.814 [0.724 0.916] 0.235

78



Table 5-5

Reduction factors of TMD (Acceleration)

Reduction Factor

. Period i Standard Error
Suite (sec) T™MD (Acceleration) of Control
50 [16™ 84"M]
PTMD(off) 0.668 [0.507 0.881] 0.559
119 PTMD(on) 0.569 [0.417 0.777] 0.632
' SA100TMD 0.678 [0.475 0.968] 0.728
SA33TMD* 0.833 [0.691 1.003] 0.375
PTMD(off) 0.703 [0.560 0.881] 0.457
Low 152 PTMD(on) 0.645 [0.520 0.800] 0.433
’ SA75TMD 0.739 [0.581 0.941] 0.487
SA33TMD* 0.869 [0.769 0.984] 0.249
PTMD(off) 0.669 [0.511 0.875] 0.543
1 88 PTMD(on) 0.620 [0.453 0.848] 0.638
' SA75TMD 0.719 [0.538 0.962] 0.589
SA33TMD* 0.821 [0.720 0.937] 0.265
PTMD(off) 0.645 [0.531 0.782] 0.389
119 PTMD(on) 0.608 [0.510 0.725] 0.354
' SA50TMD 0.680 [0.586 0.787] 0.296
SA33TMD* 0.811 [0.730 0.902] 0.211
PTMD(off) 0.747 [0.666 0.839] 0.231
: PTMD(on) 0.629 [0.527 0.750] 0.356
Med
mo 152 spl00TMD 0751 [0.624 0.935] 0.335
SA33TMD* 0.900 [0.829 0.967] 0.162
PTMD(off) 0.703 [0.588 0.840] 0.359
1 88 PTMD(on) 0.689 [0.581 0.817] 0.342
' SA50TMD 0.760 [0.618 0.934] 0.416
SA33TMD* 0.860 [0.765 0.966] 0.233
PTMD(off) 0.695 [0.603 0.801] 0.285
119 PTMD(on) 0.663 [0.536 0.821] 0.431
' SA25TMD 0.738 [0.653 0.833] 0.244
SA33TMD* 0.847 [0.772 0.928] 0.184
PTMD(off) 0.634 [0.519 0.773] 0.400
High 152 PTMD(on) 0.580 [0.463 0.725] 0.452
: SA50TMD 0.698 [0.596 0.818] 0.319
SA33TMD* 0.846 [0.767 0.933] 0.196
PTMD(off) 0.694 [0.593 0.812] 0.316
188 PTMD(on) 0.631 [0.554 0.719] 0.262
' SA75TMD 0.768 [0.678 0.869] 0.250
SA33TMD* 0.887 [0.800 0.983] 0.207
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5.4 Summary

PTMD and SATMD building concepts have been presented and implemented in a
design simulation. The suggested system is the synthesis model of the TMD control
and segmental building system using purposely separated seismic masses of a
structure itself. A 2-DOF model explores the efficacy of these modified control

system and the validity of the optimal parameters was demonstrated.

To avoid erroneous conclusions being drawn due to a typical performance for a single
earthquake, the log-normal median response values were defined under three
earthquake suits from the Los Angeles SAC project representing multi-level seismic
hazard. For the parametric study, the efficacy of a stiffness mixture of resetable
devices and rubber bearings was illustrated. Based upon the investigation described

in this chapter, the following summary conclusions can be drawn:

e SATMD systems with a proper combination of TMD parameters is a
relatively better control strategy than PTMD system, especially if the

optimum stiffness of TMD (k,,, ) is not ideal due to degradation or mis-

modelling of the building. Thus, more effective parameter combinations may
be available beyond the scope of this initial parametric analysis.

e Semi-active solutions are not constrained to k, . and its control ability is

20pt
improved when a lower semi-active stiffness is used, providing robust and
effective seismic energy management. Thus, the SATMD system is also
easier to design as the tuning of the system to the structure, by altering the
stiffness value, is not as critical as for the PTMD system where slight “out-of-
tuning” can have a detrimental effect on the structural response. In particular,
the use of 100% semi-active control (without passive control) achieves a small
control bandwidth over a wide range of ground motions and levels of
earthquake intensity.

® There is thus very good potential for the SATMD building concept, especially
in retrofit where lack of space constrains future urban development to expand
upward. It would be beneficial when additional stories are added to an

existing structure as these stories become part of a structural control system,
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thus alleviating the necessity for additional mass that is redundant for the
majority of the time and has no other use. For example, a 12+2 or 12+4

storey structural concept can be utilised to control 12-storey structures.

The numerical results from the 2-DOF design cases herein can therefore be used as
the basic design guideline reference for the design of multistorey applications.
Furthermore, the control concept presented here is also amenable to base-isolation
(Chase et al. 2007) and hybrid (the TMD with base-isolation building system) control

of structures.
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6 Prototype Structural Modelling

6.1 Structural Model

A 12-storey, two-bay reinforced concrete framed structure is used to demonstrate the
potential and beneficial effects of TMD building systems. This model was designed
originally by Jury (1978) according to the New Zealand Loadings Code (NZS4203
1976) based on the concept of capacity design. Its strengths were then revised
following the changes to NZS4203 made in 1992 (NZS4203 1992). It was assumed
that the frame would be required to resist the component of earthquake motion in the
plane of the frame only. No torsional effects for the building as a whole were taken
into account. The distance between frames is a consistent 9.2m for the entire building

structure.

According to the NZS Code for beam design, all frames share in carrying gravity and
seismic-induced loads. Moment redistribution is then carried out using a method
developed by Paulay (1976). An effort was made during moment redistribution to
allow the full utilisation of beam sections by equalising, if possible, the demand for
top and bottom flexural steel at the column face. Thomson (1991) increased the
dimensions according to data reported by Paulay (1979), because the original design
(Jury 1978) called for overtly high reinforcement ratios. The columns above the first
level were specified to remain elastic in accordance with the strong column-weak

beam concept.

A width of the floor slab equal to 12 times its thickness was considered to contribute
to the elastic stiffness of the beams. The slab thicknesses were 120mm for the framed
structure. The building dimensions adopted in this study are shown in Figure 6-1 and
the detailed frame data, including yield moments used in the analyses can be found in
the Appendix A.
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Figure 6-1 Modelling of 12-storey two-bay reinforced concrete frame (Jury 1978)

The member sizes adopted in this study are shown in Table 6-1. The dynamic
properties of the frame, such as the natural frequency, modal effective mass, modal
damping ratios, and participation factors, are calculated and listed in Table 6-2. It was
noted that under the considered structural properties and ground excitations, the
displacement response due to the first mode constitutes approximately 80%-90% of
the total displacement response. Thus, the first mode was selected for the design of

the TMD systems considered.

Table 6-1 Member sizes of the frame structure

Members Level Dimensions (mm)
1-6 900 x 400
Beams 7-8 850 x 400
9-12 800 x 400
1-6 775 x 500
Sxerior 7-8 750 x 500
9-12 650 x 500
1-6 800 x 800
Jnterior 7-8 725 x 725
9-12 675 x 675
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Table 6-2  Dynamic properties of 12-storey building, as modelled

Item 12-storey Unit
Weight 19,190 kN
1% Modal Mass 1,514 kN-s°/m
Natural period 1.880 sec
Frequency 3.34 rad/sec
Damping Ratio 0.05 -
1% Modal Amplitude 1.366 -

The assumptions used in this study for the frame include:

e It was assumed that fame is fully fixed at the base.

e To allow for cracking, the second moment of inertia of the beams and columns
were taken as 75% of the gross moment of inertia. The cross sectional area of
beams and columns was taken as 50% of the gross area.

e Plastic hinge lengths of all members were taken as 70% of the overall depth of
the relevant section.

¢ Rigid end blocks of the beams were assumed as one half the appropriate
column width and those of the columns were one half the appropriate depths.

e A value of 5% of critical damping was assumed for each of two normal modes

in each structure.

e The initial gravity loading on each structure was assumed to be D+L/3, where
D is the dead load and L is the maximum live load.

6.2 Mathematical Modelling and Computational Method

6.2.1 Introduction

Building codes generally prescribe design static lateral loads that are considerably

lower than those determined from elastic dynamic analysis. Under earthquake
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excitation, the response of building structure is often assumed to be inelastic, rather
than elastic. Intensive research on the inelastic behaviour of subassemblages of
structural members has been carried out over the past few decades. In the inelastic
analysis of reinforced concrete building structures, several fundamental nonlinear
effects have been identified to obtain a realistic analysis. These problems include
modelling of the inelastic behaviour of the reinforced concrete members, degradation
of the stiffness, identifying the shape of the hysteresis loops, P-delta effects, damping
of the structural systems, rigid zones at the joints and plastic hinge lengths, and the

selection of critical ground motions.

Since inelastic dynamic analysis requires a more refined technique, it is important to
select a numerical integration technique that provides both the necessary accuracy and
stability (Bathe and Wilson 1973; Wilson et al. 1973). In addition, it is important to
create a model that reduces the gap between the analytical results and true behaviour
of the structure, as much as possible. However, it is also important to avoid too
complex a model. Hence, a delicate balance must be created between realistic

nonlinear effects and minimal complexity.

6.2.2 Frame Member

The modelling of frame member elements and their hysteresis loop has been a major
discussion point among civil engineers. In inelastic analysis, the modelling is much
more critical than in the equivalent elastic analysis. One of difficulties is that while a
designer may have a reasonable idea of the stiffness required for a structure prior to
carrying out the elastic dynamic analyses, an inelastic analysis is not always practical
until the structure has been designed and the member strengths are known. In
addition, while the elastic behaviour is reasonably well understood, the representation
of the inelastic behaviour of the member is still open to considerable debate and

uncertainty, depending upon many potential variables.

Under a large earthquake, concrete structural members may undergo large inelastic
deformations followed by the developing of member-end plastic hinges. There is also
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a type of inelastic deformation that is associated with transverse cracking along the
length of the member, where the inelastic deformation does not concentrate in a
critical location (Otani 1980). For the analytical models used here, the simplest
member type is introduced based on the idea that the member may be represented as
an assemblage of sub-members, where hinges are modelled as the ends of the

members.

In this study, the Giberson one-component model (Carr 2004), which consists of a
single elastic member with independent inelastic springs at each member-end, was
used to model the beam members. Each of the springs is assigned the resistance
deformation behaviour of the plastic hinge at the member-end, as illustrated in Figure
6-2. This member has a possible plastic hinge at one or both ends of the elastic
central length of the member. The stiffness of the hinge is controlled by the tangent
stiffness of the current point on the appropriate hysteresis rule.

Plastic Hinge Spring

Figure 6-2  Gilberson one component beam model (Carr 2004)

In this model, the inelastic deformations at the member-ends are independent, which
means that the inelastic deformation of a member-end is not affected by the moment
acting upon the other member-end. Hence, any flexural hysteresis loop can be
assigned to the inelastic spring, which constitutes the primary advantage of this model.
The disadvantage of this model is that the member-end deformation should depend on
the moment acting at both member-ends. This approach means that the deformation
at either end is a function of the moment at the other end. Furthermore, it is not
always appropriate for all of the inelastic deformation to be modelled as lumped at the
member-ends (Otani 1980).
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6.2.3  Stiffness Modelling

In reinforced concrete buildings, every member usually has a constant cross section
along its length. Even though the degree of cracking could differ along the length of
member, it is modelled with a constant cross section. This choice is made for
simplicity in formulating the member flexural rigidity, EI. Simplifying assumptions
are then made for modelling of concrete member flexural rigidities. The simplest
modelling assumption takes a fraction of the gross section of concrete member
flexural rigidigy, Ecle. For the concrete modulus of elasticity, E., Paulay and Priestley

(1992) recommended the typical values of effective member moment of inertia, ..

For symmetrical T beams resisting stresses from flexure, NZS3101 (1982)
recommends that the effective width should not exceed one-quarter of the span length
of the beam. In addition, its overhanging width on each side of the web should not
exceed 8 times the slab thickness or one-half of the clear distance to the next beam.
For beams having a flange on one side only, the effective overhanging flange width
should not exceed 1/12 of the span length of the beam, or 6 times the slab thickness,

or half the clear distance to the next beam.

The effective width of monolithic T-beams gives both an additional stiffness and
strength to beams. The effective relative stiffness of the T and L concrete members

may therefore be expressed (Paulay and Priestley 1992):

Ecle _
Kep = f(L—j (6-1)

S

Where Kgp is an effective relative stiffness for T and L beams, Ls, is the beam span, f

is a coefficient for the moment of inertia of the flange sections.
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6.2.4 Column Moment-Axial Load Interaction

The most popular philosophies in seismic design suggest that the critical sections of
columns be provided along the overstrength. The overstrength is designed to be
sufficiently large to ensure that virtually all the frame’s plastic hinges form in the
beam members. However, there is the possibility, especially for the frames where
high overturning moments are retained, that the variation of axial loads in columns
will cause significant fluctuations of the ultimate strength on some sections during an

earthquake.

For common building materials, the relationship between the axial load and ultimate
moments of a section is far from linear. Hence, an approximation must be sought to
enable a simple numerical representation to be made. The beam-column members
used for the base columns in the frame were modelled to allow for interaction
between the axial force and bending moment yield states. The interaction was

governed by an interaction diagram, as shown in Figure 6-3.

In accordance with accepted principles used in New Zealand, the chosen structural
system consists of strong columns and weak beams. Therefore, the strength of a
subframe with respect to overturning moments of any kind was designed to be limited
by the beam strength. This concept led the behaviour of beams to be inelastic and the

columns, except for the first floor, to be elastic for this study.

P, Axial Force

(negative)
:‘P\YC
Note : (PB,MB)
The interaction
is symmetric about (2/3x PB. MIB)
the M := 0.0 axis (1/3xPB,M2B)
-
MO M
(Bending Moment)
PYT

Figure 6-3  Concrete beam-column yield interaction surface (Carr 2004)
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6.2.5 Rigid End-Blocks and Plastic Hinge Lengths

The joint at the intersection between the beam and columns performs a very important
role in generating the stiffness of moment resisting frame structures. Such joints are
usually taken to be rigid so that they can accommodate all of the forces acting on the
beams and columns without any joint deformation. There is some evidence from past
earthquakes that some structural damage was primarily caused by column failures due

to shear failure or inadequate column lateral confinement (Paulay and Priestley 1992).

The usual earthquake resistant design philosophy for ductile moment resisting frame
structures allows the formation of beam plastic hinges to be adjacent to the beam-
column joints. The internal forces transmitted from these beams or column members
result in joint shear forces in both vertical and horizontal directions leading to the
diagonal compression and tension stresses within the joint core. However, the New
Zealand Standard (NZS3101 1982) states that the joint strength should not normally
govern during the development of the full strength of adjoining members and that
energy dissipation within the joint core is undesirable. This approach means that

during moderate earthquakes the joints should not show any strength degradation.

If the joint remains rigid the beam rigid-zone length can be measured from the centre-
line to face of column. Assumptions for the rigid-zone of members can have a
significant effect on the stiffness of a frame, its natural frequencies of free vibration
and on the response of the structure to dynamic excitation. Some analyses have
indicated a decrease in the natural periods of the order of 10% to 20% when member
rigid end-blocks were included (Carr 1994).

In this case, natural period decreased by 16% for the 12 storey structure used in this
research. Thus, when a member connects into large joins, a rigid end-block effect
should be considered for the analysis. The modelling technique of the rigid-zone

therefore provides a considerable enhancement in computational effort for this study.

However, results of some laboratory tests showed that after a few cycles of beam
plastic hinging, it is not possible to prevent some inelastic deformation from occurring
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within the beam-column joints (Al-Haddad and Wight 1988; Paulay and Priestley
1992). Therefore, some design effort is required to relocate plastic hinges away from
the column face even when maximum moments occur at there. Some researchers
have investigated this relocation of the plastic hinges (Abdel-Fattah and Wight 1987;
Al-Haddad and Wight 1988; Park and Paulay 1987), even though this approach causes

an increase in the beam curvature ductilities.

The plastic hinge length, Ly, has a direct bearing on the curvature and displacement
ductility. Various empirical expressions have been proposed by investigators for the
length of the plastic hinge L,. Several studies (Chai et al. 1991; Priestley and Park
1987) carried out several laboratory tests to determine the approximate plastic hinge

length and suggested an expression of the basic form:

L, =0.08L +6d, (6-2)

Where L is the distance from the point of contra-flexure of the column to the section

of maximum moment, and dj, is the longitudinal bar diameter.

For typical beam and column proportions, it was recommended that the approximate
average value of the member plastic hinge be defined (Paulay and Priestley 1992;
Priestley and Park 1987):

L, ~0.50d, (6-3)

where dp, is the depth of the concrete member.
In this study, the plastic hinge lengths were taken as 70% of the overall depth of the

relevant section.

6.2.6 Mass and Damping
For any seismic analysis, the inertia properties of a structure need to be modelled by
assigning appropriate mass values to selected degrees of freedom. In this study, the

weights of the structure are converted to masses internally within the program
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Ruaumoko. Generally, for building models, masses are typically lumped at the floor
levels. These floor masses are then distributed to the different load resisting frames
on the basis of the frames tributary areas. The mass used in this study was a lumped
mass matrix where contributions are made to the diagonal terms associated with the
two translational degrees of freedom at each end of the member, with no mass
contribution to the rotational degrees of freedom.

The critical damping of the structure should also be considered, since the damping
forces contribute to the equation of dynamic equilibrium. The damping can thus affect
the displacement of the structure, as well as the following inelastic displacements of
the members. For direct integration of the equations of motion, a Rayleigh type
representation of damping is very popular as a damping model because it uses the
mass and stiffness matrices that are already computed within the analysis. In this
study, the Rayleigh or Proportional damping model was used. The damping matrix

[C] is thus defined as a linear combination of the mass [M] and stiffness [K] matrices.

[Cl=alM]+ K] (6-4)

There are only two tuning parameters, « and £, that can be varied to give the desired
amounts of damping at two different frequencies. The coefficients « and £ are
specified or computed by specifying the fraction of critical damping for two user
specified modes. The selection of values for the constants « and # may be guided by
knowledge and/or experience of these modal damping properties. For example, if the
fractions of critical damping, & and &, associated with two different modes of
vibration having the respective frequencies a1 and a», are known, then the constants
a and S in Equation (6-4) can be determined. It should be realized that the Rayleigh
damping model permits the prescription of damping ratios for & and &, for only the
two selected frequencies, as shown in Figure 6-4, where it is seen that the amount of
damping increases almost linearly along with frequency as the natural frequency
increases above &. The amount of damping at all other frequencies is then prescribed

by the following equation:

2 =%[1+ﬂwn] (6-5)

O
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where 1, is the fraction of critical damping at n"" mode of free vibration, and w, is the

natural circular frequency at n™ mode of free vibration.

Figure 6-4  Rayleigh or Proportional Damping Model (Carr 2004)

Rayleigh damping can be modelled as proportional to the tangent or initial stiffness
matrices. In this study, the initial stiffness matrix was used and 5% critical damping

was specified for the 1% and 9™ modes of the 12 storey framed structure.

When the TMD is added to the structure, the first mode is affected by the response of
the TMD itself. The previously determined 1% and 9" modal damping values for the
structure without the TMD were used for the 2" and 10" modes with the TMD. Thus,
the modal characteristics of the structure without the TMD can be transferred to the

structure with TMD to create a more equal comparison.

6.3 Summary

This chapter introduced a prototype 12-storey framed structure used for the practical
design analysis of multi-storey TMD building systems. This model is strong but close

to the current practical design requirements. More specifically, it was designed
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according to the New Zealand Loadings Code (NZS4203 1992) based on the concept
of capacity design.

In dynamic analysis it is important to set up a proper mathematical model that reduces
the gap between the analytical results and the true behaviour of structure during an
earthquake. Thus, the detailed member and dynamic properties of the frame have
been presented, along with the mathematical modelling and computational method.
The modelling technique associated with this model has been developed by the
inelastic time-history analysis program, RUAUMOKO (Carr 2004). Owverall, it is a
realistic nonlinear structure that is broadly representative of tall framed structures in

New Zealand and internationally.
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7 10+2 and 8+4 Storey TMD Building Systems

7.1 Introduction

In prior Chapter 5, 2-DOF PTMD and SATMD building models were presented and
implemented in a system design simulation, and the efficacy of these modified control
system and the validity of the optimal designs were demonstrated as the design
reference for MDOF verification. Therefore, in this chapter, analyses are extended to

the response of MDOF systems through a series of linear time history analyses.

A method for explicitly accounting for the optimum TMD parameter for MDOF TMD
systems is suggested and the performance results of the expected seismic demands of
MDOF TMD building structures are carried out. This MDOF analysis examines
multi-storey SATMD systems that use segregated upper some storeys as a relatively
very large tuned mass and a semi-active resetable device to provide robust
adaptability to broader ranges of structural response. For this study, the performance
of 12-storey SATMD building system models are compared with those from the
corresponding No TMD and PTMD building systems, over suites of probabilistically
scaled ground motions. Results are presented using appropriate log-normal statistics
so that results could be put into standard hazard and design frame works. It is also
observed that the expected seismic demands of the structures can be estimated by
using modal properties of PTMD and SATMD building systems. Finally, the goal is a
proof of concept MDOF analysis of the overall robustness and efficacy of this
SATMD design concept in comparison to equivalent, well-accepted PTMD system.

7.2 Modelling

To demonstrate the effects of the SATMD building system, realistic 12-storey two-
bay reinforced concrete framed structure models have been developed in Ruaumoko
(Carr 2004). For SATMD and large mass PTMD systems, the upper two and four
storeys are isolated respectively. The resulting retrofitted structures are thus modelled

as ‘10+2’ storey and ‘8+4’ storey structures, as shown in Figure 7-1. Figure 7-2
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shows the schematic description of isolation layer including rubber bearings and

viscous damper or resetable device.
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(a) “10+2” model (b) “8+4” model

Figure 7-1 ‘1042’ and ‘8+4’ models of 12-storey two-bay reinforced concrete frames

1
Rubber Bearings

Viscous Damper Resetable Device
(PTMD) (SATMD)

Figure 7-2  Schematic description of isolation layer

The building dimensions and member sizes adopted in these models are shown in
Table 6-1. The natural period of the lower part of the each frame model is 1.52sec for
the 10-storey structure and 1.19sec for the 8-storey structure respectively. The
structural damping ratio of each structure is assumed to be 5% of critical damping.
The total weight of the TMD building structures (10+2 and 8+4 structures) is
19,190kN. The dynamic properties of the un-isolated lower frames, including modal

characteristics, are listed in Table 7-1.
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Table 7-1  Dynamic properties of 8-storey and 10-storey buildings

Item 8-storey 10-storey Unit
Weight 12,940 16,080 kN

1% Modal Mass 1,072 1,301 kN-s?/m
Natural period 1.187 1.518 sec
Frequency 5.30 4,14 rad/sec
Damping Ratio 0.05 0.05 -

1% Modal Amplitude 1.309 1.343 -

It was assumed that the frame would be required to resist the component of
earthquake motion in the plane of the frame only. No torsional effects for the
building as a whole were taken into account. The columns above the first level were
specified to remain elastic in accordance with the strong column-weak beam concept.
A width of the floor slab equal to 12 times its thickness was considered to contribute
to the elastic stiffness of the beams. The slab thicknesses were 120mm for the

framed structure.

Figures 7-3 to 7-5 show the force-displacement loops for a modelled, ideal SATMD
under three different levels of earthquake intensity. The maximum device forces are
set at 644kN and 1,573kN, which represent the value of 13.8% (Hunt 2002) of the
structural weight multiplied by mass ratios of 0.244 (10+2) and 0.594 (8+4),
respectively. The force-displacement loops show that the force grows linearly with
displacement until the maximum displacement is reached for a given cycle. At this
point, the force drops indicating that the device has reset. The force then decreases
linearly with decreasing displacement until the minimum is reached at which the force
jumps to zero again showing that the device has once again reset. These loops
represent basic, idealised resetable device operations (Barroso et al. 2003; Bobrow et
al. 2000; Carr 2004; Carr 2005; Hunt 2002; Jabbari and Bobrow 2002).

New results in resetable devices can provide highly customised hysteresis loops
(Chase et al. 2006; Rodgers et al. 2007b). For this standard case, devices with up to
1.7MN are already in use in limited numbers of commercial structures (Kurino et al.
2006; Shmizu et al. 2006). Hence, the devices for this approach may be assumed to

be either available or within the possibility to design.
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Figure 7-4  Hysteresis behaviour of resetable device (Imperial Valley / Medium Suite)
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Figure 7-3  Hysteresis behaviour of resetable device (Kern County / Low Suite)
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Figure 7-5 Hysteresis behaviour of resetable device (Kobe / High Suite)
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For convenience, a flow diagram of optimal design of MDOF TMD building system
by numerical optimisation is shown in Figure 7-6. From the diagram, it is seen that
the TMD parameters are based on the results of the 2-DOF design process in Chapter
5. The modified TMD parameters for the MDOF system are applied to the multi-
storey structures. The dynamic characteristics of the controlled systems are analysed
by modal analysis. Finally, time history analyses using suites of ground motions
supplies the individual performance values for the final statistical performance
assessment, since the use of a probabilistic format allows for a consideration of

structural response over a range of seismic hazards.

It was noted that given the structural properties and ground excitations considered, the
linear displacement response due to the first mode constitutes approximately
80%~90% of the total displacement response. Thus, the first mode is selected for the
design of both the PTMD and SATMD systems.
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Figure 7-6  Verification process for the TMD building system
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7.3 Parametric Optimisation

For a MDOF structure, the mass ratio is computed as the ratio of the TMD mass to the

generalised mass for the fundamental mode for a unit modal participation factor

___m 7-1
IV (D)

where [M] is the mass matrix and ¢ is the fundamental mode shape normalised to
have a unit participation factor. A procedure similar to that for 2-DOF TMD systems
is used to determine the optimum parameters that would result in approximately equal

frequencies and damping ratios in the first two modes.

For the optimum TMD parameters, it was found that the tuning ratio for a MDOF
TMD system is nearly equal to the tuning ratio for a 2-DOF TMD system for a mass

ratio of 4@, where @ is the amplitude of the first mode of vibration for a unit modal
participation factor computed at the location of the TMD, i.e. fmoopt(1) = foopt(HD)

(Sadek et al. 1997). The equation for the tuning ratio is obtained from the equation
for the 2-DOF TMD system by replacing u by x#®. Thus:

fM 20pt — 14 ];Uq) ( gl luij) J (7'2)

The TMD damping ratio is also found to correspond approximately to the damping
ratio computed for a 2-DOF TMD system multiplied by @, &vaopt(M) = PEoopt(H). The
equation for the damping ratio is therefore obtained by multiplying the equation for
the 2-DOF TMD system by @, as defined:

_o| &, [ i
SMaopt = q{l+,u 1+ﬂ] (7-3)

For MDOF structures, the practical parameters of the optimal TMD stiffness and the

optimal damping coefficient can be thus derived:
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m,w,’ i
kM 20pt — mza)lz fM 20pt2 :m 1_51 111(‘21) (7'4)

2m,w |_u® & Z
Cm2opt = 2mza)lfM 20pt§M 20pt — 1+;ql) [1_51 1_{_!@}(1_‘_1# + 1+’u] (7'5)

Figure 7-7 shows the optimum TMD tuning and damping ratios versus mass ratio

values ranging from 0 to 1, with 5% of internal damping for 10+2 and 8+4 storey
models. The optimum values for the 10+2 and 8+2 models have been marked by
small squares on the lines at the mass ratios of 0.244 and 0.594 respectively. For the
10+2 and 8+4 models, the weights of the primary structures are 16,080kN (10-storey)
and 12,940kN (8-storey), and the amplitude of the first modal vibration, @, of 1.343
and 1.309 are adopted respectively. Figure 7-8 shows the optimum TMD stiffness
and damping coefficient for the models of 10+2 and 8+4 cases. It can be seen that the
gaps between the optimum TMD stiffness lines for the two models increase with
increasing mass ratio. However, only relatively small gaps can be found between the

optimum TMD damping coefficients for the two models.
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Figure 7-7  Optimum TMD tuning and damping ratios (5% of critical damping)
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The resulting optimum parameters are listed in Table 7-2. The total value of k., is

allocated to rubber bearing stiffness and the stiffness of the SA resetable device.
According the results from Chapter 5 for the 2-DOF analysis (system design), the
SATMD having same stiffness values of the resetable device and the rubber bearings
has been chosen and adopted for each structure and earthquake suite. This equivalent
combined stiffness was chosen for simplicity and may not represent an optimal

SATMD design (Mulligan 2006a), where much lower stiffness values may be used.

Table 7-2  Parameters for TMD building systems

Mode TR PO I o M
PTMD(10+2) 0.244 0.734 0.649 2,935 1,252
SATMD(10+2) 0.244 0.734 - 2,935 - 644
PTMD(8+4) 0.594 0.544 0.840 5,293 3,085
SATMD(8+4) 0.594  0.544 - 5,293 - 1,573

7.4 Modal analysis

Modal analysis results using Ruaumoko are shown in Figures 7-9 to 7-11. The TMD
building systems now offer two major modes of vibration instead of one in the 12-
storey uncontrolled (No TMD) case. Despite having two major modes and thus a
system susceptible to receiving larger amounts of input energy from an earthquake, a
relatively large portion of the entrapped energy is concentrated in the isolation layer.
For the SATMD building systems, the 1* mode dominates the upper storeys and a
much smaller magnitude 2" mode dominates the lower storey response. Thus, both
the 1% and 2" modes of the original structure are decoupled by the isolation layer.

These results indicate two different methods of dissipating energy. The PTMD
dissipates energy via tuned absorption. However, the SATMD dissipates energy via

enhanced relative motion obtained by decoupling the structural segments.

The modal participation factor for the i mode is defined as:
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r=— (7-6)

in which L, is the earthquake excitation factor for the i"" mode, and M, is the

generated modal mass of that mode. Another useful parameter for the modal response
analysis is the mass participation factor.

p=— = (7-7)

in which M, ; is the effective mass for the i™ mode and M is the total mass of the

building. Because the effective mass indicates the importance of the contribution of
the i™ mode to the total base shear acting on the structure, the mass participation
factor can be an index showing how much of the total mass of the building will
contribute in generating base shear in that mode. Thus, if the mass participation
factor of the 1 mode is much higher than that of the 2" mode, the 1% mode can be

readily excited by base excitation.

Table 7-3 shows the numerical results of this modal analysis. Second modal
participation factors of the SATMD (10+2 and 8+4) building systems are closer to
those of the first mode and relatively larger than those of the second mode for the
PTMD system. Furthermore, the second mass participation factors of the SATMD
building systems are larger than those of the first modes. Therefore, in the SATMD
building system, the interaction between the first and second modes is more
pronounced and the relatively larger mode and mass participations of the second
mode for the SATMD building system may contribute to the further reduction of the
overall responses of displacement and base shear responses compared to the PTMD

results.
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Figure 7-10 Modal analysis of ‘10+2’ model (PTMD and SATMD)
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Figure 7-11 Modal analysis of ‘8+4” model (PTMD and SATMD)
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Table 7-3  Numerical results of modal analysis

M Freq. Part-Fact
TMD Mode pass. rreq
(KN-s“/m)  (rad/sec) mode mass
18 1514 053 137  0.805
No TMD ond 252 152 2053  0.134
30 74 273 027 0.039
1st 816  0.38 153  0.436
PTMD ond 812 074 094  0.434
(10+2)
31 181 1.92 -0.50 0.097
1st 513 027 127 0274
SATMD ond 1109 068 120 0593
(10+2)
30 187 1.90 2050  0.100
1st 1020 036 129 0541
PTMD ond 697 096 097  0.370
(8+4) d
3" 39 239 028  0.021
1st 834 027 117 0.442
SATMD ond 878  0.89 115  0.465
(8+4)
3rd 47 233 030 0025

75 Performance Results

Figures 7-12 to 7-23 show the 50" percentile (median) and 84" percentile levels of
several seismic response criteria of the No TMD, PTMD (10+2 and 8+4) and SATMD
(10+2 and 8+4) are subjected to three suites of earthquakes. For comparison, the
SATMD* (8+4), which used 33% of the optimum TMD stiffness is also presented.
The maximum relative displacements, interstorey drift ratios, normalised storey shear
forces (shear forces divided by structure weight) and total accelerations for all floors

are calculated as control effectiveness indices.

Overall, the TMD (PTMD and SATMD) building systems show good response
reduction quantities. Almost all results show the ability of the SA device and larger
mass ratio reduce overall structural response measures. In particular, the reduction of

seismic demands for these cases is most pronounced in the 84™ percentile responses.
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The maximum displacements of each level increase steadily over the height of the
level and the control effects of the displacement are proportional as the height of the
building. Large displacements can be found at the isolation layer, especially in the
SATMD system. However, this tendency is expected based upon the modal
properties of the almost separated modal responses and the increased participation
factor of the 2" mode. They also maximise the dissipative effect of the SA devices to

best effect within this design.

The better control effects of the SATMD and the higher mass ratio (8+4) building
structures, as compared to the PTMD building system, can be seen in the interstorey
drift and shear force at mid and higher floor levels. This tendency is increased for the
larger intensity, primarily near-field, high suite ground motions. For the interstorey
drift, the low suite induces median interstorey drift demands, as a representative value
of about 0.5%. This value increases to about 1% and 2% under the medium and high

suites respectively.

For the No TMD structure, the location of peak interstorey drift occurs in the 9™ floor.
However, for the TMD building structures, the interstorey drifts are distributed
constantly or proportionally over the floor level under the suites. From the statistical
response of the interstorey drifts and storey shear forces, it is apparent that the upper
storeys above the isolation interface of the SATMD building system are effectively
controlled due to the proper interrupting function of the SA isolation system from the
seismic energy. In contrast, the lower storeys of the PTMD building system are
reduced more than those of the SATMD system due to the partially coupled modal

responses of the 1% and 2" modes.

The acceleration responses of the isolated storeys of the upper segment show a
significant reduction in all cases. The reason for these reductions is that the upper
segment is isolated from the main structure, so the base excitation is not transferred to
the separated upper portion directly. However, the acceleration response at the
isolation interface of the SATMD system is clearly increased due to the operation of

resetable device and this point needs to be considered in this type of TMD design.
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Figure 7-12 Maximum displacement of ‘10+2” and ‘8+4" models (Linear / Low suite)
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Figure 7-13 Interstorey drift of ‘10+2” and ‘8+4’ models (Linear / Low suite)
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Figure 7-14 Storey shear force of ‘10+2” and ‘8+4” models (Linear / Low suite)
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Figure 7-15 Total acceleration of ‘10+2” and ‘8+4’ models (Linear / Low suite)
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Figure 7-17 Interstorey drift of ‘10+2’ and ‘8+4” models (Linear / Medium suite)
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Figure 7-18 Storey shear force of ‘10+2” and ‘8+4’ models (Linear / Medium suite)
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Figure 7-20 Maximum displacement of ‘10+2” and ‘8+4’ models (Linear / High suite)

50th Percentile

PTMD(10+2)

SATMD(10+2)

: PTMD(8+4)
| —e——SATMD(8+4)

’ —>— SATMD(8+4) *

N re——

0 1 2 3 4 5
Interstorey Drift Ratio (%)

Level

"T~-.._ 84th Percentile

1 2 3 4 5
Interstorey Drift Ratio (%)

Figure 7-21 Interstorey drift of ‘10+2” and ‘8+4’ models (Linear / High suite)
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Figure 7-23 Total acceleration of ‘10+2” and ‘8+4” models (Linear / High suite)

113



To compare the relative ability of the different TMD building systems at reducing the
seismic demands, the median and 84™ percentile structural reduction factor profiles
for each suite are generated for the PTMD (10+2 and 8+4) and SATMD (10+2 and
8+4) building systems in series of results presented in Figures 7-24 to 7-35. The
multiplicative reduction factors shown in these figures are normalised to the
corresponding uncontrolled (No TMD) floor response values. For the response
performance indices presented, the reduction factor profiles indicate the advantage of
the structural operation of the PTMD and SATMD building systems clearly. Again,
these factors reflect the relative control abilities among the TMD systems compared.

For the displacement reduction factors, as seen in the previous performance results,
the values of relatively large response behaviour are seen in the storeys above the
isolation layer under the medium and high ground motion suites. However, since
these large reduction factors of over 1.0 are affected by large displacements at the
isolation layer, the displacement within each segment of the upper and lower storeys
is relatively small. For the interstorey drifts and shear force reduction factors, the
reduction factors of the isolated upper storeys clearly indicate the advantage of the
structural operation of the SATMD building systems. For the lower storeys under the
isolation layer, however, the reduction factors indicate that the SATMD system is not
superior to the PTMD system and it’s dependant on the suite used. However, this
result may only be accurate for this comparison where both PTMD and SATMD

systems have the same isolating stiffness, k Other studies with different values

20pt *
optimased to each case have shown clearer differences, especially if the PTMD is not
ideally or perfectly tuned (Mulligan 2006b).
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Figure 7-25 Interstorey drift reduction factor of ‘10+2’ and ‘8+4’ models (Linear / Low suite)
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Figure 7-26 Storey shear force reduction factor of ‘10+2” and ‘8+4’ models (Linear / Low suite)
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Figure 7-27 Total acceleration reduction factor of ‘10+2’ and ‘8+4’ models (Linear / Low suite)
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Figure 7-28 Displacement reduction factor of ‘10+2” and ‘8+4’ models (Linear / Medium suite)
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Figure 7-29 Interstorey drift reduction factor of ‘10+2’ and ‘8+4’ models (Linear/Medium suite)
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Figure 7-30 Storey shear force reduction factor of ‘10+2’ and ‘8+4” models (Linear/Medium suite)
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Figure 7-31 Total acceleration reduction factor of ‘10+2” and ‘8+4” models (Linear / Medium suite)
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Figure 7-32 Displacement reduction factor of ‘10+2’ and ‘8+4’ models (Linear / High suite)
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Figure 7-33 Interstorey drift reduction factor of ‘10+2” and ‘8+4’ models (Linear / High suite)
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The three percentile (16", 50" and 84™) reduction factors and standard error of control
(SEC) from each bandwidth (84"-16") of the TMD (8+4) systems are compared in
Tables 7-4 to 7-15. The shaded cells represent the isolated upper stories for each
building system. In particular, it can be seen that the band width between 50" and
84™ percentiles of SATMDs (8+4) is broader than for the PTMD (8+4) system.

However, it should be noted that the PTMD results are optimal, but not necessarily
practical. Specifically, the 60-80% damping ratio might not be really achieved. Thus,
similar SATMD results indicate that optimal level solutions can be obtained without

resorting to unrealistically large non-linear viscous damper values.
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Table 7-4

Displacement reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (Low Suite)

TMD

PTMD(8+4)

SATMD(8+4)

SATMD(8+4)*

Index

Maximum Displacement

Maximum Displacement

Maximum Displacement

Percentile

50th  16th 84th SEC

50th  16th 84th SEC

50th  16th 84th SEC

Level

12
11

[y
o

R N W b OO N 0 ©

069 052 091 0.56
0.71 053 094 0.58
0.73 055 097 0.57
0.78 059 1.03 0.57
070 049 099 071
0.67 051 088 0.55
0.64 050 0.80 0.47
061 050 0.75 041
060 051 0.72 0.35
060 051 071 032
060 050 0.71 0.35
060 050 0.73 0.37

0.74 047 116 0.93
0.76 049 120 0.94
081 052 126 091
089 058 135 0.86
071 043 117 104
0.71 047 109 0.86
0.70 048 102 0.78
0.70 050 098 0.69
072 054 096 0.58
0.74 057 097 054
0.75 057 099 0.56
0.76 058 1.01 0.57

0.85 055 134 0092
090 058 142 0.94
099 062 156 0.95
110 069 175 0.96
0.78 047 129 106
0.78 050 119 0.89
075 051 113 0.82
0.74 051 108 0.78
0.74 053 105 0.70
0.75 055 1.03 0.63
0.77 058 1.03 0.58
0.78 059 1.04 0.57

Table 7-5

Interstorey drift reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (Low Suite)

TMD

PTMD(8+4)

SATMD(8+4)

SATMD(8+4)*

Index

Interstorey Drift Ratio

Interstorey Drift Ratio

Interstorey Drift Ratio

Percentile

50th  16th 84th SEC

50th  16th 84th SEC

50th  16th 84th SEC

Level

12
11

[y
o

P N W b~ 01O N 00 ©

058 050 0.67 0.30
057 049 0.66 0.30
054 047 061 0.25
045 039 051 0.25
055 044 069 044
068 055 083 042
0.74 059 092 045
0.75 056 099 0.57
068 052 089 0.54
062 050 076 041
060 051 071 0.33
0.60 050 0.73 0.37

042 029 0.60 0.77
039 026 0.60 0.89
0.38 0.26 0.58 0.84
033 023 048 0.78
048 034 068 0.71
0.63 045 090 0.72
073 052 1.03 0.70
079 053 117 081
0.76 052 110 0.76
073 054 099 0.62
0.75 057 098 0.5
0.76 058 101 0.57

039 028 054 0.68
034 023 049 0.76
029 020 042 0.77
022 015 031 0.73
046 033 0.63 0.65
064 046 0.88 0.65
076 054 106 0.69
082 055 123 0.83
080 054 119 081
076 053 109 0.75
0.76 057 103 0.61
0.78 059 1.04 0.57
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Table 7-6

Storey shear force/weight reduction factor and standard error of control of ‘10+2’
and ‘8+4’ TMD building systems (Low Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Shear Force / Weight Shear Force / Weight Shear Force / Weight
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 0.74 0.63 087 032|066 050 087 057 | 063 047 086 0.61
11 | 0.68 056 082 038|054 038 076 069 | 049 035 069 0.71
10 | 0.65 053 080 041|053 038 075 070 | 0.44 030 064 0.78
9 | 062 052 073 035|055 039 077 069 | 040 028 059 0.78
8 | 072 059 09 043 | 061 043 086 069 | 059 042 082 0.69
T 7 1077 061 09 046 | 073 050 106 0.77 | 0.76 054 1.07 0.69
3 6|08 068 09 034]08 064 113 057|089 068 117 054
51079 061 102 051|087 062 122 069 | 092 065 132 0.72
4 | 070 056 087 044|082 061 110 059 | 087 063 120 0.65
3 /063 053 074 033|079 063 101 048 | 0.80 058 110 0.66
2 | 062 054 071 029|080 064 100 046 | 080 061 104 0.54
1 062 052 074 037|079 061 104 054|080 060 105 0.56
Table 7-7  Acceleration reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (Low Suite)
TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Total Acceleration Total Acceleration Total Acceleration
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 0.67 056 081 038|056 039 082 0.77 | 051 034 0.76 0.82
11 | 0.67 057 079 032|057 041 080 068 | 043 029 065 084
10 | 050 0.39 064 049 | 047 029 075 099 | 028 0.18 043 0.90
9 | 062 052 075 036|063 045 088 0.69 | 051 038 0.69 0.60
8 | 097 084 113 030 | 161 116 224 067 | 1.61 124 211 0.54
T 7 1079 065 095 037|115 085 155 061 | 113 086 148 055
3 6 |071 057 088 043|097 075 126 052|096 073 127 057
51072 053 098 063|100 073 138 065|097 070 135 0.67
4 | 076 056 103 062|104 076 142 064 | 100 073 139 0.66
3 /1083 068 101 040|099 079 126 048 | 096 0.74 124 053
2 |09 081 111 032|114 09 135 036 | 110 092 131 0.35
1 1097 08 110 024 | 110 092 130 034|111 096 128 0.29
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Table 7-8

Displacement reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (Medium Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Maximum Displacement Maximum Displacement Maximum Displacement
Percentile | 50th  16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC

12 | 080 069 093 031|100 075 134 059 | 092 058 145 0.96
11 | 082 070 097 032 | 104 077 139 060 | 096 060 153 0.98
10 | 086 073 101 032 | 1.10 082 147 059 | 1.02 063 165 1.00
9 | 092 078 108 033|118 090 157 057 | 111 068 181 1.01
8 | 067 056 081 036|061 043 08 071|071 050 1.01 0.73
T 7 | 068 057 082 037|064 046 089 067 | 075 053 106 0.71
3 6 |067 056 080 035|065 048 088 062|076 055 1.05 0.66
5 | 067 056 079 034|065 049 087 058|077 057 105 0.62
4 | 066 056 079 035|066 050 087 055|079 058 106 0.61
3 /066 056 078 035|068 053 088 052|080 059 1.09 0.63
2 | 067 055 080 038|071 055 093 053|082 059 114 0.66
1 | 067 055 082 040|074 057 097 054|084 060 117 0.68
Table 7-9  Interstorey drift reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (Medium Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Interstorey Drift Ratio Interstorey Drift Ratio Interstorey Drift Ratio
Percentile | 50th  16th 84th SEC | 50th  16th 84th SEC | 50th 16th 84th SEC

12 | 056 047 067 036|051 040 065 049 | 038 029 048 0.50
11 | 056 046 069 040 | 051 041 064 047 | 031 021 044 0.73
10 | 056 045 069 043 | 049 039 062 048 | 027 018 042 0.87
9 | 047 039 057 037|041 032 051 048 | 022 0415 032 0.77
8 | 056 045 069 042 | 045 033 062 064 | 036 022 057 0.97
T 7 |066 054 08 039|055 039 078 071|051 033 079 0.89
3 6 |071 058 08 043|061 042 089 078|065 043 097 0.83
51072 059 088 041|065 046 090 068 | 072 051 1.03 0.72
4 | 070 058 084 038|067 049 092 065|077 055 108 0.70
3 1068 057 082 036|068 050 091 060|079 058 1.09 0.65
2 | 066 056 079 035|070 054 091 053|081 059 112 0.65
1 | 067 055 082 040|074 057 097 054|084 060 117 0.68
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Table 7-10  Storey shear force/weight reduction factor and standard error of control of ‘10+2’
and ‘8+4’ TMD building systems (Medium Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Shear Force / Weight Shear Force / Weight Shear Force / Weight
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 062 055 071 025|070 062 079 024 | 058 047 0.71 0.40
11 | 056 046 0.67 038 | 058 050 068 029 | 041 033 051 044
10 | 056 045 071 047 | 053 044 064 037 | 035 026 047 059
9 | 056 045 069 043 | 052 042 066 046 | 0.34 024 046 0.65
8 | 066 052 085 049 | 056 040 079 0.70 | 040 0.25 0.65 0.99
T 7 | 068 054 086 047 | 058 041 082 070 | 053 035 0.80 0.86
3 6 |071 056 089 046|064 045 092 073|068 048 096 0.70
51072 058 088 042 | 068 048 095 069 | 075 054 1.03 0.65
4 | 069 058 082 035|069 052 091 058|077 057 105 0.63
3 /1068 057 08L 035|069 051 094 062|081 059 110 0.64
2 | 067 055 081 038|072 054 098 061 |08 059 113 0.66
1 |068 055 084 042|076 056 102 061|085 061 119 0.69

Table 7-11  Acceleration reduction factor and standard error of control of ‘10+2’ and ‘8+4’

TMD building systems (Medium Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Total Acceleration Total Acceleration Total Acceleration
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 064 051 079 044 | 074 061 09 039 | 053 040 0.72 0.60
11 | 0.68 057 081 035|068 059 079 029 | 047 035 062 058
10 | 058 050 068 032|062 046 084 061 | 040 031 051 0.50
9 | 073 063 08 032 |08 070 102 037 | 055 043 0.69 047
8 | 101 084 120 035|163 135 198 039|164 136 198 0.38
T 7 1079 064 097 043 | 118 097 142 038|121 094 156 051
3 6 |072 058 091 046|100 084 119 036 | 1.03 082 129 046
51071 057 087 043 |09 081 114 034 |09 074 123 051
4 | 072 055 09 057|093 074 118 047|099 074 132 058
3 1079 060 104 055|099 071 138 067 | 109 082 144 057
2 1098 079 122 044|116 081 164 072 | 118 092 153 052
1 |105 089 125 035|116 092 147 047 | 116 091 147 049
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Table 7-12 Displacement reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (High Suite)

TMD

PTMD(8+4)

SATMD(8+4)

SATMD(8+4)*

Index

Maximum Displacement

Maximum Displacement

Maximum Displacement

Percentile

50th  16th 84th SEC

50th  16th 84th SEC

50th  16th 84th SEC

Level

12
11

[y
o

R N W b OO N 0 ©

0.75 0.64 087 0.32
0.76 0.66 0.89 0.30
0.79 069 091 0.28
083 072 095 0.28
066 058 075 0.27
0.67 0.60 076 0.24
0.67 060 074 021
0.66 0.60 0.73 0.20
065 058 0.73 0.23
065 056 0.74 0.27
064 055 074 031
063 053 075 034

0.83 063 111 0.58
0.87 066 1.14 0.56
092 071 119 052
100 0.78 127 0.50
0.53 040 0.72 0.60
056 041 0.77 0.64
059 043 079 061
0.60 046 0.79 0.56
0.61 048 079 051
063 049 080 049
064 051 081 047
065 052 082 0.46

0.72 051 1.01 0.70
0.75 053 1.05 0.69
080 058 112 0.67
089 064 122 0.66
058 039 085 0.80
062 042 091 0.78
065 046 093 0.73
0.67 048 094 0.68
069 050 094 0.64
070 052 095 0.62
072 054 096 0.59
0.73 055 0.97 0.56

Table 7-13

Interstorey drift reduction factor and standard error of control of ‘10+2’ and ‘8+4’
TMD building systems (High Suite)

TMD

PTMD(8+4)

SATMD(8+4)

SATMD(8+4)*

Index

Interstorey Drift Ratio

Interstorey Drift Ratio

Interstorey Drift Ratio

Percentile

50th  16th 84th SEC

50th  16th  84th SEC

50th  16th 84th SEC

Level

12
11

[y
o

R N Wb OO N 0 ©

052 045 0.60 0.29
0.50 043 059 032
049 042 057 0.32
043 037 050 0.29
051 043 061 034
061 052 072 032
066 057 0.76 0.29
0.67 058 0.78 0.29
067 060 0.75 0.23
066 059 074 0.22
064 056 074 0.29
0.63 053 075 0.34

036 030 043 0.38
035 028 043 043
034 026 043 0.50
029 022 038 0.55
034 027 044 0.49
044 037 054 040
051 042 0.63 042
057 044 0.75 0.54
059 043 081 0.63
061 048 079 051
064 050 081 0.49
065 052 082 046

030 023 040 0.58
025 018 034 061
021 015 0.28 0.62
017 013 0.22 0.56
030 020 043 0.78
042 029 061 0.76
052 035 076 0.79
059 039 089 0.84
065 044 095 0.78
069 050 095 0.65
071 052 096 0.1
0.73 055 097 0.56
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Table 7-14  Storey shear force/weight reduction factor and standard error of control of ‘10+2’
and ‘8+4’ TMD building systems (High Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*

Index Shear Force / Weight Shear Force / Weight Shear Force / Weight
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 055 047 064 032|051 041 064 045 | 044 036 054 041
11 | 048 040 058 038 | 042 034 052 042 | 032 024 042 055
10 | 048 041 057 033|040 032 050 044 | 026 020 035 0.60
9 | 049 043 056 028 | 040 031 052 052|024 018 030 051
8 | 060 051 070 034|042 032 054 052|032 022 046 0.75
T 7 | 063 055 073 029|047 038 058 042|045 031 063 0.72
3 6 | 067 060 075 023|055 044 068 044|056 039 081 0.75
51069 061 078 025|061 046 080 056 | 064 043 096 0.83
4 | 067 061 073 018|062 047 082 057 | 069 048 099 0.73
3 1064 058 072 021|062 049 079 047 | 070 052 095 0.62
2 | 062 055 071 026|064 052 079 043|071 053 095 058
1 |062 053 073 033|066 053 082 044|074 057 096 0.54

Table 7-15  Acceleration reduction factor and standard error of control of ‘10+2” and ‘8+4’
TMD building systems (High Suite)

TMD PTMD(8+4) SATMD(8+4) SATMD(8+4)*
Index Total Acceleration Total Acceleration Total Acceleration
Percentile | 50th 16th 84th SEC | 50th 16th 84th SEC | 50th 16th 84th SEC
12 | 057 047 069 038|052 040 068 054 | 041 031 056 0.61
11 | 058 050 067 030|048 040 058 038 | 033 025 044 055
10 | 056 048 065 029 | 048 038 060 046 | 031 024 041 055
9 | 067 055 081 039|061 046 082 058 | 042 030 059 0.70
8 |08 072 101 034|130 106 159 041|136 108 171 0.46
T 7 | 067 056 079 035|096 073 126 055|100 076 131 055
3 6 |066 054 082 042|08 064 115 061|092 066 130 0.70
5 061 052 071 030 |08 065 113 056 | 087 061 124 0.72
4 | 065 054 078 038|084 064 110 054 | 08 062 119 0.67
3 1072 060 08 035|09 073 111 042|091 070 119 0.54
2 |08 070 104 040|097 078 120 044|101 078 130 052
1 1097 088 108 020 | 104 088 124 034|106 094 119 0.23
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7.6 Summary

This Chapter presented a case study on the seismic response of linear multi-storey
passive and semi-active tuned mass damper building systems under probabilistically
scaled suites of earthquake records. Linear structure models give a good indication of
the overall structure response without computational intensity of more realistic
nonlinear studies. Hence, they provide good initial indications of the efficacy of any
design approach. To demonstrate the effects of the PTMD and SATMD building
systems, 10+2 and 8+4 storey, two-bay reinforced concrete framed structures were
developed in Ruaumoko, and results were compared to results for structures with no

control.

Based on the performance results of the previous 2-DOF study for the device design,
the optimal parameters of the multi-degree of freedom structure were derived. From
this value a stiffness allocations to the resetable device and rubber bearings were
defined. The choice of the control parameters does not indicate an ideally optimum
selection. Instead, they were chosen as reasonable values, based on design

considerations and the values that gave the best response in a previous analysis.

Modal analysis showed that the TMD building systems have the unique modal
features to isolate the structure to be controlled effectively and that the resetable
device provides a more advanced control function by effectively anticipating the
isolation layer response using sensor feedback. Specifically, the PTMD and SATMD
response clearly showed a far different dominant structural period of response
compared to the uncontrolled case. Hence, the modal response between the TMD
systems used shows that the PTMD and SATMD designs developed reduce structural

response by different mechanisms, which is an interesting and unique result of its own.

From the performance results over several response indices, time history analysis and
normalised reduction factor results showed that the TMD building systems can
provide significant reductions on the control indices for all seismic hazards at the cost

of increasing the acceleration at the isolation interface. In this respect, the SATMD
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and the higher mass ratio (8+4) building structures, as compared to the PTMD

building system, have shown the best results.

From this chapter, the validity of the MDOF linear PTMD and SATMD building
systems has been demonstrated. The response features obtained in this linear analysis
could be used as the initial design reference for the further studies investigating
inelastic seismic response for more realistic nonlinear structures. Even though this
study does not provide exact design criteria, the aim of this analysis is to statistically
quantify the fundamental qualitative benefit of these TMD systems by examining both
the efficacy of the segregated structural configuration and the use of resetable devices

in that approach.
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8 12+2 and 12+4 Storey TMD Building Systems

8.1 Introduction

Based upon new and emerging findings in the area of seismic effects on buildings, an
increasing number of existing structures are facing the necessity of seismic retrofit.
There is not yet a practical method for a large number of buildings to improve their
performances in the case of an earthquake event. In addition, there is an increasing
desire to expand upwards due to lack of new land to develop. The TMD building
system can be a great help for both cases because it does not require any major
changes in existing buildings and, in some cases can be applied without significant

interruption in their operation.

In an ideal case, it is possible to apply this technique on top of the structure simply by
adding a few storeys as these storeys become part of the structure control system,
alleviating the necessity for additional mass that is redundant for the majority of the
time. This approach is considered as a quite lucrative retrofit approach in places
where land for new buildings is expensive. As an example, a comparison between a
12-storey building and a 16-storey case retrofitted with a TMD on top of the 12" floor
can be performed. This case can be interpreted as adding four more storeys on top of

the existing 12-storey structure.

8.2 Modelling

Again, a 12-storey, two-bay reinforced concrete framed structure is modelled in to
investigate the effects of the TMD building systems. The dynamic properties of this
frame are listed in Table 8-1. Two stories and four stories are added and isolated for
the control of 12-storey models and these mean that 24% and 40% mass is added to
the 12-storey structure creating ‘12+2° storey and ‘12+4’ storey structures,
respectively (Chey et al. 2006). These cases are shown schematically in Figure 8-1.
The optimal parameters for TMD systems are based on the dynamic properties of the

12-storey frame and listed in Table 8-2.
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Figure 8-1 “12+2’ and ‘12+4’ storey two-bay reinforced concrete framed structures

Table 8-1  Dynamic properties of 12-storey building
Item 12-storey Unit
Weight 19,190 kN
1% Modal Mass 1,514 kN-s/m
Natural period 1.88 sec
Frequency 3.342 rad/sec
Damping Ratio 0.05 -
1° Modal Amplitude 1.36 -

Table 8-2  Parameters for TMD building systems
Model H fum Gem gelm e PV
PTMD(12+2) 0.31 0.684 0.716 2,448 1535 -
SATMD(12+2) 0.31 0.684 - 2,448 - 1,017
PTMD(12+4) 0.52 0.568 0.842 2,814 2489 -
SATMD(12+4) 0.52 0.568 - 2,814 - 1,914
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Based on the design results from the 2-DOF analysis of Chapter 5, the SAS0TMD was
used for all of the ground motion suites. The total value of Kwaop: is allocated to
rubber bearing stiffness and the stiffness of the resetable device for the given SATMD
building systems. The maximum device force is set at 1,017kN for the ‘12+2” model
and 1,914kN for the ‘12+4’ model. For the PTMD building system, the value of
Cmzopt 1S USed as the damping coefficient of the viscous damper along with the value of

Kmaopt, despite the potentially over-large damping provided by this optimal case.

8.3 Performance Results

The analytical results for the buildings described are obtained to check the
performance of each structural control case. To investigate the efficiency of the
applied control systems, the 50" (median) and 84" percentile responses of the No
TMD, PTMD, and SATMD under the suites (low, medium and high) are compared
over all floors and the response envelopes are presented in Figures 8-2 to 8-13. The
peak relative displacements, total accelerations, interstorey drift ratios and storey

shear forces for all floors are calculated as control effectiveness indices.

In addition, to compare the TMD systems developed, the summarised response values
and those reduction factors to the No TMD system over 1% to 12" floor (original
storeys) have been listed in Tables 8-3 to 8-5. This is a possible summarising
approach, since the most of the response envelops are reasonably uniform or linear,
and the distribution of the demands are fairly equivalent and the slight differences are

apparent with TMD cases developed.

Overall, it is observed that the SATMD control provides satisfactory reductions and
that control performance is clearly dependent on the specific earthquakes and suites.
In addition, the control effects of the SATMD systems are not so influenced by the
amount of added mass (12+2 vs. 12+4). As expected, the response differences
between systems become more pronounced at the 84th percentile values. On average,
the 12+2 or 12+4 storey TMD system received considerably more input energy than
the original 12-storey building. However, the share of structural components of the
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system from this energy remained small. Reductions in responses are fairly modest
considering that the retrofitted structures have fourteen and sixteen storeys instead of
the twelve of the original configuration. In addition, care must be taken not to assume
that TMD strategies which reduce statistical values for the ground motion sets will
reduce demands for all individual excitations. In a motion-by-motion comparison,

occasionally the TMD systems do make performance worse.

The maximum displacements of each level increase steadily over the height of the
level under the all suites in Figures 8-2, 8-6 and 8-10. All TMD (PTMD and
SATMD) systems produce very similar displacements under the low suite (Figure
8-2). However, under the medium suite, the SATMD systems show greater more
reductions, and the distribution of different displacement demands is fairly equivalent
and apparent (Figure 8-6), while, under the high suite, the PTMD systems
demonstrate more reduced and evenly distributed demands (Figure 8-10). The 50th
percentile reduction factors of the maximum displacements by the SATMD systems
are 0.65~0.78 under the suites, while 0.64~0.81 by PTMD systems, as shown in
Tables 8-3 to 8-5.

The envelopes of the interstorey drifts are reasonably uniform, whereas the drifts are
decreased over the 12th floor to the 16th floor. Though, under the low suite, the
distributions of the drift demands are similar between the TMD systems, differences
are apparent between the TMD systems for medium and high suites. In particular, the
drift envelops of both PTMD systems (12+2 and 12+4) and SATMD systems (12+2
and 12+4) cross one another at the 9th floor under the high suite (Figure 8-11).
Overall, the SATMD systems present more reliable and constant drift demands along
the height of the original 12-storey structures. In the medium suite, for example, the
SATMDs show the 50" percentile drift demands close to 1.0% at most of the floors
(Figure 8-7). The 50th percentile reduction factors of interstorey drifts by the
SATMD systems are 0.71~0.77 under the suites, while 0.70~0.83 by PTMD systems,
as shown in Tables 8-3 to 8-5. Again, the SATMDs prove to be more effective under
the medium suite than any other suites.

The storey shear forces divided by total weight of the structure with the TMD systems

also show good reductions based on the results from the maximum displacements
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(Figures 8-4, 8-8 and 8-12). Under the all suites, the normalised shear force demands
are reduced and, these response reductions are increased for 12+4 cases. In spite of
adding 24% mass (12+2) and 40% mass (12+4) to the buildings, the method of
construction that uses TMD (PTMD and SATMD) at the interface actually reduces
the seismic demand in the storeys under the all suites of the earthquake records
considered. The PATMD systems result in greater reductions of normalised shear
force demands than the SATMD systems under the high suite (Figure 8-12). The 50th
percentile reduction factors of normalised storey shear forces by the SATMD systems
are 0.52~0.63 under the suites, while 0.48~0.64 by PTMD systems, as shown in
Tables 8-3 to 8-5.

The acceleration responses of the isolated stories of the upper segment have a
significant reduction in all cases. The reason for these reductions is again that the
upper segment is isolated from the main structure, so base excitation is not directly
transmitted to the separated upper portion of the TMD as discussed in Chapter 7. As
seen in Figures 8-5, 8-9 and 8-13, the acceleration distributions over the height are
fairly similar and the PTMD systems show more reduced demands under the all suites.
Added viscous dampers of the PTMD systems have the benefit of being capable of
reducing the acceleration demands on the structure while resulting in more even
distributions over the height of the structures. The SATMD systems, in contrast,
produce less effective acceleration demands over the original 12-storey structures due
to semi-active control operations. However, the isolated upper storeys of the SATMD
systems are more effectively controlled than the PTMD systems, and these reflect the
effective interruption of energy flows between both upper and lower segments of the
structures. The 50th percentile reduction factors of accelerations by the SATMD
systems are 0.87~0.91 under the suites, while 0.64~0.76 by PTMD systems, as shown
in Tables 8-3 to 8-5.

In all cases, it should be noted that PTMD results represent optimal exact tuning.
Such exact tuning may not be practically possible due to construction or load
variability, as well as degradation over time. Hence, the SATMD results would

appear much better given their broad control band and adoptability.
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16 16

15 50th Percentile 15 r 84tn Percentile
14 / """" No TMD 14

13 | PTMD(12+2) 13 b

SATMD(12+2)
12 12
PTMD(12+4)

1 ——SATMD(12+4) 1

10 10

9 r 9 r

°
8 r o) 8 r
—

7t 7L

6 6

57T 5

4 r 4 F

3 r 3r

2 5 |

1F 1r

0 0

0 5 10 15 0 5 10 15
Acceleration (m/s/s) Acceleration (m/s/s)

Figure 8-5 Total acceleration of ‘12+2” and ‘12+4’ models (Linear / Low suite)
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Table 8-3  Seismic demands and reduction factors over 1% to 12" floor of PTMD(12+2 and
12+4) and SATMD(12+2 and 12+4) building systems (low suite)

Index > l_\/Iaximum Interstorey Shear Force / Total _
Displacement Drift Ratio Weight Acceleration

Percentile > 50th 84th 50th 84th 50th 84th 50th 84th
No TMD 0.130 0.186 0.713 1.123 0.035 0.053 4.62 8.22
PTMD(12+2) 0.087 0.130 0.516 0.830 0.021 0.032 3.47 6.33
[RF] [0.67] [0.70] [0.72] [0.74] [0.60] [0.60] [0.75] [0.77]
SATMD(12+2)  0.088 0.132 0.525 0.833 0.022 0.033 4.20 7.42
[RF] [0.68] [0.71] [0.74] [0.74] [0.63] [0.62] [0.91] [0.90]
PTMD(12+4) 0.083 0.121 0.501 0.780 0.018 0.027 3.38 6.07
[RF] [0.64] [0.65] [0.70] [0.69] [0.51] [0.51] [0.73] [0.74]
SATMD(12+4)  0.085 0.128 0.504 0.812 0.019 0.029 4.06 7.34
[RF] [0.65] [0.69] [0.71] [0.72] [0.54] [0.55] [0.88] [0.89]

Table 8-4  Seismic demands and reduction factors over 1% to 12" floor of PTMD(12+2 and
12+4) and SATMD(12+2 and 12+4) building systems (medium suite)

Index > l_\/Iaximum Interstorey Shear Force / Total _
Displacement Drift Ratio Weight Acceleration

Percentile > 50th 84th 50th 84th 50th 84th 50th 84th
No TMD 0.250 0.345 1.303 1.689 0.062 0.079 6.76 8.76
PTMD(12+2) 0.203 0.287 1.075 1.378 0.040 0.048 5.14 6.91
[RF] [0.81] [0.83] [0.82] [0.82] [0.64] [0.61] [0.76] [0.79]
SATMD(12+2)  0.180 0.244 0.959 1.217 0.037 0.047 5.87 7.96
[RF] [0.72] [0.71] [0.74] [0.72] [0.60] [0.60] [0.87] [0.91]
PTMD(12+4) 0.195 0.265 1.077 1.358 0.034 0.041 4.81 6.60
[RF] [0.78] [0.77] [0.83] [0.80] [0.55] [0.52] [0.71] [0.75]
SATMD(12+4)  0.173 0.238 0.926 1.220 0.032 0.042 5.89 8.08
[RF] [0.69] [0.69] [0.71] [0.72] [0.52] [0.53] [0.87] [0.92]

Table 8-5  Seismic demands and reduction factors over 1% to 12" floor of PTMD(12+2 and
12+4) and SATMD(12+2 and 12+4) building systems (high suite)

Maximum Interstorey Shear Force / Total

Index > Displacement Drift Ratio Weight Acceleration

Percentile > 50th 84th 50th 84th 50th 84th 50th 84th

No TMD 0484 0775 2467 3907 0116 0180 120 17.9
PTMD(12+2) 0347 0540 1860 2.824 0068  0.102 8.2 11.4
[RF] [0.72] [0.70] [0.75] [0.72] [0.59] [0.57] [0.68]  [0.64]
SATMD(12+2) 0371 0604 1892 2964 0072 0114 105 15.4
[RF] [0.777 [0.78] [0.77] [0.76] [0.62] [0.63] [0.87]  [0.86]
PTMD(12+4) 0316 0476 1769 2676  0.056  0.083 7.7 105
[RF] [0.65] [0.61] [0.72] [0.69] [0.48] [0.46] [0.64]  [0.59]
SATMD(12+4) 0376 0628 1905 3.099 0065 0105 106 15.6
[RF] [0.78] [0.81] [0.77] [0.79] [0.56] [0.59] [0.88]  [0.87]
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8.4 Summary

This Chapter shows the response characteristics for extended linear TMD building
systems when new stories are added as the tuned mass. Overall, the results are quite
promising, but may not look convincing. Intuitively, adding more storeys to the
existing building is primarily an attempt to control the 1* mode of vibration of the
original structure by a damping mechanism located on the top of the building.
Therefore, from a structural point of view, the additional storeys are solely meant to
be a support for the reaction of the damping mechanism. In the new system, the mass
of added storeys contributes mostly to the 1* mode of vibration, which is properly
isolated by a long natural period. The 2" mode of the structure, which has the mass
of the original building, is now accompanied by a large damping ratio as was intended,

by design thus describing how energy and force transmitted to the system are reduced.
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9 Nonlinear MDOF TMD Building Systems

9.1 Introduction

In order to predict the actual seismic responses of a building for possible earthquake
excitations, the inelastic characteristics of the structural behaviours should be
understood. Also, the prediction of inelastic seismic responses and the evaluation of
seismic performance of a building structure are very important subjects in
performance-based design. A compromise between accuracy and efficiency is usually
necessary, requiring a determination of the level of modelling and type of analysis
required for this purpose. However, linear models can overestimate the effectiveness
of the structural system when comparing controlled performance with uncontrolled
response. Thus, a reliable evaluation of the effect of nonlinear behaviour on the
demands resulting from time history analyses is required and, finally leads to accurate
evaluation of the seismic performance not only for the global nonlinear behaviour of a

building but also for its local nonlinear seismic responses.

Previous control evaluation research into the effect of nonlinear aspects has
highlighted the necessity to include two main types of nonlinear effects if models are
to accurately represent real and actual structural demands (Barroso 1999; Breneman
2000). The inclusion of the effect of geometric nonlinear P-delta effects of flexural
stiffness is the one of these aspects, while the other is a nonlinear hysteretic model to

account for structural energy dissipation and yielding during large motions.

The structural vibration procedure under earthquake excitation is actually an energy
transferring process in nature. Energy is released by the collision of underground
plates, and the movement of the ground transfers part of energy to the buildings to
induce structural vibrations. The input energy is then transformed into other types of
energy, such as strain energy and kinetic energy. Therefore, the energy dissipation in
a building is the capacity of the structural member to dissipate energy through
hysteretic behaviour. An element has a limited capacity to dissipate energy in this
manner prior to failure. As a result, the amount of energy dissipated serves as an

indicator of how much damage has occurred during seismic loading.
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In addition, detection of damage to structures has recently received considerable
attention from the view point of maintenance and safety assessment. In this respect,
the vibration characteristics of buildings have been applied consistently to obtain a
damage index of the local and whole building. Capturing the accumulation of damage
sustained during dynamic loading is of particular interest to structural engineers. This
process is usually accomplished through a low-cycle fatigue formulation or
calculation of the energy absorbed by the system during loading. In both those cases,

inelastic behaviour is assumed before any damage is considered.

In order to demonstrate the accurate and valid controlled performances of the
SATMD building systems, in this chapter, the inelastic time history analyses based on
nonlinear structural models including the main types of nonlinear effects are used. In
addition, dissipated hysteretic energy and weighted damage values are evaluated as
performance indices as well as some traditional response performance indicators as

previously discussed in Chapters 7 and 8.

9.2 Modelling

9.2.1 P-delta Effects

In most analyses, the first order moments and deflections are determined on the
assumption of linear elastic behaviour. However, as the frame sways laterally the
vertical loads acting through the deflected shape cause additional moments and
deflections. These added moments and deflections are second order effects that are
not predicted by the first order analysis, but may be important in large structural
responses. More specifically, these effects produce a second order stiffness called the

geometric stiffness, which may be assigned to augment the first order stiffness.

When large deflections are present, the strain-displacement equations contain

nonlinear terms that must be included in calculating the stiffness matrix k. The
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nonlinear terms in the equations modify the element stiffness matrix k so that the total

stiffness is defined:

k=keg +Kg (9-1)

where k. is the standard elastic stiffness matrix and k is the geometric stiffness

matrix.

The geometric stiffness matrix, k; , is presented in Equation (9-2) where the

formulation was based on the lateral deformation shape along the beam being a cubic

function of the position along the length.

(9-2)

|
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where P is the axial fore, @is the stability coefficient and L is the member length.

Instead of using the cubic function, a linear function was used in this study, as seen in
Figure 9-1. The net effect is the same as subtracting the geometric stiffness from the
member stiffness, but is computationally more efficient. This is based on the
assumption that the same displacement as the cubic function, ¢, is a function of shear
force, V, and the member force, L. Such an assumption implies the use of an average
slope over the whole length of the structure. When this assumption is used, the

simplified geometric stiffness matrix is defined:

v, 1 0 -1 o,
. _|M|_Pl0o 0 0 ofa
°“lv,| " L|-1 0 1 ofs, (0-3)
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The above geometric stiffness matrix of Equation (9-3) is usually referred to as the

string stiffness.
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Figure 9-1 Configurations of slope in calculating the geometric stiffness

To represent the second order effects due to the lateral displacement of the gravity
loads, the simplified P-delta option was used in Ruaumoko (Carr 2004). Here, the
displacements are assumed to be small and the coordinates are unchanged, but the
beam and column stiffnesses are adjusted for the axial forces from the static analysis.
This allows for the lateral softening of the columns due to the gravity loads. The P-
delta effect is assumed to be constant as the increase in stiffness on one side of the
structure is matched by a decrease in stiffness on the other side of the structure under

lateral loading, where the sum of the vertical forces is assumed to be constant.

9.2.2 Hysteresis Models

In the inelastic analysis of structures, the force-deformation relationship of members
observed in a laboratory test must be idealised into an analytical moment-curvature
hysteresis model. One of the general hysteretic characteristic is the stiffness change
due to cracking of the concrete and the yielding of the reinforcement. It has been
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shown from previous studies that these stiffness changes can have a significant effect
on the response amplitude, response waveform, residual displacement, and hysteresis

loop shape.

9.2.2.1 Elasto-Plastic and Bilinear Models

At the initial development stage of the nonlinear dynamic analysis, the elasto-
perfectly plastic hysteresis model (elasto-plastic), shown in Figure 9-2, was used.
This model is intended for perfectly elasto-plastic materials. The primary curve
consists of a bi-linear relationship, which also defines member stiffness during
loading, unloading and reloading. Accordingly, the elastic slope represents the
effective stiffness of reinforced concrete prior to yielding, including the effect of
cracking. The same stiffness is also used during unloading and reloading beyond the
elastic rage between the yield loads in two directions. Upon reaching the yield load,
the member is assumed to have zero stiffness until unloading begins. It can thus be
defined by only three rules, defining the regime of stiffness changes for loading and
load reversal (Saiidi 1982).

The primary curve of the Bilinear model, shown in Figure 9-3, also consists of two
segments as in the Elasto-Plastic model. The Bilinear model has a finite positive
slope that is assigned to the stiffness after yielding to simulate the strain hardening
characteristics of the reinforced concrete member. The unloading stiffness after
yielding is equal to the initial elastic stiffness. The post-yield stiffness, rko, as seen in
Figure 9-3, is the effect of the strain hardening and is usually expressed as a fraction, r,
of the initial stiffness, ko. In a similar manner to the Elasto-Plastic model, the Bilinear

model is easy to formulate and can be described by only three rules.

These two models do not represent the degradation of unloading and reloading
stiffnesses due to inelastic deformation, which is a characteristic feature of reinforced
concrete. The energy dissipation during small amplitudes is also not modelled. These
two models are thus not fully appropriate for a refined nonlinear analysis of a

reinforced concrete framed structure (Otani 1981; Saiidi 1982). However, they have
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been widely used because of the simplicity because of the simplicity and reasonable

approximation they offer.

= rko ‘—/‘ =
—5 15
Figure 9-2  Elasto-plastic hystresis Figure 9-3  Bilinear hystresis

9.2.2.2 Degrading Bilinear and Clough Degrading Stiffness Models
The degrading bilinear model is similar to the bilinear rule except that the loading and

unloading stiffness degrade with the previous maximum displacement (Nielsen and
Imbeault 1971), shown in Figure 9-4. The degraded stiffness can be defined:

w)
K, =Kol = (9-4)

d,
where o : unloading stiffness degrading parameter (0 < o < 1)
Ko: initial elastic stiffness
dy: yielding displacement
dm: previously attained maximum displacement in any direction

The unloading stiffness remains constant until the response displacement amplitude
exceeds the previous maximum displacement in either direction. If the value of « is
chosen to be zero, the unloading stiffness will not degrade with yielding and the
degrading bilinear model reverts to the bilinear model. A smaller value of « tends to
produce a larger residual displacement. Like the Elasto-Plastic and Bilinear models,

this model does not dissipate hysteretic energy until yield occurs.
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The Clough Degrading Stiffness Model (Clough and Penzien 1966), shown in Figure
9-5, was the first degrading stiffness rule to represent reinforced concrete membdr
hysteretic behaviour. The rule is the same as the modified Takeda rule when the
parameters « and / are both equal to zero. The unloading stiffness after yielding is
kept equal to the initial elastic stiffness. The response point during reloading moves

toward the previous maximum response point.

The Clough model has two areas of deficiency. First, the model does not consider the
degradation of the unloading stiffness, which is one of the characteristic features of
reinforced concrete members. Second, the model may overestimate the softening of
the reloading stiffness for the subsequent cycles of small inelastic excursion after a
large inelastic excursion. However, in a global sense, when considering both the

unloading and reloading paths, an effective cyclic reduction of stiffness is observed.

il I kg 4 .’i,+ rk
g & (dy )'1 eg. Previous yield - k
u = "ol in tension o
e] Oy )/ ko
| ! I -
4 d
Ky o m @ k /(
o / eg. No yield i

rko 4_./__ E- rko Le- compressi
Y Yy
Figure 9-4 Degrading bilinear hystresis Figure 9-5 Clough degrading hystresis

9.2.2.3 Modified Takeda Model

The Takeda model includes stiffness changes at flexural cracking and yielding,
hysteresis rules for small cycle inner hysteresis loops inside the outer loop, and
unloading stiffness degradiation with deformation. When compared to the Bilinear
Hysteresis Model, this model is more complicated, but also more realistic in

simulating the nonlinear behaviour of reinforced concrete members.

149



However, the disadvantage of this hysteretic model is the complexity of the rules.
The primary curve of the Takeda model has therefore been modified by Otani (Otani
1974) to be bilinear, by choosing the yield point to be the origin of the hysteretic loop
instead of original tri-linear back-bone. Such a model is called as the “bilinear
Takeda” model, as shown in Figure 9-6, where a is an unloading stiffness degrading
factor and B is a reloading stiffness degrading factor. Increasing a decreases the
unloading stiffness, and increasing P increases the reloading stiffness. The unloading
stiffness after yielding is (dy/dm)“ times the initial elastic stiffness, ko, which is similar
to the approach used by Emori and Schnobrich (1978). The response point during
reloading moves toward the point, whose displacement is (dn-Bd,), where dy, is the
displacement of the previously maximum inelastic response point. a usually ranges
from 0.0 to 0.5, while B is from 0.0 to 0.6. An alternative that is modelled on the
Drain-2D program (Kanaan and Powell 1973) for the unloading stiffness is available
in the program Ruaumoko (Carr 2004).

d
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Figure 9-6  Modified Takeda hystresis

For post 1970’s structures, where typical hysteresis loops are available, it is suggested
that the Modified Takeda model be used. The equivalent unloading and reloading
stiffness degradation parameters o and B should be determined for the experimental
hysteresis loops of the similar members, as shown in Equations (9-5) and (9-6).

d
a:InK“/Iny (9-5)
Ko/ dp
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fi= (9-6)

where Ko and K, are the initial and degraded unloading stiffness at maximum
displacement, dn respectively, and dy is the yield displacement. Finally, d, = dn — dy

and pd, refer to the definitions in Figure 9-6.

9.2.2.4 Recommended Hysteresis Model

Considering that the Modified Takeda hysteresis model is able to use different
unloading and reloading stiffness degrading parameters, and better represents realistic
hysteretic behaviour of reinforced concrete members, this hysteresis model is
recommended when carrying out inelastic time history analysis for computing damage
indices for members, storeys and structures. The main problem is to identify the
unloading and reloading stiffness degradation parameters o and B, especially the
unloading stiffness degradation parameters, o, due to its greater sensitivity in the
overall structural prediction. The unloading and reloading stiffness degradation
parameters o and [ can be identified by comparing with experimental hysteresis loops

for the same or similar members to those in the modelled structures under evaluation.

Varying the unloading stiffness degradation parameter o from 0.0 to 0.3 and the
reloading stiffness degradation parameter 3 from 0.0 to 0.6 does not significantly
affect the predicted storey and structural damage indices for the Modified Takeda
hysteresis model. The larger the unloading stiffness degradation parameter a
(0.3<a<0.5), the larger the predicted overall structural damage indices. For the Park
et al. (1987) member damage indices, the maximum variation in the structural damage
index by increasing the unloading stiffness degradation parameters o (0.3<a<0.5) can
be up to 1.25.

For post 1970’s structures, if the hysteresis loops from laboratory tests for the

members or similar members of structures to be analysed are unavailable, the

Modified Takeda (a=0.5, =0.0) may be used for the damage evaluation. Using the
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Modified Takeda hysteresis model, in this research, the inelastic dynamic time history

is carried out.

9.3 Seismic Energy Demand

9.3.1 Introduction

It is well known that seismic damage to a multistorey frame is not only caused by
maximum response, such as force or lateral displacement. Inelastic excursions below
the maximum response can still cause significant damage to structures (McCabe and
Hall 1992). This duration-related damage, which can be expressed as the energy
absorbed in a structure, should also be considered in the evaluation of structural

performance (Akiyama 1985; Leelataviwar et al. 1999).

Meanwhile, new trends in the seismic design methodologies are oriented to the
definition of performance-based methods for the design of new facilities and for the
assessment of the seismic capacity of existing facilities. In this field, using energy
concepts allows optimisation of the design and detailing. It also enables the optimised
selection of strategies and techniques for innovative control or protective systems,

such as base isolation and passive energy dissipation devices (Bertero 1997).

To extend the energy-based analysis method to multistorey frames, a procedure for
the estimation of energy demand in a multi-degree-of freedom (MDOF) system is
needed. In the last few years this approach has been largely accepted (Fajfar and
Fischinger 1990; Uang and Bertero 1990; Zahrah and Hall 1984) and it has been
introduced in advanced seismic codes, such as the Japanese code (Akiyama 1985). In
particular, the energy criterion postulates that the structure collapses when it is
demanded to dissipate, through inelastic deformations, an amount of energy larger

than that supplied.

The energy approach remains a powerful tool, because it is simple to use and has a

large experimental background. Moreover, if the allowable energy is assumed to be
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equal to the energy dissipated under monotonic loads, the energy criterion represents a
lower limit of the response capacity of the structure (Cosenza et al. 1993). Therefore,

its application is on the safe side leading to a conservative design.

9.3.2 Hysteretic Energy Index

The input energy due to a ground motion depends mainly on the elastic period of the
structure and on the seismic record, while it is much less dependent on the viscous
damping and characteristics of the plastic response like the hysteresis and the ductility
(Akiyama 1985; Fajfar and Vidic 1992; Uang and Bertero 1990; Zahrah and Hall
1984). Hence, the assessment of the input energy represents a good starting point to
develop a seismic design method based on energy criteria. However, even though the
input energy demand can be considered a good indicator of the damage potential of
the earthquake (Bertero and Uang 1992; Conte et al. 1990), it must be noted that only
a small percentage of the input energy dissipated as hysteretic energy related to

seismic structural damage.

Ductile moment resisting framed structures of reinforced concrete designed using the
capacity design philosophy allow energy to be dissipated at any of the beam ends at
any level, as well as at the base of the first storey columns, via inelastic hysteretic
behaviour. The hysteretic energy dissipation capacity of a member can be expressed
by a hysteretic energy dissipation index, Ep, witch can be obtained from Equation
(9-7) with the hysteretic model for the member (Otani 1981). The index, Ej, is
defined to be the amount of hysteretic energy dissipated Aw per cycle during a
displacement cycle of equal amplitudes in the positive and negative directions divided
by 2zFndm, where 2zFndn is the critical viscous damping energy of an equivalent
elastic member of stiffness Keq=Fm/dm.
Aw

E, = 9-7
= (9-7)

m=m

where F, is the resistance at the peak displacement dn,, shown in Figure 9-7. The

value of the index is equal to the equivalent viscous damping ratio of a linearly elastic
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system which is capable of dissipating an amount of energy, Aw, in one cycle under
“resonant steady-state” oscillation. The fore, F could be concentrated force and
bending moment. The displacement, d, could be deflection, rotation and curvature.
In this research, all of the forces and displacements related to hysteresis models refer

to bending moment and curvature.

Figure 9-7  Hysteretic Energy Dissipation Index (Otani 1981)

The hysteretic energy dissipation index of the Modified Takeda Model is defined:

I ol zﬂ(ﬂ_l)Rp l -
E, _E{Z—[Rp(ﬂ—z)(ﬂ_l)_z]’u +m+ﬂ(]—— IUJ} (9-8)

where  Rp: ratio of post-yield stiffness to initial stiffness

unloading stiffness degradation parameter

o -
g reloading stiffness degradation parameter

u - ductility factor (ratio of maximum displacement to the initial

yield displacement)
The energy index is a function of the unloading and reloading stiffness degradation

parameters, the ratio of post-yielding stiffness to the initial elastic stiffness, and the

curvature ductility factor, as shown in Figure 9-8.
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Figure 9-8  Hysteretic energy dissipation Index of the modified Takeda model

9.4 Seismic Damage Assessment

9.4.1 Introduction

The structural ductility factor indicates the maximum deflection of the structure under
earthquake excitation. This deformation of the structure is strongly related to the
damage of the structure. Hence, the damage of the structure is not evaluated only by

the dissipated energy, number of cycles, stiffness deterioration and so on.

Degrees of damage are usually quantified using damage indices. In the past, many
analyses have used the member ductility factors as a crude measure of damage
potential. However, a realistic damage index for seismic damage assessment requires
capturing not only the maximum response values, but also the total dissipated energy.
Figure 9-9 shows two different inelastic displacement (curvature) histories of the
same maximum response value that could be experienced by one structural member.
The degrees of damage implied for the two curvature time histories will be same if
only the maximum curvature ductility is used as the damage measure. This method
ignores the effect of the accumulated dissipated hysteretic energy or the number of

inelastic excursions on the accumulated damage in the member. However, it is
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obvious that the displacement (curvature) history (b) will result in larger accumulated
dissipated energy and much more damage in the member than that for history (a).

»
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Figure 9-9  Two different inelastic displacement (curvature) histories (Dong 2003)

The degree of seismic damage for the member, the storeys, or the whole structure can
thus be predicted or evaluated using damage models. Such models are used in order
to either adjust the preliminary structural design under the design level earthquake,
make an engineering decision to demolish or repair an existing structure after an
extreme or moderate earthquake excitation, or to access the potential damage to a
structure in a future earthquake. Damage models for reinforced concrete members are
generally divided into five main categories. These categories are maximum ductility,
normalised energy (Bracci et al. 1989), ductility and energy (Banon and Veneziano
1982; Park and Ang 1985; Park et al. 1985), a modified version of Miner’s
Hypothesis (Chung et al. 1987), and a stiffness degraded method (Roufaiel and Meyer
1987). Meanwhile, the global damage index may take three forms, the weighted
average of the local member damage indices, the weighted average of all the storey

damage indices, and the softening global damage index.

9.4.2 Member, Storey and Structure Ductility

Member ductility can be expressed as a function of either rotation or curvature at the
member end. The member curvature ductility is defined as a ratio of maximum
curvature to the yield curvature. The yield curvature can be obtained from the static

moment-curvature relationship.
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Hrax = ¢max (9_9)

Py
where  g...:  maximum member curvature ductility
Do - maximum curvature at the member end

g, yield curvature

The beam members are carefully designed and detailed according to New Zealand
codes and it needs to be able to sustain a curvature ductility of up to 30, which just
meets the required member ductility demands. Thus, a beam curvature ductility of 30
is used in this research. For the column members, the ultimate curvature ductility of
20, which was used for the original 12-storey Jury frames (Jury 1978), is used for all
the columns in the first storeys of the structure as part of the input data or the member

damage indices.

The storey ductility, s, is defined as the ratio of the maximum interstorey drift to the

yield interstorey drift which can be determined using a pushover analysis or by the
Carr and Tabuchi approach (Carr and Tabuchi 1993):

=2 (9-10)

where  d,: maximum interstorey drift

d, : yield interstorey drift

sy

The structural ductility, gz, , is defined as the ratio of the maximum top-level

displacement to the yield top-level displacement.

=0t (9-11)
d,
where  d,: maximum top-level displcement

top-level displcement at yield

157



9.4.3 Damage indices

In evaluating seismic damage in a reinforced concrete, ductile framed structure, the
damage indices for the structure and storeys are regarded as more rational indicators
than the structure and storey ductilities.  Although the structural and storey
displacement ductilities are strongly related to the overall damage in the structure and
storeys, they cannot reflect the contribution of the dissipated energy due to inelastic
cyclic behaviour and the stiffness deterioration in members to the overall damage in
the structure and in its storeys. There is a linear relationship between the structural
damage indices and the structural displacement ductilities (Carr and Tabuchi 1993,
Dong 2003). This relationship may alter for long durations of strong shaking due to
large number of cycles of inelastic behaviour giving larger accumulated energy

dissipation to the structural damage index.

From the inelastic step-by-step integration time history analyses, the member damage
indices for every inelastic member end can be obtained. From this data the storey and
structural damage indices are calculated as the energy weighted average of all

inelastic member ends a storey and in the whole structure respectively.

9.4.3.1 Member Damage Index

The damage index for the member is calculated at each member end. The original
equation of Park and Ang’s damage index is represented as a linear combination of
the maximum deformation and the total dissipated energy caused by repeated cyclic
loading (Park and Ang 1985; Park et al. 1985). The index is expressed:

DI =on, P J.dE (9-12)
o, Qx4
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where o

m-

maximum response deformation under an earthquake

o, ultimate deformation capacity under monotonic loading
Q,: calculated yield strength
dE : incremental dissipated hysteretic energy

I dE: total dissipated hysteretic energy
g experimental constant (=0.05 for reinforced concrete members).

The first term in Equation (9-12) represents the damage due to maximum deformation
experienced during seismic loading, and the second term reflects the influence of the

total absorbed hysteretic energy on the local or member damage.

The constant parameter £=0.05 is found experimentally. According to Park et al., g
was determined using a regression equation obtained from experimental results with
400 reinforced concrete columns and beams. The value of S obtained by Park et al.

(1985) was 0.05 for reinforced concrete members, and this value is used in this study.

For reinforced concrete structures, an equivalent form of the Park and Ang’s damage
index is modified to use the member curvature (Charng 1998) that is obtained from
the program Ruaumoko (Carr 2004). The damage index for the plastic hinge locations
at the ends of a member is defined:

DI _ I, P J.dE (9-13)
¢ M, xq,
where  ¢.: maximum positive or negative curvature
@, ultimate curvature capacity under monotonic loading
M,: calculated yield moment
dE: incremental dissipated hysteretic energy

I dE: total dissipated hysteretic energy
p: experimental constant model parameter (=0.05 in this study).

The member damage index is represented by the index DI, with DI >1.0

representing failure of the member. The ultimate curvature ductility of a member

under monotonic loading has a strong influence on the member damage index and is
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an indicator of the curvature deformation capacity. Hence, it is very important to
accurately evaluate the ultimate curvature capacity for the designed member.
However, it should be noted that it can be difficult to define the ultimate state of a

given member.

The curvature ductility for reinforced concrete members depends strongly on the
confinement in the plastic hinge region of the member. The curvature ductility is
about four times the deflection ductility (Carr and Tabuchi 1993). Therefore, in this
research, the ultimate curvature ductility was assumed to be 30 for all beam members
and 20 for column members at 1* floor.

9.4.3.2 Storey and Structural Damage Indices

The damage index for a storey or a whole structure is used to quantify the degree of
damage to the storey or to the overall structure. A storey is defined as all the beams at
the level under consideration and all the columns just below that level. The damage
index for a storey can be obtained by calculating a weighted average of the local
damage indices at all the inelastic member ends in this storey. Park and Ang (1985)
proposed a damage index for the storeys in which the dissipated energy is used in

calculating the weighting factors for every member end.

There are three ways for computing the structural (global) damage index. The first is
to calculate a weighted average of the local damage indices at member ends over the
whole structure. The second is to calculate a weighted average of the damage indices
for all storeys. The last method is by considering some variation in the overall
characteristic of the structure, such as the lower modal periods of free-vibration and is

called the softening global index.

Damaged structures typically show degradation in stiffness when compared with
undamaged structures. This change implies a variation in the natural periods of free
vibration in every time step during the earthquake. The history of the degree of
damage for the overall structure can thus be expressed by the history of variation in
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the stiffness (Mork 1992; Nielsen et al. 1992) or period of free-vibration (DiPasquale
and Cakmak 1990) etc. The maximum damage index in this history can then be

regarded as the overall damage index.

Park and Ang (1985) proposed a global damage index defined as a weighted average
of the local damage indices for all components of a structure. The weighting factor
for each end of a member is proportional to the dissipated energy at the corresponding

end in the element. The global damage index Dly is thus defined:

DI, =Zn:(/1ixDIi) (9-14)

i=1

where
A =— (9-15)

n: number of member ends of whole structure where the local
damage index is computed

Ei: dissipated energy at end i of a member

The storey-level damage index is also obtained from Equation (9-12). The only
difference is that the number of members is limited to these in the storey under

consideration.

According to the damage assessment carried out by Park and Ang (1985) for a

prototype structure, the global structural damage index can be interpreted as follows:

Dlg<0.4 Repairable damage
Dlg>0.4 Damage beyond repair
Dlg>1.0 Total collapse

For context, a global damage index equal to zero denotes that the structure remains in

the elastic region during the excitation.
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9.4.3.3 Damage Index for Assessment in this Study

The Park & Ang (1985) structural damage index was used in evaluating overall
structural damage when the structural displacement ductility is near the design
structural ductility. Because the damage indices for the members, storeys and
structure is available, and the interpretation of the overall structural damage indices
for the degree of damage for this damage model is also available, this damage model
is to be recommended for computing the damage indices. Furthermore, it is the only
damage index calibrated from laboratory tests (Park and Ang 1985; Park et al. 1985).

Damage analyses were carried out in this research for the prototype structures using
the results obtained from nonlinear time history analyses. As the storey damage
indices are weighted by the dissipated energy, the damage part in the structure is more
sensitive to the storey damage index than the maximum storey ductility factor. The
maximum storey ductility factor cannot reflect the member contribution to the whole
structure for the seismic resistance capacity. Therefore, the storey damage index is
more suitable for the damage evaluation of the structure (Carr and Tabuchi 1993) in

this case.

Furthermore, attention is focused on overall structural damage indices because these
parameters summarily lump all existing damage in members in a single value that can
be easily correlated to single-value seismic parameters. For this purpose, the
programme Ruaumoko uses a modified damage index. In this slightly modified
damage model, the global damage is obtained as a weighted average of the local
damage at the ends of each element, with the dissipated energy as the weighting

function.

9.5 Performance of 10+2 and 8+4 Storey TMD Building Systems

It is known that the critical effects of secondary moments due to the gravity load upon
ductile reinforced concrete frames emerge only when large inelastic deflections occur.
To understand the impact of PTMD and SATMD building systems, the seismic
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demands for the controlled and uncontrolled systems need to be investigated. After a
series of dynamic nonlinear analyses of the structures under the three earthquake
suites, a number of response parameters were developed. The maximum relative
displacement, the maximum interstorey drift, the storey shear force divided by

structure weight, and the total acceleration for all levels of structure are thus evaluated.

In addition, hysteretic energy distributions and storey damage distributions along the
height of the structures were developed. Furthermore, these indices are summed
(hysteretic energy distributions) and averaged (storey damage distributions) to the
structural energy and structural damage indices respectively as representative
performance parameters. Again, the response performance of 10+2 and 8+4 storey
PTMD and SATMD building systems are compared, and the SA50TMD cases are
used for the SATMD systems, based on the results of Chapter 5.

The performance results of 12+2 and 12+2 storey nonlinear TMD building systems
have been presented in APPENDIX C.

9.5.1 Maximum Displacement

The maximum displacement at a floor has been commonly used in inelastic analysis
since this response quantity is directly related to the structural stiffness. Figures 9-10,
9-18 and 9-26 show the envelopes of the maximum displacement in the No TMD,
PTMD, and SATMD systems.

As expected, the isolation layer produces large relative displacement between adjacent
storeys and this storey separation is increased for the SATMD system due to the
absence of viscous damping. From Figure 9-10, it can be seen that the floor responses
below the isolation interface are reduced more than that for the uncontrolled (No
TMD) system. However, the reduction gquantities are not so different for the TMD
cases developed and the SATMD (8+4) system produced the larger 84™ percentile of
the displacement responses. The envelopes in the TMD building systems under the

medium and high suites (especially under the medium suite) show the clear reduction
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of displacement responses and this control effectiveness is pronounced for the
SATMD and ‘8+4’ storey systems, as shown in Figures 9-18 and 9-26. Referring to
the maximum displacements observed, it is worth noting that all suites of motion

show reasonably controlled response values compared to the uncontrolled responses.

9.5.2 Interstorey Drift Ratio

The intertorey drift ratio (the interstorey drift normalised by the storey height) has
been developed as a response parameter that characterises the architectural damage.
This value relates well with observed architectural damage after severe earthquakes.
A wide consensus exists in the earthquake engineering community that for moment
resisting frames the interstorey drift demand is the best indicator of expected damage.
As a global parameter, interstorey drift is much more appropriate than the roof drift
because in individual storeys it may exceed the latter by a factor of two or more
(Gupta and Krawinkler 2000; Krawinkler and Gupta 1998). Figures 9-11, 9-19 and 9-
27 show the maximum interstorey drift ratios resulting from the analyses.

For the low suite, the 50" percentile drifts of No TMD system are reasonably uniform
over the height of the structure and the peak drift occurs in the 9" storey. However,
the TMD systems reduced the response of the isolated upper storeys, as well as the
lower storeys. The location of the 84™ percentile of the peak drift has migrated to the
3" storey for the ‘8+4” structures and to the 7" or 8" storey for the 10+2” structures,

as seen in Figure 9-11.

Meanwhile, a different behaviour is presented in the controlled structures, where the
lines for the different TMD systems cross one another in 4" floor. Figure 9-11 clearly
reflects the systematic advantage of the SATMD systems. Though increasing the
level of seismic hazard increases the interstorey drift, the increased ratios of the drift
in the isolated upper storeys are still small and again the peak drift locations are
shifted to the lower storeys, as seen in Figures 9-19 and 9-27. For the low and

medium sets of motion, all the drift demands of the TMD systems are less than the life
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safety limit of 2.5% for the numerical time history analysis specified in NZS4203
(1992).

9.5.3 Storey Shear Force

To ensure that shear will not inhibit the desired ductile behaviour of the systems and
that shear effects will not significantly reduce energy dissipation during hysteretic
response, it must not be allowed to control strength. Therefore, an estimate must be
made for the maximum shear force that might need to be sustained by the system
during extreme seismic response. The goal is to ensure that energy dissipation can be

confined primarily to yielding.

The normalized shear forces are not so different between the uncontrolled and both
TMD systems under the three sets of ground motions. The values of the shear forces
are decreased constantly along the height of the structure regardless of increasing the
hazard level. However, increasing the hazard level has minor impact on the
improving the control effectiveness of the TMD systems. As a result of the
nonlinearity of the structures, the shear force results under PTMD and SATMD

control are very different to those for linear structures, as might be expected.

9.5.4 Total Acceleration

Acceleration demands are of concern for the nonstructural components of the building.
In general, added seismic control systems have the benefit of being capable reducing
the acceleration demands on the structure, while also reducing drift demands. More
traditional methods, such as increasing the building stiffness, cannot achieve this

behaviour motivating these more enhanced control approaches.
From Figures 9-13, 9-21 and 9-29, it can be seen that the accelerations at the isolated

upper floors are clearly reduced. In contrast, the accelerations at the isolation layer

show an abrupt increase. These performance properties are similar to those observed
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in terms of the displacement response. To achieve the reductions in drift desired, the
TMD system sacrifices floor accelerations at the isolation layer.

Under the low suite of ground motions, shown in Figure 9-13, the PTMD(10+2 and
8+4) and SATMD(10+2 and 8+4) systems produce 50" percentile floor accelerations
similar to the uncontrolled (No TMD) system at the lower floors. The accelerations
for the SATMD(10+2 and 8+4) systems are slightly higher than those of the
uncontrolled system. However, only the SATMD(8+4) system slightly increases the
50" percentile floor accelerations at the lower floors under the medium suite of
motions, as shown in Figure 9-21. For the high suite of ground motions, it is difficult
to find the virtual control effectiveness of the acceleration responses at the lower
floors under the isolation layer. Meanwhile, the PTMD(10+2 and 8+4) systems
reduce the floor accelerations of the upper floors below those of the SATMD systems
under the medium suite of ground motions, as shown in Figure 9-21 and a similar

pattern is observed in the high suite of ground motions, as seen in Figure 9-29.

9.5.5 Storey and Structural Hysteretic Energy

While peak interstorey drift provides a good indication of performance, the resulting
information is incomplete as it does not take into account the cumulative damage to
the structure. Experimental investigations have demonstrated that structural damage
is a function of both peak as well as cumulative values. As hysteretic energy provides
a good indication of cumulative damage in structures, median and 84" percentile
values of hysteretic energy are compared for the TMD systems for each set of ground

motions.

The hysteretic energy dissipated by the frame members at each floor along the height
of the structures are developed in Figures 9-14, 9-22 and 9-30. As expected from
increasing storey drift demands, as the severity of ground motions increases, the
amount of hysteretic energy dissipated by the structure members increases. The

comparison of these figures shows that the higher level of hazard produces high
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energy demands in the lower storeys and the energy distribution patterns correspond
to the drift demands of the structure.

In particular, clearly lower energy demands at upper storeys which are above the
isolation layer can be found due to its interception of the energy flow up from the base.
This structural property produces the reduced energy demands of the lower stories too.
In other words, the amount of transferred energies from the base was decreased by
splitting the lump of overall structural mass and, therefore, the dissipated energy
along the height is reduced. In the low suite of motions, the energy curves of the
isolated upper structures lie along the y-axis, as they are successful in isolating and
maintaining the upper structure within the limits of elastic behaviour as seen in Figure
9-14. In the medium and high suites of motions, the TMD systems are still successful
at keeping the response essentially linear, as indicated by very low values of
hysteretic energy indices as shown in Figures 9-22 and 9-30.

Finally, as a representative energy value, all of the dissipated energy values along the
height are summed to establish a total structural hysteretic dissipated energy index, as
seen in Figures 9-15, 9-23 and 9-31. Again, the control effects are shown to become
significant for the larger mass ratio (8+4) and the SATMD system, and the control
effectiveness difference is pronounced from the PTMD(10+2) to the SATMD(8+4)
systems. This result shows that the combined operation of the semi-active device and
large TMD mass contributes greatly to the effectiveness of the overall TMD control
system compared to typical and optimal passive design. Overall, all the TMD systems

were successful in reducing the seismic hysteretic energy demands at all hazard levels.

9.5.6  Storey and Structural Damage

The distribution of storey damage indices are shown in Figures 9-16, 9-24 and 9-32.
Storey damage indices are based on the member damage indices in a level. It can be
said that the distribution of storey damage has a similar pattern to that of storey

dissipated energy, which is used as a weighting factor for the calculation of the
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damage index. The only difference between these two indices is from the part of

structural deformation.

From the figures it can be seen that all of the TMD systems suffer insignificant
repairable storey damage up to the 50" percentile of the medium suite. Only the 1%
level of the TMD systems suffers significant damage for the 84" percentile of the high
suite, which gives damage indices over 1.0. The figures also show that the damage
indices of the upper isolated storeys for every suite are less than 0.4 at each level,
which indicates again the effective interception of energy flow at the isolation layer.
Overall, it seems that the main benefits of the reduced damage demands are on the

upper storeys for each suite, rather than for the lower storeys.

The structural damage indices, which indicate the damage of the whole structure, are
summarised in Figures 9-17, 9-25 and 9-33. The structural damage indices are
obtained as a weighted average of the local damage at the ends of each element, with
the dissipated energy as the weighting function. The structural damage indices for all
suites are less than 0.4 except for the 84" percentile of the high suite. Hence, all of
the TMD systems are repairable for those suites. Even for the 84™ percentile of the
high suite, the structural damage indices are under 1.0, which indicates that the
structures can survive with damage beyond repair under the high suite. The
SATMD(8+4) system proves to be more effective than any other type of TMD system
in terms of structural damage indices and this effectiveness becomes more

pronounced for the lower hazard suites.
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9.6 Summary

As a better approximation of realistic structures, this chapter compares the
performance of five different nonlinear TMD building systems (No TMD, PTMD
(10+2 and 8+4) and SATMD (10+2 and 8+4)) over three probabilistically scaled
suites of earthquake records. The seismic demands were based on several
assumptions concerning structural parameters and modelling, including P-delta effects,
modified Takeda hysteresis, and several others.

Performance comparisons were based on statistically calculated maximum
displacement, interstorey drift ratio, storey shear force, total acceleration,
storey/structural hysteretic energy and storey/structural damage demands. Peak
responses alone do not describe the possible damage incurred by the structure as
cumulative damage can often result from several smaller cycles into or near the
inelastic range. Thus, more accurate evaluations involved consideration of the
dissipated hysteretic energy. Particularly, in contrast to the previous linear analyses
of Chapters 7 and 8, hysteretic dissipated energy and practical damage assessments
were developed to provide information regarding the cumulative damage to the
structure, which may be more important in evaluating potential damage and

degradation.

Finally, in this chapter, realistic and inelastic response effectiveness of PTMD and
SATMD systems were presented as comprehensive results of suggested novel
building systems over a range of seismic hazards. TMD building systems were
successful in reducing the seismic demands in statistical point of view for both new
designs (10+2 and 8+4) and retrofitted systems (12+2 and 12+4). Overall, the
SATMD system provided more robust response mitigation over a range of ground
motions within each suite. Thus, it might be concluded, as in chapter 5, that the
SATMD is the better choice for the seismic case where future input motions are

unknown.

181



10 Conclusions and Future Works

10.1 Conclusions

10.1.1 TMD Building Systems

Passive and Semi-Active Tuned Mass Damper (SATMD) building systems are
proposed to mitigate structural response due to seismic loads. As an alternative
approach, a structure’s upper portion itself plays the role of the tuned mass saving
excessive non-functional added weight. This configuration supplies reaction forces to
the main structure, generated by the relative motion between the structure and the
segregated upper portion. A viscous damper of some form is typically used and
assumed for the Passive TMD (PTMD) systems examined in this thesis. Further, it
was proposed to replace the passive spring damper with semi-active resetable devices,
creating more adoptive resetable device based SATMD systems. This semi-active
system use of feedback control to alter or manipulate the reaction forces, effectively
retunes the system depending on the (often nonlinear) structural response. The semi-
active system therefore offers a broader more adaptable solution than passive tuning.
Overall, this proposal combines emerging semi-active devices with existing concepts
of tuned mass dampers and base isolation to create extended applications for seismic

response mitigation.

10.1.2 Semi-Active Resetable Device

A specific prototype resetable device design was introduced and detailed. Semi-
active resetable devices, as described, are relatively simple and thus reliable devices,
which can act autonomously. Described fundamentally as a non-linear pneumatic or
hydraulic spring element, the equilibrium position or rest length can be reset to obtain
maximum energy dissipation from the structural system. They thus offer a unique

highly controllable energy dissipating solution and the ability to sculpt hysteretic
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behaviour with the novel independent chamber controlled device presented and used
in this study.

10.1.3 2-DOF Spectral Analysis of SATMD and PTMD Building Systems

Two-degree-of-freedom (2-DOF) analytical studies are employed to design the
prototype structural system, specify its element characteristics and determine its
effectiveness for seismic response mitigation, including defining the resetable device
dynamics. For the PTMD system, realistic 15% and much higher optimal TMD
damping ratios are compared. For the SATMD system the stiffness of the resetable
device design is combined with and without rubber bearing stiffness. From the
parametric results, the most effective SATMD system is derived and then adopted as a
practical control scheme. Log-normal statistical spectrum results, using three suites of
probabilistically scaled earthquake records from the SAC phase Il project, are
presented to compare the SATMD scheme to an uncontrolled (No TMD) and an ideal,
optimal passive tuned mass damper (PTMD) building system.

Both TMD systems (PTMD and SATMD) were successful in reducing the seismic
demands. The response results of the time history spectrum analysis and those
normalised reduction factor results showed the response reductions for all seismic
hazards. The SATMD system provided a better, more robust overall control strategy
than PTMD systems, especially if the optimum stiffness of TMD is not ideal or
perfectly tuned. Note that, more optimal SATMD parameter combinations may be
available, but one beyond the scope of this initial spectral parametric analysis.

Semi-active solutions are also not constrained by the optimum tuning stiffness for the
TMD like the passive case. In fact, their control ability is improved when a stiffness
lower than the optimal value is used, providing a more robust and effective seismic
energy management. Thus, the SATMD system is easier to design as no tuning is
required. In contrast, slight “out-of-tuning” in the passive PTMD case can have a

significant detrimental effect on the controlled response.

183



Overall, there is thus good potential for SATMD building concepts, especially in
retrofit where lack of space constrains development to expand upward. The results
from this design analysis research have then been utilised to assess the linear and non-
linear seismic response of realistic multi-degree-of-freedom (MDOF) structures.
Hence, this first analysis provides the fundamental design guidelines to be verified in

realistic structural case study analyses.

10.1.4 MODF Analysis of SATMD and PTMD Building Systems

The seismic performances of multi-storey passive and semi-active tuned mass damper
(PTMD and SATMD) linear and nonlinear building systems have been investigated
for 12-storey two-bay reinforced concrete moment resisting framed structures
modelled as ‘10+2’ storey and ‘8+4’ storey in Ruaumoko. Segmented upper stories (2
and 4) of the structure are isolated as a tuned mass, and passive viscous dampers or
semi-active resetable devices are adopted for energy dissipation. Optimum TMD
control parameters and appropriate matching SATMD configurations are adopted
from previously analysed design results from the simplified 2-DOF system. Thus,
large SATMD systems can effectively manage seismic response for MDOF systems

across a broad range of ground motions in comparison to passive solutions.

Modal analysis showed that both types of TMD building systems utilise unique modal
features to isolate the superstructure to be controlled effectively. In particular, the
semi-active resetable devices of the SATMD systems provide a more advanced
control function by anticipating the motion of the isolation layer. The time history
analysis and normalised reduction factor results showed that both TMD building
systems present significant reductions in all of the control indices considered for all
seismic hazards. However, the cost included is an increase in the accelerations at the
isolation interface, which may or may not necessarily be detrimental. Nonlinear
modelling of the MDOF structures results in more realistic structural response. The
difference in response between the No TMD, PTMD and SATMD is not as
pronounced as it was for the linear structures. However, the fundamental changes in

structural period and control action are still evident for both TMD systems.
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From the results of additional 12+2 and 12+4 storey retrofit case studies, SATMD
systems show significant promise for application of structural control where extra
storeys might be added. They offer unique advantages over PTMD systems in
obtaining consistent response reductions over broad ranges and types of ground
motions at realistic seismically important structural natural frequencies. They are thus
more robust to ground motion variation, as they provide tighter ranges across each

suite.

10.1.5 Concluding Remarks

Structural control provides an extra mechanism to improve seismic structural
performance. For maximum effectiveness, minimal control effort is required to
achieve the desired performance goals. Based on this point of view, this research has
demonstrated the validity of the realistic PTMD and SATMD building systems for

consideration in future design and construction.

The details and results of a set of comparative studies are used to assess the feasibility
and effectiveness of such isolation systems. From the results of this comparative
study, it is found that the proposed scheme may significantly reduce the seismic
response of a structure, even if the structure is nonlinear. In view of these findings,
and the fact that they might be relatively easy to construct using these emerging SA
devices, it is concluded that the proposed SATMD building system has the potential
to become a practical and effective way to reduce earthquake damage. Thus, these
systems merit further studies to examine their advantages and to further develop
experimental validation and design solutions, leading eventually to practical initial

designs.

The development of designs suitable for implementing SATMD energy management
systems ensure the proposed research remains focused on outcomes that are
immediately useful. All such outcomes will advance the state of the art by providing
additional knowledge and capability from which structural designers can draw in
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developing new structures or retrofitting existing structures. Finally, these outcomes
ensure that the overall goal of taking semi-active energy management systems from a
status of zero, or occasional highly specialised implementations, to a state where

regular implementation may be more immediately practicable.

A trend towards widespread application of seismic isolation in civil engineering is
underway. The concept of TMD systems can be equally well utilised for both
segmented structure and traditional additional mass systems. Furthermore, the
segregated TMD building concept appears to hold the promise of modifying the
structural configuration of irregular structures that result from non-uniform mass,
stiffness, strength, structural form, or a combination. It also extends the technique of
base isolation to taller buildings and other types of seismic isolation-based control

strategy.
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10.2  Future Works

Further improvement of the SATMD and PTMD techniques presented requires
detailed investigation on the stability margin of flexible frames. Additional study is
also required on the passive and semi-active combined control system, to improve the
performance of this technique in reducing earthquake effects in a variety of buildings.
Future structural control research, particularly using resetable devices, should begin
from the base point of optimising the control system to the demands of each
individual structural system considered, and these TMD designs are no different in

this regard.

More specifically, having two movable parts in a structure can lead to a series of
architectural and technical problems that need to be addressed in detail. To have all
utilities connected throughout the vibration process, to prevent the occurrence of
rocking modes of the structure, and to transmit the gravity loads, an adequate design
link including its flexible connection between its two isolated parts is required as
introduced in previous research (Charng 1998). Thus, it is believed that more detailed
and reliable solutions are required to solidify the safe features of isolation layer.
Hence, future work may include an investigation to analyse the impact that the system
might have on the architectural features of a building such as its water proofing, pipes

and ducts, and stairways and elevators.

Semi-active resetable devices have significant promise as ‘smart’ dampers in existing
structural control methods. Even though, the 1-4 resetable devices have been used for
the SATMD systems in this research, structural hysteretic response manipulation
resulting from other resetable device control laws (1-3 or 2-4) enable response
improvements for more than a single response metric. In addition, these various types
of resetable devices can be matched and adopted to a series of structural/isolation
configurations. Finally, such device control laws may even be changed during an
event to create more novel, extended solutions (Mulligan 2007). To bring these
structural control systems to full-scale implementation, further studies focusing on a

qualitative analysis are required, starting with hybrid testing.
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The devices in this research use air as the working fluid, which eliminates the need for
complex external plumbing systems. Device response forces can feasibly be altered
by using a different hydraulic working fluid or pre-pressurising the device (Mulligan
et al. 2006; Mulligan 2007). However, full-scale implementation of these devices is
still limited due to moderate forces produced in comparison to the device size.
Further work in this direction is required to achieve efficient, economic and flexible
structural control designs. In addition, future work should include experimental tests
with a small to full-scale model to verify the control effects of the suggested TMD

building systems.
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APPENDIX A Frame Data and Dynamic Properties

o Member areas moments of inertia and length of rigid end block

Members Level Area (m?) Inertia (m*) Lg (M)
1-6 0. 1800 0. 02382 0. 400

Beams 7-8 0. 1700 0. 02017 0.375
9-12 0. 1600 0. 01689 0.338

1-6 0. 2906 0. 01455 0. 450

ngﬁ;‘;}g 7-8 0. 2813 0.01318 0. 425
9-12 0. 2438 0. 00855 0. 400

1-6 0. 4800 0. 02560 0. 450

'C”Otleur;?; 7-8 0. 3942 0. 01727 0. 425
9-12 0. 3417 0. 01297 0. 400

* Area : Axial and shear area * Inertia : Moment of inertia * Lg : Length of rigid end block

* Modulus of Elasticity E=25,000,000 Kpa * Modulus of Shear G=10,400,000 Kpa

o Initial fixed end moments and shear of beams for the left bay.

Level M1 (KNm) M2 (KNm) V1 (KN) V2 (KN)
1-6 -187. 8 186. 3 -135. 8 135.8
7-8 -188. 4 186.7 -133.4 133.4
9-12 -188. 8 187.2 -131.1 131.1
* The symetric values were used for the right bay.
* The signs correspond to the Ruaumoko (Carr,1996) sign conventions.
e Beam yield moments for the left bay.
Level M1 (KNm) M2 (KNm) M3 (KN) M4 (KN)
1 976 -976 893 -893
2-4 1142 -1142 1047 -1047
5-6 988 -988 887 -887
7-8 762 -833 714 -714
9-10 559 -631 547 -464
11 307 -369 381 -307
12 307 -307 307 -307

* M1, M2 : Yield moments fot the left end. M3,M4 for the right end.
* The symmetric values were used for the right bay.
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e Beam column yield interaction diagram

Column PYC PB MB MB M2B MO PYT
(kN) (kN) (KNm) (KNm) (KNm) (KNm) (kN)
External -11152 -6075 1338 1531 1263 665 1930
Internal -17888 -10920 1986 1986 2450 2038 2656
e Masses and external vertical loadings
Level Weight (kN) Nodal Loads (kN)
Ext. Node Int. Node Ext. Node Int. Node

0 13 19 -25.0 -37.0

1 434 757 -298.5 -485. 1

2 434 757 -298.5 -485. 1

3 434 757 -298.5 -485. 1

4 434 757 -298.5 -485. 1

5 434 757 -298.5 -485. 1

6 434 755 -298.5 -485. 1

7 427 743 -293.9 -475. 9

8 427 743 -293.9 -475. 9

9 420 731 -289. 2 -468. 5

10 420 731 -289. 2 -468. 5

11 420 731 -289. 2 -468. 5

12 409 717 -266. 2 -439. 5

* The gravity loading is based on D+L/3.
* The nodal loads correspond to the rest of the gravity load.
* Nodal weight is converted to mass internally in the program.

e Dynamic Properties of the Framed Structure

Mode Natural Freq. Modal Effgc. Mass Modal Damping Participation
(Hz2) (KN-s“/m) (%) Factor

1 0. 532 1. 514E+03 5. 000 1. 366E+00
2 1.533 2. 527E+02 2.674 -5. 321E-01
3 2.756 7. 408E+01 2.812 -2. 752E-01
4 3.853 7. 899E-29 3.321 3. 064E-16
5 3. 885 3. 596E+01 3.338 -1. 700E-01
6 4.525 5. 616E+00 3.694 -9. 368E-02
7 5.131 1. 944E-28 4. 051 -4, 722E-16
8 5.279 2. 056E+01 4.141 -1. 436E-01
9 6. 652 1. 548E+01 5. 000 -1. 118E-01
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APPENDIX B Earthquake Accelerations Used
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APPENDIX C Seismic Responses of 12+2 and 12+4 Storey TMD
Building Systems (Nonlinear)
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Figure C-1 Maximum displacement of ‘12+2’ and ‘12+4’ models (Nonlinear / Low suite)
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Figure C-4 Total acceleration of ‘12+2” and ‘12+4’ models (Nonlinear / Low suite)
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Figure C-5 Storey dissipated energy of ‘12+2” and ‘12+4’ models (Nonlinear / Low suite)
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Figure C-6 Structural hysteretic energy of ‘12+2” and ‘12+4’ models (Nonlinear / Low suite)
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Figure C-7 Storey damage index of ‘12+2’ and ‘12+4” models (Nonlinear / Low suite)
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Figure C-8 Structural damage index of ‘12+2’ and ‘12+4’ models (Nonlinear / Low suite)
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Figure C-9 Maximum displacement of ‘12+2” and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-10 Interstorey drift of ‘12+2’ and ‘12+4” models (Nonlinear / Medium suite)
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Figure C-11 Storey shear force of ‘12+2’ and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-12 Total acceleration of ‘12+2” and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-13 Storey dissipated energy of ‘12+2’ and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-14 Structural hysteretic energy of ‘12+2’ and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-15 Storey damage index of ‘12+2’ and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-16 Structural damage index of ‘12+2” and ‘12+4’ models (Nonlinear / Medium suite)
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Figure C-17 Maximum displacement of ‘12+2” and ‘12+4’ models (Nonlinear / High suite)
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Figure C-18 Interstorey drift of ‘12+2” and ‘12+4’ models (Nonlinear / High suite)
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Figure C-19 Storey shear force of ‘12+2’ and ‘12+4’ models (Nonlinear / High suite)
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Figure C-20 Total acceleration of ‘12+2 and ‘12+4’ models (Nonlinear / High suite)
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Figure C-21 Storey dissipated energy of ‘12+2’ and ‘12+4’ models (Nonlinear / High suite)
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Figure C-22 Structural hysteretic energy of “12+2” and ‘12+4’ models (Nonlinear / High suite)
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Figure C-23 Storey damage index of ‘12+2’ and ‘12+4" models (Nonlinear / High suite)
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Figure C-24 Structural damage index of ‘12+2” and ‘12+4’ models (Nonlinear / High suite)
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