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Abstract

Title: Lateral and Torsional Seismic Vibration Control for Torsionally Irregular

Buildings
Author: Osman Akyurek
Advisor: Nakin Suksawang, Ph.D., P.E.

During strong earthquakes or wind gusts, it is likely that buildings with torsional
irregularity in the plan have an can be seriously damaged, partially collapsed or fully
collapsed. This is because Torsionally Irregular Buildings (TIBs) may have
significant aerodynamic torsion loads that increase the eccentricity between the
center of mass and the center of rigidity, especially in dominant torsion modes. For
this reason, torsion leads to excessive increase in lateral motions when dynamic loads

excite the buildings.

Torsional irregularity is one of the main failure causes during strong dynamic
excitations due to earthquakes or wind gusts. Ignoring torsional irregularity in
seismic design analysis can cause unexpected damages and losses. To enhance the
safety and performance of buildings, most of the current seismic provisions address
this irregularity in two main ways. The first is computing torsional moment at each

floor by using equations provided in various current seismic code provisions. After



they are applied on each floor, the seismic analysis will be performed. The second is
shifting the center of mass (CM) or stiffness (CS) to eliminate the eccentricity by
putting additional masses or structural components such as braced frame systems on

buildings.

This research developed and validated a new torsionally effective control system for
the purpose of enhancing the performance/safety and mitigating structural failure in
Torsionally Irregular Buildings (TIBs) under bidirectional strong earthquake loads.
It introduces the new integrated control system (ICS) applied to a benchmark 9-story
steel building developed for the SAC project in California to suppress the undesirable
lateral and torsional coupling effects due to eccentricity. The dynamic responses of
the system were evaluated under N-S and W-E components of the real earthquake
excitations of the El Centro (1940), Loma Prieta (1989) and Kocaeli (1999)
earthquakes. First the traditional method (cross-braced frame systems) was
implemented in the benchmark building with different pre-determined placement
layouts. The most effective placement was determined and the benchmark building
was analyzed with that for comparison purpose. Secondly, tuned mass dampers
(TMDs) were designed and applied to start from the center of mass (CM) through
two translational directions under bi-directional seismic loads such as N-S and E-W
components of selected ground motions. Then the performance evaluation for TMDs
was determined. The effectiveness of the TMD system was evaluated in terms of
energy analyses and performance evaluation criteria including maximum floor
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displacement, maximum drift, and maximum floor acceleration. Based on these
comparisons, there is a substantial reduction of the amplitudes of the frequency
response validated the effectiveness of the ICS in controlling the seismic responses
for two-way eccentric elastic buildings. Unlike traditional TMDs placed in two
orthogonal directions, the ICS is more comprehended to control not only two
orthogonal (x- and y-) directions, but also effectively control rotational (6-) direction.
By means of the proposed system configuration, the structures first-three dominants
modes can effectively be controlled by the ICS regardless of any external energy
sources. The ICS is also more robust in restricting the inter-story drift ratio as
compared with TMDs. It sufficiently mitigates the RMS and peak displacement on
the top floor of the Benchmark building. Thus, the ICS has a better performance than
the TMDs and the CFs placement in terms of response reductions. According to the
performance evaluation criteria, there are substantial reductions for both the tuning
case and the detuning case. For both cases, the performance indexes are overall less

than the bare Benchmark building and its respective application with the TMDs.
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Chapter 1
Introduction

1.1: Overview of Structural Seismic Analysis

An earthquake is a sudden and destructive shaking of the ground, resulting from
released ground energy between the different layers of the earth. This released
energy, called earthquake ground motion, sometimes can be brutal and unmerciful
when the structures are not well-designed against a strong earthquake motion. It can
leave thousands of people dead, wounded and/or homeless. For this reason, civil
structures should be well-designed by taking the earthquake ground motion into

account in the seismic analysis.

The seismic analysis depends on two or three translational components of the
earthquake ground motion in terms of design, safety and performance assessment of
buildings. The rotational component of the ground motion might contribute
significantly to the response and damage of these structures. However, its effect is
undetermined because its intensity and frequency content are not measured by

accelerographs. Therefore, an unpredictable spatial distribution of load and the effect



of the rotational component of the ground motion are usually ignored in seismic

design practice (Moon 2012).

1.2: Motivation

In the 21st century with advanced technologies and developments in structural
design, buildings are taller and more flexible by using lighter materials and having
innovative structural systems. This trend causes buildings to become more
susceptible to dynamic loadings such as severe wind gusts and earthquakes,
especially for those having complex shapes where torsion becomes an issue. A
torsional sensitivity may lead to significant aerodynamic torsion loads and to
potentially significant eccentricity between the center of mass and the center of
rigidity, especially in dominant torsion modes, see Figure 1-1. Torsional motion
leads to excessive increase in lateral motions when dynamic loads excite the

buildings(Ross, EI Damatty, and ElI Ansary 2015; FEMA 750 2009).

Figure 1-1. Three-dimensional civil structure representation and its torsional mode



The dynamic effect of an earthquake on a structure induces horizontal inertia forces
acting through the center of mass while these forces are resisted by the vertical
members through the center of rigidity. In many real-life structures, these opposing
forces are not coincident. The lack of coincidence between the centers of mass and
rigidity produces eccentricities, which cause an undesirable torsional response. The
term “lateral-torsional coupling effect (LTCE)” is used when the torsional response
is coupled with the lateral response (Moon 2012). Structures damaged by LTCE

under historical earthquake loading are illustrated in Figure 1-2a and Figure 1-2b.




(b)

Figure 1-2. The torsional effects on structural damage: (a) Courtesy of Gokdemir et al. 2013;
(b) Courtesy of Arslan and Korkmaz 2007

Torsional effects may significantly modify the seismic response of buildings, and
they have caused severe damage or collapse of structures in several past earthquakes.
For instance, the Mexico earthquake in 1985, the most investigated earthquake in
terms of damage, there were a total of 177 buildings that collapsed completely, and
85 buildings suffered partial collapse; among them, 15% were attributed to the
coupled torsional responses and, of these, 42% were corner buildings, which have
generally complex shapes. These torsional coupling effects occur due to different
reasons, such as no uniform distribution of the mass, stiffness, strength, and torsional
components of the ground motion, etc.(Scholl 1989; Francisco Crisafulli 2004; Hao

and Ip 2013).



Many seismic design codes provide design parameters that buildings may experience
and undergo this torsional effect safely. However, even this consideration might not
be adequate for taking those design parameters into the design, because the
eccentricity is changeable and unpredictable, due to the indeterminate distribution of
mass/stiffness and torsional components of the dynamic load especially in high-rise
buildings, buildings with long spans, and buildings experiencing extreme dynamic
loads frequently. For this reason, a lot of control methods and mechanisms have been
developed to overcome these uncertainties and to enhance the performance and
safety of structures. In this research, various proposed control methods and systems
will be explored with the objective of recommending the best control system among
provided methods to suppress lateral and torsional vibrations of buildings.
Specifically, this research is going to address a new integrated control system (ICS)

and compare it with the best-recommended control system.

1.3: Research Objective and Research Tasks

The primary objective of this research is to mitigate structural failure in torsionally
irregular buildings (TIBs) under bi-directional seismic loads. To achieve this, an
integrated control system (ICS) will be proposed and employed on TIBs. It represents
the results of this exploratory study on the effectiveness of this system. The main

tasks of this research to accomplish the objective are:



Task 1: To mathematically model torsionally irregular buildings (TIBs).

Torsionally irregular buildings (TIBs) were mathematically formulated in
consideration of Torsional Coupling (TC) effect due to eccentricity between the
center of mass and stiffness. For the implementation purpose to test the effectiveness
of the ICS, a benchmark 9-story steel building, constructed for SAC project in
California, was picked and its structural details and material properties were also

provided in this task.

Task 2: To evaluate the Performance of Existing Seismic Control Systems for
TIBs.

Existing control systems to protect the structure against earthquake and strong wind
damages are: cross frames implementations, a single tuned mass damper (TMD) in
the x- or y-direction, and multi-tuned mass damper (MTMD) at the top floor of the

benchmark building.

Task 3: To develop an effective control system which passively and actively

reduces the lateral and torsional responses.
In this task, the new control system was investigated, which is not only effective in
horizontal directions but also effective in the torsional direction to suppress the

undesirable energy. The organization of this task was divided into two parts:

e Firstly, the new ICS was proposed to see if it was effectively mitigating the

lateral and torsional effect in TIBs.
6



= Second, the obtained results from the existing control systems were compared
with the ICS results to see the performance of the proposed control system

(ICS).

1.3: Research Organization

This dissertation focuses on the new control system configuration, which is not only
effective in lateral vibration control but also in torsional vibration control, called the
Integrated Control System (ICS), under selected bidirectional historical earthquake
ground motions for torsionally irregular buildings (TIBs). It is applied as a passive
(ICS) and active control system (AICS) respectively on TIBs for earthquake response
reduction. Theoretical studies were conducted to show that Passive and Active
Integrated Control Systems are comparable to conventional Passive and Active
Tuned Mass Dampers (TMDs or ATMDs) as a structural control strategy. This

section provides a description of the scopes for each chapter of this dissertation.

Chapter 2 is a literature review on the various types of structural control systems and
strategies to reduce the potential damage level and maximize the response reductions
on civil buildings when subjected to earthquake loadings. The structural control
systems can be categorized as passive, active, semi-active and hybrid control

strategies.
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Chapter 3 provides the technical background necessary for this dissertation that
might be unfamiliar to researchers and engineers in civil engineering. First, a brief
literature review about the torsional irregularity and the definition of design
eccentricity in the seismic provision of ASCE 07-10 are given. Secondly, intensively
used terminology and definitions are also provided here. Thirdly, the principal and
optimum design procedure of a conventional TMD are explained. Furthermore, the
modern control theory is explained in order to perform the seismic analysis by state-
space modeling. In addition, it covers the full-state control methodology (Linear
Quadratic Regulator (LQR)) for an actively controlled structure. Finally, the
performance evaluation criteria and energy analysis are stated to test the proposed

control system performance as compared with other control systems.

Chapter 4 investigates the effectiveness of various control systems under
unidirectional earthquake loading without considering lateral torsional coupling
effects. The seismic response of reinforced concrete (RC) six-story building was
analyzed with the combinations of masonry infill-wall, a passive (TMD) and an
active tuned mass damper (ATMD). By comparing the results obtained from these
various control systems, the best control system was determined in terms of

performance and energy analysis.



Chapter 5 verifies the effectiveness of the new Integrated Control System (ICS),
which utilizes a new configuration of TMDs. The new control design approach was
applied to the two-way eccentric benchmark 9-story steel building. The performance
and effectiveness of the ICS were examined and compared with the Cross Frames
(CFs), Tuned Mass Dampers (TMDs) approach under bidirectional earthquakes

ground motions.

Chapter 6 extends the application of the integrated control system framework into an
active control strategy. First, two actuators, which are driven by the linear quadratic
regulator (LQR), are used to apply the control forces to the active TMDs and ICS
system in two directions. Secondly, to test the performance of the AICS, the final
design was applied to the Benchmark building subjected to bidirectional three
historical earthquakes and the numerical analysis was made. Finally, the seismic

performance was discussed by comparing it with the ATMDs.

Chapter 7 summarizes the research presented in this dissertation and provides
recommendations and future studies on the structural control system for seismic

protection of buildings.



Chapter 2
Literature Review

2.1: Control System

A comprehensive literature review is given in this section about the control systems,
which can be categorized into passive, active, semi-active and hybrid control
strategies. These have been studied by many researchers to protect structures against

various environmental dynamic loads such as blast, wind, and seismic loads, see

Figure 2-1.

Control System

v 4 v

Passive Control Active Control Semi-Active
System System Control System

A 4
o | Hybrid Control
- System

Figure 2-1. Comprehensive view of control systems

2.1.1: Passive Control System

Passive control systems are external supplemental devices on a structure to dissipate
dynamic energy and to suppress the response of the structure under dynamic loads
without external power sources. These systems are widely used and easy to

10
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implement on real-life structures (see Figure 2-2); it is simple to understand their
concepts\effectiveness, and they are accepted by the engineering community for
effectively mitigating severe dynamic load effects. Passive devices are reliable and
do not have the potential to destabilize the structure. However, using these systems
is not always a comprehensive method to follow because of its limitations, such as
not being adaptable to structural changes and not useful in a wide range of frequency

and loading conditions.

e

918t Floor (390,60 m]
(Outdoos Observation

Figure 2-2. One of the real-life implementations of the pendulum tuned mass damper (Taipei
World Financial Center)
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Many passive control mechanisms have been proposed and studied by researchers.
These systems can be divided into passive energy dissipaters, including metallic
yield, friction, and viscous dampers, tuned mass dampers, tuned liquid mass

dampers, and base isolation systems.

2.1.1.1: Passive Energy Dissipation System

Passive energy dissipation systems on a structure are generally divided into three
categories: displacement-dependent systems, velocity-dependent systems, and
others. Displacement-dependent systems include devices based on yielding of metal
(Andrew S. Whittaker et al. 1991; A. S. Whittaker, Constantinou, and Chrysostomou

2004) and friction (Pall et al. 1993; Bhaskararao and Jangid 2006).

Velocity-dependent systems include dampers consisting of viscoelastic solid
materials, dampers operating by deformation of viscoelastic fluids (e.g., viscous
shear walls), and dampers operating by forcing fluid through an orifice (e.g., viscous
fluid dampers) (M. C. Constantinou and Tsopelas 1993; Reinhorn and Constantinou

1995; A. S. Whittaker, Constantinou, and Chrysostomou 2004).

Other systems cannot be classified as either displacement-dependent or velocity-
dependent. They are dampers made of shape memory alloys, frictional-spring

assemblies with re-centering capabilities, and fluid restoring force/damping dampers
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(Soong and Costantinou 1994; M. Constantinou, Soong, and Dargush 1998; A. S.

Whittaker, Constantinou, and Chrysostomou 2004).

2.1.1.2: Tuned Mass Damper

The most commonly and intensively used passive control strategy, thanks to its
simplicity and cost, is a tuned mass damper (TMD), which adds an external damping,
stiffness, and mass to the main structure during an earthquake or wind gust without
using any external energy sources (J. P. D. E. N. Hartog 1985; Villaverde 1994; C.
Li 2000a), see Figure 2-3. TMD might not be a comprehensive way to enhance the
security of the structure, because of some drawbacks to using a TMD. It can be solely
tuned to the fundamental frequency of the structure so that it is only effective in that
small range of frequency. It may have little or no effect on modes other than the one

that is used for its tuning process in the scenario of a dynamic load.

Figure 2-3. TMD implementation in the Millennium Bridge, London, England
13



The effectiveness of a conventional TMD is significantly affected by mistuning,
which can increase undesirable vibration on a structure, and not provide optimum
damping. Instead of using a single TMD, (Xu and Igusa 1992) first proposed to use
a multi-tuned mass damper (MTMD) to enhance the effectiveness. Additionally, the
MTMD has been studied by tuning to different natural frequencies, in order to
increase system stability at a wide range of frequencies (Yamaguchi and
Harnpornchai 1993; Igusa and Xu 1994; Masato Abé and Fujino 1994; Jangid 1995a;
M. Abé and Igusa 1995; Sadek et al. 1997; Park and Reed 2001; Shetty and

Krishnamoorthy 2011; Lavan 2017a; Gill et al. 2017a)

It is understood that implementing an MTMD on a structure is more effective than a
single TMD in terms of response reduction, effectiveness at a wide range of
frequencies, multi-mode response, and less sensitivity to mistuning in the design
process of a TMD. In most of these studies, the controlled structure was considered
to have a single degree of freedom (SDOF) system; however, a multi-story (real-life)
structure has six degrees of freedom, which are three translations along X, y, z-axes
and three rotations about these axes at each floor. For simplicity, translational
responses and rotational response about x, y directions are considered as effective
degrees of freedom (DOF), and the rest is ignored under dynamic loading.
Furthermore, it will experience lateral as well as torsional vibrations simultaneously

under even a translational excitation (x- and y-direction). Therefore, the simplified
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SDOF system, which ignores the structural lateral-torsional coupling and TMD
effect on different modes, could overestimate the control effectiveness of TMD
(Shetty and Krishnamoorthy 2011; Jangid and Datta 1997). Hence, taking into
account the lateral-torsional coupling effect is necessary to consider in the design of
the controllers in scenarios in which torsional coupled modes are dominant.
Structures controlled by TMDs and MTMDs through consideration of the torsional
coupling effect, have been investigated by Jangid and Datta 1997; C. C. Lin, Ueng,
and Huang 2000; Singh, Singh, and Moreschi 2002; Pansare and Jangid 2003; Desu,

Deb, and Dutta 2006.

Jangid and Datta 1997; Pansare and Jangid 2003; Li and Qu 2006 have studied the
response control of two degrees of freedom (one translation and one rotation)
torsional systems by a set of MTMDs. C. C. Lin, Ueng, and Huang 2000 studied the
response reduction of a multi-story torsional building (two translations and one
rotation at each floor) system with one and two tuned mass dampers. Singh, Singh,
and Moreschi 2002 studied the response control of a multi-story tensional building
(with two translations and one rotation at each floor) system with four tuned mass

dampers, placed along two orthogonal directions in pairs.
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Desu, Deb, and Dutta 2006 investigated on an arrangement of tuned mass dampers
called coupled tuned mass dampers (CTMDs), where a mass is connected by
translational springs and viscous dampers in an eccentric manner. They presented
comparative studies between CTMDs, conventional TMDs, and bi-directional TMDs
in terms of effectiveness and robustness in controlling coupled lateral and torsional

vibrations of asymmetric buildings.

Tse et al. 2007 conducted a study to demonstrate the suppression of the wind-induced
three-dimensional lateral-torsional motions on a wind-excited benchmark tall
building using a bi-directional tuned mass damper (TMD) incorporating two
magnetorheological dampers (MR). One damper was placed in each orthogonal
direction in order to perform as a semi-active control system, which means as a smart
tuned mass damper (STMD). The optimal control forces generated by the MR
dampers were driven by the linear quadratic regulator (LQR) to reduce the story

accelerations.

Ueng, Lin, and Wang 2008 proposed a new design procedure in torsionally coupled
3-D buildings to minimize the dynamic responses of structures subjected to bilateral
earthquake excitations (recorded at the 1979 EI Centro earthquake), by incorporating
passive tuned mass dampers (PTMDs). They have considered some practical design
issues such as the optimal location for installation, movement direction, and numbers

of PTMDs. The PTMD optimal parameters for the tuning process are obtained by
16



minimizing the mean square displacement response ratio. Additionally, they have
tested the parametric planar position and the detuning effect of the PTMD to see if

they influence the response control effectiveness.

J. L. Lin, Tsai, and Yu 2010 studied the control of the structural response by using a
coupled tuned mass damper (CTMD) in one-way asymmetric-plan buildings. They
investigated respectively the design of CTMDs compared to TMDs, the physical
system transformation and the effectiveness of the CTMD, which is with and without
dampers, in reducing the vibrations of asymmetric-plan structures by comparing

three model structures.

J. L. Lin, Tsai, and Yu 2011 proposed bi-directional coupled tuned mass dampers
(BiCTMDs) for the seismic response control of two-way asymmetric-plan buildings
under bi-directional ground motions. The performance of the proposed BiCTMD was
examined by investigating the reductions of the amplitudes of the associated
frequency response functions for the elastic seismic response of two-way

asymmetric-plan buildings.

Rahman et al. 2017 proposed adaptive multiple-TMDs, distributed along with the
story height to control the seismic response of the structure. It proved its efficiency

by making seismic analysis in a 10-story building comparing this with a single tuned
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mass damper and with multi-tuned mass dampers under real saved earthquake

excitations such as EI-Centro, California, and North-Ridge Earthquakes.

He, Wang, and Xu 2017 proposed a new type of TMD with tuned mass blocks,
orthogonal poles, and torsional pendulums (TMDPP). The translational and torsional
motions are controlled by the movement of the mass blocks and the torsional
pendulums. According to the composition and the motion mechanism of the TMDPP,
the equation of motion for the total system considering the eccentric torsion effect is
derived. The damping capacity of the TMDPP is verified by the time history analysis
of an eccentric structure under multidimensional earthquake excitations. The
performance evaluation of the traditional TMD and the TMDPP is compared, and

the results show that the performance of TMDPP is superior to the traditional TMD.

2.1.1.3: Tuned Liquid Mass Damper

A tuned liquid damper (TLD) or a tuned liquid column damper (TLCD) is another
type of passive control system, and its application to civil structures was first
introduced by F Sakai, S Takaeda in 1989. In the composition of the TLD, the solid
mass is replaced by a liquid, usually water. The water might be in a tube with an
orifice in the horizontal segment or a tank with a gate in the middle and a slit in the

gate (Won, Pires, and Haroun 1996; Colwell and Basu 2009).
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The design and control concept of a TLD is that the sloshing frequency of the TLD
is tuned to the frequency of a desired mode of the structure which needs to be
controlled. During dynamic excitation, the liquid will slosh against the walls of the
tank. This leads to a phase difference between the sloshing motion and inertial forces,
which can absorb some energy from the main structure, thus reducing the structural
motion. Using tuned liquid dampers (TLDs) has many advantages including low
installation and maintenance costs, an easily adjustable tuning frequency,
effectiveness in a wide range of excitation amplitudes, and applicability for existing
structures; however, space requirements can be high in order to achieve an adequate
mass of water (Kareem 1990; Koh, Mahatma, and Wang 1995; Yalla, Kareem, and
Kantor 2001; H. Kim and Adeli 2005; Fisco and Adeli 2011; Gutierrez Soto and
Adeli 2013; Ross, EI Damatty, and ElI Ansary 2015). TLD systems have been
successfully applied in a 48-story building in Vancouver, Canada and in a 57-story
building, Comcast Center in Philadelphia, which is the largest passive TLD system,

see Figure 2-4.
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Figure 2-4. TLD application on Comcast center, Pennsylvania, USA

A TLD system can also be effectively used to suppress the torsional effect for an
eccentric building, in which there is no coincidence between the center of mass and
rigidity, respectively (CM) and (CR). Implementation of TMDs or MTMDs on a
structure can substantially reduce the torsional behavior by using solid mass/masses,
placed away from the CR. Owing to the phase difference between the mass and the
structure, the mass thereby dissipates some of the motion of the building (Singh,
Singh, and Moreschi 2002; Tse et al. 2007; Xu and Igusa 1992; Ueng, Lin, and Wang
2008). A TLD behaves similarly to a TMD by means of exerting an inertial force
that opposes the motion; therefore, the TLD system (a TLD, an MTLD, or a

combination of a TLD and a TMD) can also reduce torsional motions (Koh,
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Mahatma, and Wang 1995; H. N. Li, Jia, and Wang 2004; Aaron Samuel Brown

2000; Q. S. Li et al. 2007; M. Rahman 2008).

2.1.1.4: Base Isolation

Base isolation is one of the most crucial passive control concepts to protect structures
against the strong ground motion, which can be understood as separating or
decoupling the structure foundation from the ground. In other words, the concept of
seismic base isolation is to minimize the relation between the structure and
potentially dangerous ground motion, especially within the frequency range where
the building is most affected by inserting low stiffness devices such as lead-rubber
bearings, friction-pendulum bearings, or high damping rubber bearings between the
structure and the ground (J. M. Kelly, Leitmann, and Soldatos 1987; James Marshall

Kelly 1993; James M. Kelly 1999), see Figure 2-5.
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Figure 2-5. The application of base isolation, Sabiha Gokcen Airport in Turkey,

The significant contribution of using base isolation as a controller in performance
assessment of a structure is to reduce inter-story drifts and absolute accelerations to
protect the structure from severe damage by absorbing earthquake energy with these
devices. However, there can be so much displacement occurring at the base level that
the passive base isolation system cannot handle it securely. Thus, the passive base
isolation is preferably not used alone: instead, it is used with a combination of

different passive, active or semi-active devices, meaning hybrid control, which can
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control the base relative displacement in an acceptable range (Inaudi et al. 1992;

James M. Kelly 1999).

2.1.2: Active Control System

Passive control strategies have some limitations and restrictions such as not being
effective at a wide range of frequencies (only the effective desired mode) and loading
conditions. If the system is strengthened with an actuator which provides external
power, the system becomes more effective and resistant to strong ground motions or
severe wind gusts. However, putting vast amounts of external actuator energy on the
system is not always possible. Even when it is possible, it can destabilize the structure
in contrast to a passive controller. Therefore, it needs to be optimized for the desired
design perspective and the optimum force needs to be driven by control methods
such as feedback control algorithms, Eigen-structure assignment, a proportional
integral derivative (P1D) controller, fuzzy logic controller, a sliding mode controller,
an adaptive controller, a Linear Quadratic Regulator (LQR) and a Linear Quadratic

Gaussian (H2/LQG), incorporating a Kalman estimator and an LQR.

All these control methodologies have been successfully applied to civil structures to
generate the optimal force from the actuators under severe dynamic loading by many
engineers and researchers (T. T. Soong 1988). The linear quadratic regulator (LQR)
control has been used to actively control the response of civil structures by (Chang

and Soong 1980; Shafieezadeh 2008a; Guclu and Yazici 2008; Jiang, Wei, and Guo
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2010; Y. Kim et al. 2013). A Linear Quadratic Gaussian (H2/LQG) control has been
applied to a structure equipped with active devices (Reinhorn et al. 1989; Dyke, SJ
and Spencer Jr 1996; Ohtori et al. 2004; Bitaraf 2011; Nigdeli and Boduroglu 2013;
Asai 2014; Asai and Spencer 2015). A Hinf control was used to deal with mass and
stiffness uncertainties to reduce the response of a building with an active mass
damper (AMD) by Huo et al. 2008 and Bitaraf, 2011 has studied the effectiveness
of compensation algorithms for an AMD. Dyke, SJ and Spencer Jr, in 1996,
examined an AMD analytically and experimentally by using acceleration feedback

control, to suppress the response of slender tall buildings.

Most of the passive controller systems can be controlled as active systems by adding
an actuator to the system and controlling the actuators with a set of control
algorithms. An Active Tuned Mass Damper (ATMD) was first introduced by
Nishimura et al., 1992. The results they obtained are compared with a passive TMD.
The comparison showed that active controlled TMDs are much more effective by
getting 40-50% or more response reduction. Since then, many researchers continue
to study active control systems with different control algorithms like fuzzy logic,
LQR and LQG controllers (Samali and Al-Dawod 2003; H. Cao and Li 2004; Amini,
Hazaveh, and Rad 2013). Abe and Masato, in 1998, proposed an Active Tuned
Liquid Damper (ATLD) with Magnetic Fluid as an alternative active device. The

performance of the proposed active TLD was verified experimentally using a two-

24



story building model. An Active TLD was found to give a higher reduction of
vibration and to be less sensitive to the error of tuning. Active tendon control (ATC)

was studied by (Reinhorn et al. 1989; Nigdeli and Boduroglu 2013).

There are many real-life implementations of these controller systems and some
typical examples of practical applications: The Kyobashi Seiwa building was the first
building actively controlled by an AMD (Sakamoto et al. 1994), see Figure 2-6. The
Shanghai World Financial Center Tower (1997) implemented an ATMD in China
(X. L. Luand Jiang 2011; X. Lu et al. 2014). The Sendagaya INTES Building (1992),
Applause Tower Building (1994), Riverside Sumida Building (1994), and the
HERBIS Osaka Building (1997) are some other examples with the application of

active control systems in Japan (Nishitani and Inoue 2001).
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Figure 2-6. The first active control system applied (Active Mass Damper), Kyobashi Center
Building, Tokyo in Japan, Courtesy of Takehiko

2.1.3: Semi-Active Control System

During severe dynamic loading, an active control strategy is one of the most effective
methods to suppress undesirable responses and to enhance the safety of structures by
using significant amounts of actuator energy, provided by an external source, which
is generally electricity. However, providing a huge amount of external actuator
energy to the system is not always possible, especially in the case of strong
earthquakes and severe winds, which might cause outages of power and electricity.

Thus, for an alternative method to active control, semi-active control has been
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proposed which needs less external power to operate (battery power can be enough)
and which can have either the same or better performance in achieving the design
goals as compared to active control (Feng and Shinozuka 1990; McClamroch and

Gavin 1995; Housner et al. 1997).

Semi-active controls originate from both a passive control system which dissipates
energy without needing external energy and battery power which modifies the
mechanical properties (e.g., stiffness and damping) of the devices and develops the
control forces opposite to the motion of the structure (Luca and Pastia 2009; Bitaraf
2011; Asai 2014). There are many semi-active control devices which are successfully
used in real life such as variable stiffness devices, controllable friction dampers,
controllable fluid dampers, semi-active tuned mass dampers, semi-active tuned
liquid dampers, variable orifice tuned column liquid dampers, electrorheological
dampers, and magnetorheological dampers. Many researchers have studied the
effectiveness of semi-active control by conducting numerous numerical simulations
and experiments (Dyke and Spencer 1997; Symans and Constantinou 1999; B. F.
Spencer and Nagarajaiah 2003; N Luo et al. 2003; Ningsu Luo et al. 2006; Erkus and
Johnson 2007; Zapateiro, Luo, and Karimi 2008; Zapateiro et al. 2009; Weber 2014;

Behrooz, Wang, and Gordaninejad 2014; Oliveira et al. 2018).
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2.1.4: Hybrid Control System

A hybrid control system primarily consists of a combination of two or more passive,
active, or semi-active devices, which can cooperate to take advantage of their
potential to enhance the overall reliability and efficiency of the controlled structure.
The reasons for using a hybrid control system are that it can alleviate some of the
inherent restrictions and limitations when each system is employed alone. Thus, a
more robust control system may be achievable in order to ensure the safety and
performance of structures (T. T. Soong and Reinhorn 1993). The effectiveness of a
hybrid control system has been illustrated in some of the highlighted research as
follows: (J. M. Kelly, Leitmann, and Soldatos 1987; Inaudi et al. 1992; Symans and
Constantinou 1999; B. Spencer and Soong 1999; Mitchell et al. 2013; Friedman et

al. 2015; Huang and Loh 2017).

2.2: Summary

The references have been cited on the various types of structural control systems and
strategies to reduce the potential damage level and maximize the response reductions
on civil buildings when subjected to earthquake loadings are given in this chapter.
Overall, this chapter gives a comprehensive literature which covers overall control
systems for civil structures, can be controlled by passive, active or semi-active

control strategies.
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Much attention has been paid so far especially the last couple of two decades by
many engineers and researchers to improve structural control technologies in civil
buildings. However, further investigations and developments are still necessary to

improve the efficiency and robustness the control systems.
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Chapter 3
Methodology and Terminology

In this chapter, first, a brief literature review about the torsional irregularity and the
definition of design eccentricity in the seismic provision of ASCE 07-10 are given.
Secondly, extensively used terminology and definitions are provided. Thirdly, the
principal and design procedure of a translational TMD, which is applied to a single
degree of freedom (SDOF), are explained, and the optimum TMD design formulas
are provided in subsection 3.3. Furthermore, modern control theory is explained in
order to perform the seismic analysis for an SDOF or multi-degrees of freedom
(MDOF) system by state-space modeling. In addition to performing seismic analysis,
it covers the full-state control methodology (Linear Quadratic Regulator (LQR)) for
actively controlled structure. Finally, the performance evaluation criteria and energy
analysis are stated at the final stage of this chapter to see whether the proposed

control system has better performance or not as compared with other control systems.

3.1: Torsional Irregularity

Torsion irregularity is one of the primary failure reasons in buildings during a strong
dynamic excitation due to earthquakes or wind gusts. Such irregularity does not only
have devastating effects in the torsional direction but also leads to excessive

destructive effects in the lateral directions. Therefore, ignoring the torsional
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irregularity in the seismic design analysis can cause unexpected damages and losses.
To enhance the safety and performance of the buildings, most of the current seismic
provision deals with this irregularity with two main ways. The first is computing
torsional moment at each floor by using equations provided in various current
seismic code provisions. After they are applied on each floor, the seismic analysis
will be performed. The second is shifting the center of mass (CM) or stiffness (CS)
to eliminate the eccentricity by putting additional masses, adding structural
components such as braced frame systems or applying control systems on the
structures, which can be passive or active. In this research, a new Integrated Control

System (ICS) is proposed.

3.1.1: A Brief Literature

Torsional irregularity has been intensively studied and been continuously updated
with new recoveries and recommendations. For two-way eccentric structures under
unidirectional ground motions, it was found that torsional coupling effects on a single
story two-way eccentric model can decrease the base shear, overturning moment, and
the top floor lateral displacement, but increase in the base torque. Also, if the
eccentricity is increased in a direction perpendicular to the ground motion, it leads to
an increase in the torsional moment (torque). However, if an increase of eccentricity
in the direction of the ground motion, it reduces the torsional moment. It was also

observed that the critical factor for the torsional coupling effect is the ratio of
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torsional frequency to lateral frequency when it is between 0.75 and 1.25 for small
eccentric buildings, but not for large eccentric buildings (Kan and Chopra 1977;
Chandler and Hutchinson 1986). For a multi-story of the building, torsional coupling
effects were examined, and it is understood that a one-story building is more
convenient to compute the torsional effects (Hejal and Chopra 1989; De Stefano and

Pintucchi 2008).

The bi-directional ground motions can increase the torsional coupling effects as
compared to the unidirectional ground motion. Analyzing the unidirectional ground
motion is not adequate to estimate the torsional response. This is because the
parameters governing the torsional response significantly change the stiffness, the
radius of gyration, and the location of the center of rigidity under bidirectional
excitation (Hernandez and Lopez 2000; Damjan and Fajfar 2005; Magliulo and
Ramasco 2007; Cimellaro, Giovine, and Lopez-Garcia 2014). In the literature, there
is still a significant lack of experimental studies verifying the torsional coupling

effects.

Most of the current seismic design provisions require the consideration of torsional
effects, even if there is no inherently eccentricity found in the structure. Some
eccentricity is considered for each direction to enhance the safety of the structures
by adopting design eccentricities, which are inherent and accidental eccentricities.

Inherent (geometric) eccentricity is simply defined as the absolute difference
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between CM and CS of a structure in the plan, while the accidental eccentricity
generally accounts for factors such as a difference between the actual and computed-
design eccentricities (Crisafulli, Reboredo, and Torrisi 2004; Basu, Whittaker, and
Constantinou 2012). Many seismic design codes also provide design parameters that
buildings may experience and undergo this torsional effect securely with an
assumption of accidental eccentricity. However, even this consideration might not
be adequate to take those design parameters into the design, because accidental
eccentricity is changeable and unpredictable, due to the structural uncertainty (the
distribution of mass/stiffness) and ground motion uncertainty (rocking and spatial).
Quite a few studies on ground motion uncertainty have been conducted by many
researchers (Basu, Constantinou, and Whittaker 2014; Basu and Giri 2015; Y. Cao
et al. 2017). The structural uncertainty has been studied by (Demir 2010; Ozmen,

Girgin, and Durgun 2014).

In conclusion, accidental eccentricity occurs due to some uncertainties which may
be structural uncertainty or ground motion uncertainty. Many code provisions
provide an assumption-based solution considering the accidental eccentricity as a
percentage (5% or 10%) of the building dimension perpendicular to the earthquake
direction; however, even this consideration might not be adequate to taking those

eccentricity parameters into the design. For this reason, the Integrated Controlled
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System (ICS) is proposed to improve the safety and performance of structure against

the uncertainties which may cause torsional coupling effects.

3.1.2: Torsional Design Code (ASCE 07-10)

There are two types of analyses to account for accidental eccentricity, which are a
dynamic and static analysis that is preferred in section 12.8 of ASCE\SEI 7-10
(American Society of Civil Engineers Standard 7). Static analysis, which is easy and
practical as compared to the time history analysis, employs the equivalent lateral
force (ELF) procedure that provides ways to compute equivalent shear forces at the
level of each floor and total shear force at the base without requiring the computing
of the center of stiffness (CS). There is, therefore, an assumption-based solution to
account for accidental eccentricity, which is addressed by shifting the center of mass
(CM) at each floor from its actual location by a distance equal to 5% of the dimension
of the structure perpendicular to the ground excitation direction (ASCE 7-10 Section
12.8.4.2). The torsional moment, obtained due to shifting CM, is applied at CM. The

torsional irregularity is defined by considering three cases of ASCE 7-10 as follows:

e |If A, isless than 1, torsional irregularity does not exist and A, is equal to 1.

e If A, is between 1 and 3, then it exists and the torsional amplification factor,

A,, is defined as
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Figure 3-1. Torsional irregularity definition for the illustration of extreme and average
displacement

6max 2
0<A = < 3. 1
1.0 < 4, <1.25avg> <3.0 1)

in which, &pq, is the maximum displacement and 8,,4 Is the average of the

displacements at the extreme points of the structure at level i+1" floor.

e |If A, is bigger than 3, torsional irregularity exists extremely, and A, is equal

to 3.

The design eccentricities, ey and ey, as seen in Figure 3-2a, are respectively

computed as follows:
eq1 = 1.0e, + 0.05DA, (2)
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Figure 3-2. Design and natural eccentricities including accidental torsional response (a) and
equilibrium position before and after (*) applied force (b)

where e,, is the inherent eccentricity between the centers of mass (CM) and rigidity

(CR), and B and D are the plan dimensions. As seen in Egs. (2) and (3), the inherent

eccentricity does not get amplified or reduced, while the accidental eccentricity gets

(4)

amplified by the torsional amplifier A, and 5% of the plan dimension D
(5)

perpendicular to the earthquake direction.
Mgy = eqri- Feus

Mgz = eqzi- Feai
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The design torsional moments, M ;1; and M 44;, at a given i story are defined as the
moment resulting from inherent, e,, and accidental, e,. eccentricities times the
design lateral forces at the levels, see Eqgs. (4) and (5). The accidental torsional
moment is determined by shifting the mass a distance equal to multiplication by the
torsional amplifier, A,, and 5% of the plan dimension, D. Shifting the center of mass
is widely accepted by the engineering community to account for accidental torsion
in both static and dynamic analysis. However, the dynamic characteristics of a
building change with this shift. The validation of the method to evaluate the torsional
effect on the analyses still needs to be reviewed. Instead of shifting the center of
mass, determining the accidental eccentricity analytically would be a better and
reasonable method to ascertain the torsional effect without changing the dynamic

characters of a building.

3.2: Definitions and Terminology
In this research, the the center of mass (CM), center of stiffness (CS), and eccentricity
are used to describe the torsional response for Torsionally Irregular Buildings (TIBs)

when subjected to an earthquake ground motion.

3.2.1: Lateral-Torsional Coupling Effect
The dynamic effect of an earthquake on a structure induces horizontal inertia forces

acting through the center of mass while these forces are resisted by the vertical lateral
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load resisting members through the center of rigidity. In many real-life structures,
these reverse forces are not coincident. The lack of coincidence between the centers
of mass and rigidity produces eccentricities causes an undesirable torsional response.
The term “lateral-torsional coupling effect (LTCE)” is used when the torsional

response is coupled with the lateral response (Moon 2012).

3.2.2: Center of Mass
When an earthquake dynamic load is acting on a structure, the center of mass (CM)
can be defined as the point which the earthquake-induced load is concentrated on.

The locations of CM with respect to time t can be expressed in the x- and y-directions

as follow:
2 mx;(t)
Xem (8) = 2—7711 (6)
X m;y;(t)
Yem (t) = Z—rnl (7)
Where

m; is the i-th lumped mass,

x;(t) and y;(t) are locations for corresponding mass m; in the x- and y- directions.

When the floor acts as a rigid diaphragm which leads to rigid body motions

(translational and rotational motions), the CM does not differ within its plan in the
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elastic or inelastic ranges. However, if it is assumed as a semi-rigid floor, which can
be a more realistic representation, there is only slightly different as compared to rigid
diaphragm because the floor stiffness is significantly higher than the corresponding
lateral load-resisting members. For simplicity, the floors are, therefore, defined as a

rigid diaphragm in the seismic analysis.

3.2.3: Center of Stiffness

When an earthquake dynamic load is acting on a structure, the center of stiffness
(CS) can be determined as the location where lateral load-resisting members are
resisting against this force. The locations of the CS in the x- and y-directions can be

calculated with respect to time t as seen below:

_ Lhyi(®Oxi ()

R TV G ®
_ Lka(@yi(0)

S TN ©)

Where

ki (t) and k,;(t) are lateral stiffnesses in the x and y directions for the i-th lateral

load-resisting member

x;(t) and y;(t) are x and y-locations of the i-th lateral load-resisting member over

time.
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As shown in Egs. (8) and (9), the location and lateral loading capacity (stiffness) of

each lateral load-resisting member is required to find the center of stiffness.

3.2.4: Eccentricity
Eccentricity is defined as the distance between CM and CS. The eccentricities in the

x- and y-directions can be formulated from the equations below:

ex(t) = x¢5(t) — xem (1) (10)
ey(t) = Yes ®) - YCm(t) (11)

Where

x.s(t) and y(t) are the x- and y-locations of the center of stiffness,

Xem () and y. (t) are the x- and y-locations of the center of mass with repect to time

t.

Absolute eccentricity (|e(t)| ) can be defined as the absolute distance between the

centers of mass and stiffness, see equation below.

e®)1 = J(e)” + (e, ®)° (12)
Where

e, (t) is the eccentricity in the x-direction

e, (t) is the eccentricity in the y-direction with respect to time.
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3.3: Additional Bracing Frame System

Adding the bracing systems into structure frames is a simple and effective way to
enhance the safety especially for torsionally irregular building (TIB) because it
increases the lateral and torsional load capacity. If the structure is steel, the bracing
system can be v- or x-bracing frame system (Emrah Erduran and Ryan 2010). If it is
a concrete structure, the masonry infill walls function as bracing (Akyurek, Tekeli,

and Demir 2018).

3.3.1: Infill wall into Reinforced Concrete Buildings

The infill wall can be categorized as a passive control system since it acts as a passive
energy dissipater (PED). In many reinforced concrete (RC) buildings, the infill wall
is mostly ignored in structural analysis and widely used for architectural design
purpose for dividing the areas of residential reinforced concrete buildings. However,
it does also have a significant effect on seismic analysis, particularly its impact on
the period, the lateral load capacity, and the total dissipated energy of the building
(Akyurek, Tekeli, and Demir 2018). In this research, the infill wall is employed to
control undesirable lateral vibration under a real saved earthquake ground motion

(N-S component of El Centro, 1940).

41



3.3.1.1: Theory of the Equivalent Compression Strut

The stiffness contribution of the infill wall is considered by modeling it as an
equivalent compression strut. It is assumed that it only works under compression in-
plane direction and cannot handle any loads under tension. Additionally, it is also
assumed that the infill wall does not have deformation capacity when it is laterally

loaded out-of-plane. All analyses are performed in the elastic range.

Uy "

3m

Y
NG

]
Lwali

— ] _—

Lk

_--—Hwa”—--
lnt—H

Figure 3-3. The equivalent diagonal strut for infill wall representation (FEMA strut model)

In Figure 3-3, @ is the angle between the height and length of the masonry wall and
the thickness of the wall (twan) is 220mm. Hwan, Hk and Lwan, Lk are respectively the
height and length of the equivalent compression strut and frame. The diagonal length
of the equivalent compression strut is defined as rwai, the width of the strut is awa

(Federal Emergency Management Agency (FEMA) 2000), which is given as:
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(13)

Awan = 0.175 (Ayan Hi) ™% * 1wan

1
Where’ _ Ewall twail sin(Z@) * (14)

A =
watl 4 Ec Ic Hwall

The diagonal stiffness contribution of the infill wall can be calculated by using Eq.

(15). (Dolsek and Fajfar 2008) shown below as:

k _ Gwall Lwalltwall (15)
wall — H

wall

where G, 4y 1S the shear modulus of the infill wall and the other terms are as

previously defined.

3.3.2: Cross Bracing Frames in Steel Buildings

Cross frames behave as the primary members to resist the twist of the structures such
as steel buildings and bridges when they are integrated into the load carrying systems.
In addition, cross frames into moment-resisting-frames (MRFs) of a steel structure
can significantly improve the safety and stability of the structure by increasing lateral
and torsional load capacity. The effectiveness of the cross frame can be controlled
and improved when the cross frame must satisfy the design requirements (Helwig,
Engelhardt, and Frank 2012). In this research, cross frames are employed to control
undesirable lateral and torsional vibration under selected real saved earthquake

ground motions.
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3.3.2.1: Theory of the Equivalent Compression Strut

When calculating the torsional stiffness of the cross frame, an elastic truss analysis
is often employed (Yura 2001). As previously stated, for a tension-only system, the
contribution of the compression diagonal is ignored, and the single diagonal model

shown in Figure 3-4 is analyzed.

o

{ 11

Figure 3-4. Cross frame design in compression

where @ is the angle between the height and length of the cross frame member. Hyr,
Hkand Lyr, Lk are respectively the height and length of the equivalent compression
strut and frame. The diagonal length of the cross frame is defined as rur in

compression, the width of the strut is apr .

To determine the diagonal and rotational (according to Yura (2001)) stiffness of the

cross frame are respectively as:
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_ApE sin®(@)

k 16

br Lbr ( )
_ EHy,”Ly,”

br = _Zrbr3 + Lpr (17)
Ac Ah

where for is the torsional stiffness of the cross frame considering only the axial
stiffness of the cross frame members, E is the modulus of elasticity (29000 ksi), Ac

is the area of the diagonal member, and An is the area of each strut.

3.4: Control System

In the current research to protect Torsional Irregular Buildings (TIBs) against
dynamic environmental loadings such as earthquakes or winds, significant attention
has been paid to the torsional response control by one or a set of TMDs. The
improvements are overall achieved using several traditional TMDs or the
optimization of the TMDs placed in either the same or two orthogonal directions. For
these reasons, the principal and design of TMD and its optimized dynamic properties

are explained in detail in this section.

3.4.1: Principal and Design of a Traditional TMD
Tuned mass damper (TMD) is a passive energy dissipating device which adds
external damping, stiffness, and mass to the main structure to reduce undesirable

vibrations, see Figure 3-5.
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Figure 3-5. A schematic view of TMD attached to SDOF

Where m, k, and c are respectively mass stiffness and damping constant of an SDOF
structure. A TMD system with an additional mass, stiffness and damping
components (Mg, kq, and cq) are attached to the main structure, and this system is
consists of two degrees of freedom system which is similar to the Den Hartog’s
model with the exception of the structure damping (i.e., c=0) equal zero. When this
system is exposed to dynamic forces F(t) induced on the structure, and the equation
of motion for the two masses (m see Eq. (18), and mg see Eg. (19)) can be

mathematically expressed by the following differential equations:

46



mx +cx +kx —cy(xg — %) —kg(xqg —x) = F(t) (18)
mg¥q + cq(Xg — %) + kq(xg —x) =0 (19)
Where x, x, and X and x4, x4, and X, are the structurel responses (displacement,

velocity and acceleration) for the SDOF and TMD system. The equations above can

be written in a matrix for the structure subjected to a hormonic load as follow:

m 0 X c+ Ca —Cq X k + kd _kd X
0 md]{j&d} +[ —Cqa  Cq ]{Xd} +[ —kqg kg ]{xd}
_ {Foeia)t}
Lo

Where, F(t) is eqaul to Fye'®t. F, and w are the initial force constant and the

(20)

frequency of the applied harmonic load with time t. The solution can be obtained
using the complex form when the displacements velocities and acceleretations are

written in the harmonic functions as follow:
o) = e e
(o) = o le e @)
)=

Putting Eq. (21) into Eq (20) yields

2[m 0 {x}eiwt+iw[c+cd _Cd]{x}eiwt

o 0 mg| Xg —Cq Ca Xd (22)
n k+kgy _kd]{x}eiwt :{Foeiwt}
_kd kd Xd 0

so after cancelations and rearranging, yields
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—mw? +iw(c+cy) +k+ky —iwcy + ky ]{x } _ {FO}

2
—iwcg + kg —mgw? + iwcyg + kgl Xa 0 (23)
Solving for x
2 2
X|_ | +D” (24)
F, c?+d?
where

a=k;—myw?
b = wc,
c = w*mmy — w?{my(k + k) + mky + ccy} + kky
d = w?(kcyg + cky) — w3{my(c + cg) + mey}

In order to define non-dimensional parameters for the structure and TMD

on= X (25)
£=— 26
N (26)

k
wgq = m—(z (27)
$a = 2 (28)

Wy
q= w—n (29)
p=-t (30)

_ w

"= (31)

Where, w,,, w4 and &, &, are respectively the natural frequency and damping of the

structure and TMD. q and u are the frequency and mass ratio of the structure to
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TMD. r is the frequency ratio of excating force to the main structure. Eq. (24) can

be rewriten in non-dimensional form as follow:

- 2 h2
|£| I (32)
F, c2 +d?
where
a= q2 _ .rZ
b=2¢,"rq

c=r*—rq®(1+p) + 1+ 4&¢4q} + ¢°
d =2&4rq + 28rq® — 2r3(& + &qqu + £4q}

When varying damping and mass ratios of a TMD, normalized displacement
magnitude vs frequency ratio comparing the structure with TMD to the uncontrolled

structure are provided in Figure 3-6 and Figure 3-7 respectively.
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Figure 3-6. The frequency response by varying damping constant for TMD design (n=0.01 and
£=0.02 for the uncontrolled structure)

TMD design with varying mass ratio
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Figure 3-7. The frequency response by varying mass ratio for TMD design (n=0.01 and &=0.02
for the uncontrolled structure)

50



3.4.2: Optimum Designh Parameters

A significant amount of research has been done on how best to design the tuned mass
dampers in the passive control of structures under dynamic excitation such as strong
winds and earthquakes (Warburton and Ayorinde 1980; Warburton 1982). Most of
the researchers have agreed that the performance of TMDs depends onto the accuracy
of frequency ratio which is tuning the natural frequency of the TMD to the natural

frequency of the structure (Abubakar and Farid 2009).

J. P. Den Hartog in 1956 has come up with the equations below to obtain the optimum
values of the TMD parameters for an undamped SDOF structure under a harmonic

excitation.

3u
opt _ 33
¢a 8+ 1) (33)
1
opt _
q o (34)

Abubakar and Farid in 2009 have studied the Den Hartog optimization procedure for
the TMD parameters with harmonic loading applied to an undamped SDOF structure

with the consideration of the damping of the main structure, see equations below:

3u 0.1616 &
ovt _ / 35
$a 8(1+p)+ 1+p (35)
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1 ’
qut = m(l —1.5906 f) ruu (36)

In this research, Egs. (35) and (36) are employed to get the optimum dynamic
properties of the TMDs of the ICS, because it has a consideration of structural
damping constant, which is more realistic, in addition to Den Hartog model. With

this consideration, the efficiency of TMD is expected to be improved.

3.5: Modern Control Theory

A brief overview of modern control theory which covers active controller design is
provided in this chaptersection?. Classical control depends on frequency domain
analysis by using transfer function approaches, while modern control is concentrated
on time domain analysis formulated in the state space representation by governing
first-order differential equations. In this section, it provides the basic knowledge
which is necessary on a Linear Time-Invariant (LTI) system to understand this

dissertation.

3.5.1: State Space Modelling for an LTI system

Linear Time-Invariant (LTI) system is a linear system where its output responses are
the superposition of applied inputs and whose dynamics do not change over time.
These linearity and time-invariant properties make LTI systems easy to model and

understand the system graphically.
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The general state-space model can be expressed for an LTI system as follows:

X =Ax + Bu (37)
y=Cx+Du (38)

Where X, u and y are the state space vector, the input and output of the system in R",
R™and RP, respectively and A and B are the system matrix and the input matrix, and
Cr and Dy are the output matrix and the direct transmission matrix with appropriate
dimensions. If the input and output are scalar, then the system is referred as single-
input-single-output (SISO); if either dimension of input or output is higher than one,
then the system is multi-input-multi-output (MIMO). The block diagram of Egs. (32)

and (33) are shown in Figure 3-8.

N p| X=Ax+Bu | Y s
’ y = Cx+Du

State-Space Plant

Figure 3-8. Block diagram of an LTI system

Assume that an initial condition Xo is given at when t=0. Taking Laplace transforms

of Egs. (37) and (38) gives the equations as:

sX —xy = AX(s) + BU(s) (39)
Y(s) =C,X(s) + D, U(s) (40)

Solving for X(s) gives
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X(s) = ¥(s)xg +P(s)BU(s) (41)
Where

()= (sI-A)7" (42)
Eq. (42) can be converted into the time domain by taking inverse Laplace transform

as:

o) = L7 (P(s)) = L7U(sT —A)7Y) (43)

Using convolution, Eq. (39) can be expressed by substituting the inverse Laplace

transform of Y (s) as:

t
x(6) = P(D)xo + f 0(t — 1)Bu(7)dr (44)
0
Assuming for simplicity that x, = 0, and substituting Eq. (44) into Eq. (39), the

ouput becomes as:

Y(s) = C,y(s)BU(s) + D, U(s) (45)

Thus, the transfer function is a pxm matrix-valued function of s which takes the form

G(s) = Cy(s)B+ D, (46)
The transfer function yields the impulse response by taking the inverse Laplace

transform

g@®) = L7(G(s)) = C,p(s)B + D,y (t) (47)
Where y(t) is the Dirac delta function and it is defined as:
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4o t=0

r® ={ 0 t#0 (48)

f+ooy(t)dt =1 (49)

Thus, the output can be expressed with an assumption for zero initial conditions

() = g+ u(t) = f 9t — Du()de
° (50)

t
- f Cap(t — D)Bu(r) dr + D, u(r)
0
Where (*) is symboled for convolution integral

3.5.2: State Feedback

Assuming that all of the states of a system are available, the controller is given as:

u=—Kx (51)

Where K is an nxm matrix. Substituting the input u into Eq. (37) gives the closed-

loop system as:

X = Ax — BKx = (A — BK)x (52)

The block diagram of the closed-loop system is illustrated in Figure 3-9.
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Figure 3-9. Block diagram of the state feedback controller

For stability of the closed-loop sysytem, the eigenvalues of the closed-loop matrix
(A-BK) must be evaluated to determine whether or not x(t) — 0 as t — oo from any
initial condition. The eigenvalues of (A—BK) can be found arbitrarily in the form of

complex conjugate, if and only if (A, B) is controllable.

3.5.3: Linear Quadratic Regulator (LQR)

Linear quadratic regulator (LQR) is one of the effective and widely used methods for
determining the state feedback gain matrix K in Eq. (51) by minimizing a defined
cost function. For an LTI system described by Eq. (37), the cost function is described

as when assuming that x(t) - 0 as t — co:

] = J;) [xTQ x + uT Ru]dt (53)
Q — NTN € R™n (54)
R € RMxm (55)
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where Q is semi-positive definite and R positive definite matrices. If (A, B) is
stabilizable and (A, N) is detectable, the solution of the optimal control problem

exists and is unique.

The optimal cost Jmin (which is the minimum value of J) will be

Jmin(Xo) = xOTPLQRxO (56)

and the feedback control law u with the optimal cost Jmin can be written as:

u = _KLQRX (57)

where K op is given by
KLQR = R_lBTPLQR (58)
PLQRA + ATPLQR + Q - PLQRBR_lBTPLQR =0 (59)

Where P, qp, is semi positive the solution of the Control Algebraic Riccati Equation

(CARE) is given in Eq. (59). Matlab is employed in order to get the CARE solution.

3.6: Performance Evaluation Criteria and Seismic Energy
Analysis

In this section, the performance evaluation (PE) indexes and seismic energy analysis
are discussed and introduced in order to evaluate the performance of a control

system.

(Spencer Jr., Christenson, and Dyke 1998) proposed and established a set of fifteen

performance criteria (PC) for the Benchmark model buildings with or without
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various control systems for comparison of performance evaluation. The smaller
values of one of these PC are more desirable for improved effectiveness. In this study
for performance evaluation, energy analyses and three performance criteria are

selected the maximum; floor displacement (J1), drift (J2), and floor acceleration (J3).

max|o;(t
]1 El Centro ) — max {%} 60
%Loma Prieta} 6 ( )
Kocaeli
. o {maxmi(t)vhi}

2 entro ) = —Tmar

[Loma Prieta] dnmax (61)
Kocaeli
max|5i(t)| ,
]3[Lfrlnie;1:zﬂe(;a] = max —Smax fOT i=1ton (62)
Kocaeli

Where,
|8;(t)] is the absolute displacement of the controlled system at ith floor,

6™ is the maximum absolute displacement of the uncontrolled system at any floor.

|d;(t)] is the inter-story drift of the floor above ground level.
h; is the height of ith floor.

d,,™™ is the maximum absolute inter-story ratio at any floor ( d,™** =

max{d;(t)}/h;))-
|8:()| is the absolute displacement of the controlled system at ith floor.
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&™ax js the maximum absolute acceleration of the uncontrolled system at any floor.

The general equation of motion for an MDOF system can be expressed in terms of

energy computation as follow (Wong and Yang 2002);

ftST(T)[Mst]g(T) dt + ftST(T)[Cst]S(T) dt + ftST(T)[KSt]5(T)

0 . 0 Ot (63)

= —f ST(T)[Mst]fZg(T) dr+f ST(DHU(T) dr
0 0

Where, My, C,,, and K, are respectively the nxn matrix of mass, damping, and
stiffness of the structure. 6(t) is the n dimensional displacement vector to the base

excitation and I' is the modification vector of the earthquake excitation.
The energy equations can be written as;

En +Ey+E, =E; + Eg (64)
Where,

E,;, is total input energy, which is equal to the sum of E;,. and E ..
E ., is relative kinetic energy.

E ; is the damping energy.

E, is the strain energy.

E;,- stands for the relative input energy.
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E .. is the actuator energy in case a system is actively controlled as formulated

respectively below:

Ber = 56T @M 167 (D) (65)
t
Fo= [ 5T @lCald@ dr (66)
0
t
Fo = [ 7 @IK10@) (67)
0
t
By =~ | 8T@IMF 20 dr (68)
E, = f ST OHU ) de (69)
0

3.7: Summary and Discussion

This chapter provided the methodology and terminology that are essential and used
in this dissertation. First, we were answering the following questions ‘what is
torsional irregularity?’ and ‘what has been done so far by researchers about that?’.
That is why a brief literature review about the torsional irregularity and the definition
of design eccentricity in the seismic provision of ASCE 07-10 was introduced and
defined. Intensively used terminology and definitions in this dissertation were also
described. In addition, in order to develop the new control system and understand its
dynamic performance, the principal and design procedure of a translational TMD,
which is applied to a single degree of freedom (SDOF), were explained and the

optimum TMD design formulas were provided. Finally, the necessary background
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on modern control theory to develop the proposed control system was provided and
the performance evaluation criteria and energy analysis were stated to test the

proposed control system in this chapter.
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Chapter 4
Various Control Systems under Unidirectional
Seismic Loading Case

There are a lot of control mechanisms, developed to withstand against various
environmental dynamic loadings caused by earthquakes or strong wind gusts. One
of the most commonly used and important control methods is a tuned mass damper
(TMD), which is often employed to mitigate the amplitude of mechanical vibrations.
To get a more effective response reduction of the structure, it is essential that the
dynamics of the structure are modeled as accurately as possible. In this section, the
seismic response of reinforced concrete (RC) six-story building was analyzed with
the combinations of masonry infill-wall, a passive (TMD) and an active tuned mass
damper (ATMD). The infill walls were placed along all frames without any space
between column-wall and beam-wall connection. The TMD has no external source
of energy, while the ATMD has an external energy source generated by the actuator
which is driven by a linear quadratic regulator (LQR) controller. The dynamic
response of the building was evaluated using the data from a real earthquake

excitation of El Centro in 1940.
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4.1: Introduction

The development of advanced technologies and structural material in the 21st
century have led to taller and more flexible buildings using lighter materials. This
trend makes buildings less damping and becoming more susceptible to dynamic

loadings such as severe wind gusts and earthquakes.

Earthquake is a sudden and destructive shaking of ground resulting from released
ground energy between the different layers of the Earth. This released energy, called
earthquake ground motion, sometimes can be brutal and unmerciful when the
structures are not well-designed against strong earthquake energy. It can cause
thousands of people dead, wounded or homeless. For this reason, civil structures
should be well-designed by taking the earthquake ground motion into account of

structural analysis.

In the last two decades, there has been significant attention to the development of
control systems to dissipate the earthquake ground motion on buildings. The control
systems can be divided into passive, active (Nishimura et al. 1998; Arfiadi 2000),
semi-active and hybrid control strategies proposed to enhance the safety and
performance of structures induced by various dynamic loadings such as an

earthquake.

63



Passive control systems are external supplemental devices on a structure to dissipate
exposed dynamic energy and suppress the response of the structure under dynamic
loads without external power sources. These systems are widely used and easy to
implement on buildings because of their effectiveness in mitigating severe dynamic
load effects. They are simple to understand, reliable and do not have the potential to

destabilize the buildings.

The infill wall can be categorized as a passive control system since it acts as a passive
energy dissipater (PED). In many reinforced concrete (RC) buildings, the infill wall
is mostly ignored in structural analysis and widely used for architectural design
purposes, however, it does also have a significant effect on seismic analysis,
particularly its impact on the period, the lateral load capacity, and the total dissipated
energy of the building (Hashemi and Mosalam 2007; Pujol and Fick 2010; Kogak

and Yuduum 2011; Akyurek 2014; Tekeli and Aydin 2017).

Another commonly used passive control strategy, thanks to its simplicity and costs,
is a tuned mass damper (TMD). TMD adds external damping, stiffness, and mass to
the main structure without using any external energy sources to control earthquake
or wind gust forces (J. P. D. E. N. Hartog 1985; Villaverde 1994; C. Li 2000b).
However, TMD might not be the most comprehensive way to enhance the safety of
the structure because of some drawbacks. The effectiveness of TMD is significantly

affected by mistuning, which can increase undesirable vibration on a structure. It can
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be solely tuned to the fundamental frequency of the structure so that it is only
effective in the small range of frequency. It may have little or no effect for other

modes that are not used for its tuning process in the scenario of a dynamic load.

In overcoming such problems of TMDs, an active control strategy (ATMD) has been
widely proposed using the same TMDs equipment but with the inclusion of external
energy sources provided by an actuator. There are various algorithms to control the
force from the actuator, and some of them are Proportional-Integral-Derivative

(PID), Linear Guadratic Regulator (LQR), and Linear Guadratic Gaussian (LQG).

This study focuses on the performance of masonry infill walls, which is generally
neglected in the design, in a 6-story RC building under unidirectional seismic load
where the infill walls were placed along all frames without any space between
column-wall and beam-wall connection. Additionally, the performance of the
masonry infill wall was compared to other seismic control strategies including the
use of TMD and ATMD. For an active control system, the control force is generated
by the actuator of ATMD, which is driven by LQR. The LQR using a genetic
algorithm for an optimization of the weighting matrix (Shafieezadeh 2008b; Jiang,
Wei, and Guo 2010; Guclu and Yazici 2008, 2009) was employed. Matlab&Simulink
was used to simulate the system under real-time excitation data of the El Centro

earthquake in 1940.
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4.2: Description of Model Buildings

Phase 1 of the study was used to determine the impact of the infill wall placement in
different plans of the structure. The seismic performance evaluation was performed
with different infill wall placement layouts in the plan on the designed models by
varying number of span and story. Model 1 is a bare 5-story 3x3-bays RC building
without the infill wall, while Model 2 is fully placed by infill wall. Model 3 has only
exterior infill wall placement layouts and Model 4 has only interior axes placed with
the infill wall. Model 5 is placed by the infill wall in an asymmetrical way, see Figure

4-1.

11 HH B HE

Model 1 Model 2 Model 3 Model 4 Model 5
Figure 4-1. The infill wall placement in the plan for 5-story 3x3-bays; red color represents
fully infill wall placement into the frame

The seismic performances of RC model buildings with and without infill wall were
determined by using pushover nonlinear static analysis of structural analysis program
(SAP 2000, 2011). The effects of the rate (area of infill wall to floor plan) and the
placement layouts (symmetrical or asymmetrical) of infill wall were investigated in
the model buildings to examine inter-story drift, torsional irregularity coefficient,

capacity curve, fundamental period, sway demand in the roof story, damage level of
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columns in the base floor, building performance level. Damage levels were
categorized into four: operational (OP), immediate occupancy (l1O), life safety (LF),
and collapse prevention (CP). In order to show the effectiveness of infill wall
placement layouts especially when it is symmetrically placed, the obtained results
showed that symmetrically fully placed infill wall contributed to RC performance
positively, see Table 4-1, whereas asymmetrical placement of infill wall in the
building may lead the building to increase damage levels in the structural elements,
see Table 4-2. For more details, readers are referred to (Akyurek 2014). To this end,

Model 2 was adopted and evaluated further to compare with other control strategies.
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Table 4-1. Inter-story drift ration of the 3x3-bay 5-story model building, taken it from

(Akyurek 2014)
Displacement Relative Story Inter-story
Tmy([))gec:f St:(;‘y at the ith floor displacement Si?ﬁ;R height drift ratio
di (m) Ai (m) hi(m) (8i) max/hi
Model 1 0 0.000 - 0.000 ; 0.000
1 0.002 0.002 0.020 3 0.001
2 0.006 0.003 0.024 3 0.001
3 0.008 0.003 0.021 3 0.001
4 0.010 0.002 0.015 3 0.001
5 0.011 0.001 0.008 3 0.000
Model 2 0 0.000 - 0.000 - 0.000
1 0.002 0.002 0.013 3 0.001
2 0.004 0.002 0.015 3 0.001
3 0.005 0.002 0.013 3 0.001
4 0.006 0.001 0.009 3 0.000
5 0.007 0.001 0.005 3 0.000
Model 3 0 0.000 - 0.000 - 0.000
— 1 0.002 0.002 0.016 3 0.001
T 0.004 0.002 0.019 3 0.001
| | 3 0.006 0.002 0.016 3 0.001
| | 4 0.008 0.001 0.011 3 0.000
5 0.009 0.001 0.006 3 0.000
Model 4 0 0.000 - 0.000 - 0.000
1 0.002 0.002 0.016 3 0.001
2 0.004 0.002 0.019 3 0.001
3 0.006 0.002 0.016 3 0.001
4 0.008 0.001 0.011 3 0.000
5 0.008 0.001 0.006 3 0.000
Model 5 0 0.000 - 0.000 . 0.000
1 0.002 0.002 0.014 3 0.001
™= 2 0.004 0.002 0.017 3 0.001
=3 0.006 0.002 0.014 3 0.001
1 4 0.007 0.001 0.010 3 0.000
’ 5 0.008 0.001 0.005 3 0.000
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Table 4-2. Damage level at the first story columns for 3x3-bay 5-story model building, taken it
from (Akyurek 2014)

Damage Model 1 Model 2 Model 3 Model 4 Model 5
level  Number F"%) Number F"%) Number I(D;Or) Number E(;:’) Number E)(;f)
OP 4 25 8 50 3 19 6 38 4 25
10 12 75 8 50 13 81 10 63 9 56
LS 0 0 0 0 0 0 0 0 2 13
CP 0 0 0 0 0 0 0 0 1 6
Total 16 100 16 100 16 100 16 100 16 100

4.3: Model Overview

4.3.1: Control Systems and Applied Seismic Load

In Phase 2 of the study, a 6-story RC building is modeled with the same plane view
of model buildings as Phase 1. The building is subjected to the N-S component of
earthquake load happened in EI Centro (1940), see Figure 4-2. Figure 4-3 illustrates
the symmetrical building that gives the same response from N-S and E-W directions.
In order to analyze the contribution of the infill wall on structural control, the seismic
response of the RC shear-building is analyzed with the combinations of masonry
infill-wall, a passive, and an active tuned mass damper. The infill walls are placed
fully (like model 2) and symmetrically along all frames without any space between

column-wall and beam-wall connection.
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Figure 4-2. El Centro (North-South) ground acceleration, in 1940.
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Figure 4-3. RC building in plain-view

The RC building elevation is illustrated in Figure 4-4a. When it is strengthened by

masonry infill wall placement, it is shown in Figure 4-4b. The implementations of
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TMD and ATMD are respectively illustrated in Figure 4-4c and Figure 4-4d. The
simplified equivalent system used in the seismic analysis is illustrated in Figure 4-4e.

kd

6@3m

X

(a) RC building (b) RC building with infillwall  (c) RC building with TMD

kd Actuator

I'I!“!!. uw
Il

(d) RC building with ATMD (e) Simplified equivalent system

Figure 4-4. Elevation-views of models in A-A direction with or without either TMD or ATMD
whether including masonry infill walls or not.
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4.3.2: Adding Infill Wall

The stiffness contribution of the infill wall is considered by modeling it as an
equivalent compression strut which is described in section 3.3.1.1. The masonry infill
wall is made of clay bricks with the modular size of 102mm x 203mm x 68mm. The
material properties of the infill wall are taken from the experimental study conducted
by (Hashemi and Mosalam 2007) and properties of structural components are

provided in Table 4-3.

Table 4-3. Material and element properties of the structure

Type Compression Modulus of Poisson’s Densit
of Size (mm) strength elasticity ratio (k /mS);
components (MPa) (GPa) g
Beams 300x500 20 28 2400
Columns 350x350 20 28 2400
(fe, o) 0.15
Slabs 150 20 28 2400
Masonry wall 50,3650 17 6.19 1500
(fwall, Ewall)

Assuming that the slab for each floor behaves as a rigid diaphragm, the response for
each node of the floor is relative to one another under an earthquake force.
Considering that flexural rigidity of the beams is infinite, the lateral stiffness of
columns and the stiffness contribution of the infill wall are respectively calculated
by using Eq. (70) (Clough and Penzien 1995) shown below and Eq. (15) (Dolsek and

Fajfar 2008) as described in section 3.3.1.1. The damping contribution of the infill
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wall is taken from the experimental work (Hashemi and Mosalam 2007) by a 33%
increase in the damping ratio as compared to the bare RC building. The weight of the
lateral load resisting members, columns, and beams, as well as infill walls, are

neglected in time history analysis.

12E,. I, (70)
keor = — 3

Hy,
where G, 4y 1S the shear modulus of the infill wall and the other terms are as

previously defined.

The Rayleigh method is employed in order to compute damping, which is viscous
damping that is proportional to a linear combination of mass and stiffness. The

damping ratio for the nth mode of such a system is

1
-3l s
o ¥

In which, w; and w; are respectively ith and jth natural frequencies of the system, so

the proportionality constants can be obtained as;
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2(1)1 (1)] 2

= ,a, = 72
do E(l)l'i‘(l)] 41 E(l)l'f‘(l)] ( )

Where, ay and a4 are constants of proportionality and ¢ is the damping factor or
damping ratio. The damping factor for a model building is taken 4.30% and for the
models with the infill wall is 5.7% by 33 percent increase to the model without infill
wall placement (Hashemi and Mosalam 2007). The damping matrix (C) is governed
as:

(73)
C = ao M + alK

Table 4-4 summarizes the dynamic properties, including mass, damping, and

stiffness, used in various building models.

Table 4-4. The dynamic properties of the structure and TMDs

Dynamic properties for each floor

Type of
models Mass Damping Stiffness
(tone) (KN.s/mm) (KN/mm)
RC building 51.84 0.324 249
Infill wall
Contribution 1.64 0.493 472
TMD properties 15.55 0.687 3.85
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4.4: Structural Dynamics and Control Theory

4.4.1: Mathematical Modeling

Assuming that 6 story RC building has a six-degree-of-freedom and subjected to a
one-dimensional base excitation in A-A direction. The equation of motion can be

expressed as;

ME() + C5() + KS(t) = HU(t) + MI'i,4(t) (74)
M = diagonal[m,;, m,,ms ...my] (75)
[c,+c, —c, 1 [k +k, —k, ]
—C, C,+C; —C, -k, k,+k; -k,
—Cy —k,
C= K=
. c, K,
c, C,+Cc, —C, k, k,+ky; —kq
L —C4 Cq L _kd kd B

where, M, C, and K are respectively the nx n matrix of mass, damping, and stiffness
of the structure including a tuned mass damper (TMD). Prime (-) represents
derivative respect to time. &(t) is the n-dimensional displacement vector to the base
excitation, U(t) is the control force vector, and H is the location vector of the
controllers. I' is the modification vector of the earthquake excitation. Then state

space representation of Eq. (13) can be written as;

Z(t) = AZ(t) + BU(t) + Wi, (¢) (76)

X(t) = C,.Z(t) + D, U(¢t) (77)
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_|6@®] , _ |zeros(n,n) eye(n,n)| , _ [zeros(n,m) _ [zeros(n,1)
Z(t)_[S(t) A_| -M7'K  -M"'C B_[ M™H W_[ r ]

C, = [eye(n,n) zeros(n,n)] D, = [zeros(n,1)]
Where Z (t) is the (2nx1) state vector, A is the (2nx2n) system matrix, B is the (2nxm)
input matrix. W is an appropriate (2nx1) vector. Cr(nx2n) and Dr (nx1) are the output
matrix and direct transmission matrix respectively. They are defined according to the

desired output. In this condition, the desired output of state space is displacement.

4.4.2: Optimum Fundamental Properties of the TMD

There are significant optimum parameters to suppress the response of the main
structure by using TMD, which are a mass ratio, tuning natural frequency ratio and
damping ratio. The first thing is done by selecting the effective mass ratio of the
structure and TMD as u = % = 5%, where mgqis the mass of TMD. The damping
ratio (¢4) and natural frequency (w,) of the TMD are obtained by using modified

Den Hartog equations (I. M. Abubakar & B. J. M. Farid 2012):

TG
Sa = ’8(1+u)+ 1+u (78)

Wy = q wy (79)

In which, q is the frequency ratio of the TMD and the structure, obtained as:

1 . u (80)
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In order to compute the damping ratio and frequency of the structure, they are

governed by Egs. (26) and (27).

P (81)
Wy = |—
m
F=—o (82)
2vkm
Then, the stiffness and damping of the TMD are computed by governing Eqs. (28)
and (29).
kd = mdcod2 (83)
Ca = 28gy/kamq (84)

4.4 3: Control Theory
In the control problem, the main purpose is to find control U(t) that minimizes a cost

function subject to the constraints of the plant dynamics. General cost function (J) is

given by
1= "2 2(0) + UWTRU(Ddt (85)
0
Q — NTN € RanZn (86)
R € R™xm (87)

where Q is semi-positive definite and R positive definite matrices. If (A, B) is
stabilizable and (A, N) is detectable, the solution of the optimal control problem exists

and is unique. Where K € R?"*21 js semi-positive definite, the solution of the
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Control Algebraic Riccati Equation (CARE) is given in Eq. (59). Matlab is employed

in order to get the CARE solution.

The matrices (Q and R) are a respectively state-weighting matrix and control-
weighting matrix, indicating the relative importance between the control forces and
the structural response quantities. If the Q matrix is assigned to large values, this
gives priority to response reduction over the control force required. Also, If R is
defined with large values, it shows great importance to the control force that the
actuator provides. Therefore, Q and R matrices are defined according to the
relationship between control energy consumption and control effectiveness (Kumar,
Poonama, and Sehgalc 2007). In this section, the first story displacement of the
structure (X, (t)) is picked for desired state variable for the maximum reduction, see

in Eq. (88). Hence Q and R matrices are defined as below.

1= [ @@ + U@ RU@Id: (88)
0
In which, Q is equal to 12.10* and R is 102 Excluding the earthquake base

excitation, Riccati closed loop control (the control vector) U(t) is given by

U(t) = —GZ(t) (89)
G =R 'BK (90)

Substituting Eq. (90) into Eq. (76), the closed loop of the actively controlled structure

becomes:
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Z(t) = (A= BG)Z(t) + Wi, (t) (91)

4.4.4: Actuator Location & Actuator Dynamics

Many studies so far have used single and multi-actuators implementation either on
the first or any number of floors of the structure. Installation of the actuator at every
floor, in practice, is extremely expensive and may not be applicable in consideration
of dynamic of actuators. There are plenty of electric and mechanical components
such as sensors, transducers, and a computer that are cooperated in order to operate
the control system. Therefore, the system with fewer actuators may be more realistic

in terms of cost and simplicity.

Another important concern about actuators is the maximum force that they can
provide. In the case of a strong earthquake, this limitation will be exceeded where
the actuator will not be able to deliver the required control force. Therefore, it is
essential to design controllers to reduce structural damage and prevent total structural

failure in the event of a strong earthquake (Aaron Samuel Brown 2000).

In this case, the force (approximately a maximum value of 485 kN) the actuator needs
to generate, driven by the LQR controller, is illustrated in Figure 4-5 with the
selection of Q and R parameter. MTS 244 or 243 series actuator for civil structures
might be employed to perform the dynamic scenario. For more detailed information,
see Figure 4-6, the readers are referred to (“Civil, Structural and Architectural

Engineering Testing Capabilities 4/11” 7AD).
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Figure 4-5. Desired actuator force (N)
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Actuator Features

244 Series Actuators

243 Series Actuators

Force Capacities Available
(Other custom sizes available)

15 kN to 2,000 kN
(3,300 Ibs to 440,000 Ibs)

30 kN to 2,700 kN
(6,600 |bs to 600,000 Ibs)

Standard Stroke Units

150 mm, 250 mm and 500 mm
(6 inches, 10 inches, and 20 inches)

250 mm, 500 mm and 1000 mm
{10 inches, 20 inches, and 40 inches)

Optional Lengths

Available

Available

Stroke Transducer

VDT

. ™
Temposonics |l

Double Ended Design

Standard on all units

Optional Feature

Single Ended Design

MNot Available

Standard on all units

Piston Rod Bearing

Direct bond, high capacity polymer
material.

High capacity non-metallic material

Hydraulic Cushions

Optional

{not available)

Resistance to Side Load

High resistance due to double
ended design and long wheel
base to react side load.

Acceptable tolerance to side load,
but has limited wheel base due to
single ended piston deisgn.

Mounting Configurations

MTS 249 Swivel Head and Swivel
Base are commonly provided for
backlash free testing capabilities.
Lower cost pedestal base or clevis
pin mounting is also available.
These are usually steel castings
with spherical bearings.

MTS 243 Pivot Head and Pivot Base
without backlash adjustments are
typically provided. Optionally,

MTS 249 Swivel Head and Swivel
Base with backlash adjustment or
Pedestal Base mounting configurations
are available. These are usually
welded plates with spherical bearings
with less rotation.

252 and 256 Style Servovalves

Available

252 series normally provided

Figure 4-6. Datasheet of M TS 243 series actuator, taken it from (“Civil, Structural and
Architectural Engineering Testing Capabilities 4/11” 7AD)

4.5: Simulation Results and Discussion
A 6-story RC building was modeled, and the analyses are respectively conducted on
the RC building by retrofitting with the placement of the infill walls layout, the

implementation of TMD and ATMD, see Figure 4-4.
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In order to illustrate the effect of the infill wall in the dynamic analysis, the results
are obtained and compared with the RC building and the RC building with TMD and
ATMD. As seen in Table 4-5, the infill wall significantly increases the frequencies
of the structure, which is vital for the effectiveness of TMD and ATMD in the tuning
process. It has also a substantial amount of stiffness contribution (lateral bearing load

capacity) and damping contribution (energy dissipation capacity), see Table 4-4.

After tuning TMD and ATMD to the fundamental frequency (16.7 rad/sec) of the
RC building and its dynamic properties are provided in Table 4-4, the maximum
response of the structures at the resonance frequency and their phase angle are

obtained and compared one another, see in Figure 4-7.

Table 4-5. The first five modal frequencies of the structures

frz/lz(:ﬁlc RC  RCbuildingwith RC building RC building

QUENCY  hilding infill wall with TMD  with ATMD
(rad/s)

18t mode 16.77 28.52 13.94 13.94

2" mode 49.32 83.90 18.80 18.80

3% mode 79.01 134.41 49.55 49.55

4™ mode 104.11 177.10 79.12 79.12

5" mode 123.16 209.51 104.16 104.16
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Figure 4-7. Bode diagram for the first floor of the structures

As seen in Figure 4-7, RC building gives the highest peak amplitude at the
fundamental natural circular frequency. It is observed that TMD and ATMD highly
suppress the magnitude of the response at the resonant frequency. However, the infill
wall makes the amplitude suppressed and forwarded to the higher frequency thanks
to the significant amount of stiffness contribution to the system. Because of the fact
that it changes the natural frequency, its phase response is step-forwarded as
compared to the rest. As well as, the RC building and TMD/ATMD gives the

different magnitudes at the same frequency, however, it reached the peak response
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at the different frequency. This is because TMD and ATMD are tuned to the first

natural frequency.

The time history simulations are performed in Matlab/Simulink and it is observed
from the results that the RC building experiences the highest peak amplitude (7.83
mm) in the first floor, see Figure 4-8. When it is respectively retrofitted with the infill
wall, TMD and ATMD, there is a reduction in the peak response of 68%, 17% and
32% on the first floor. Similarly, the reductions in the roof floor are respectively
69%, 15% and 34% as compared to the bare RC building. There are also significant

reductions in the peak acceleration both the first and the roof floor, see Table 4-6.

The root mean square (RMS) is an important parameter, which is used to measure
the intensity of vibration, to evaluate accumulative structural response and energy.
Table 4-6 also shows the comparison of the RMS results of displacement and
acceleration for each of the structures. A reduction of 71%, 24% and 52% in the first-
floor absolute acceleration is obtained under El Centro excitation. For the roof floor,
the reductions are respectively founded 70%, 18% and 50% which are slightly

different comparing the first-floor reduction except the RC building with ATMD.
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Figure 4-8. The first-floor relative displacements of the structures
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Table 4-6. The response of the structures

Displacements

Accelerations

Type of The first floor The top floor The first floor The top floor
structures Peak RMS Peak RMS Peak RMS Peak RMS
(mm) (mm) (mm) (mm)  (mm/s?) (mm/s?) (mm/s?) (mm/s?)
RC building 7.83 15 32.88 59 2640 435.8 9260 1641
RCbuilding = » .7 443 1006 1.7 2150 3143 7800 1284
with infill wall
RC building
with TMD 6.47 1.14 27.79 4.81 2417 285.4 8167 1122
RC building
with ATMD 5.29 0.72 21.11 291 2636 222.1 5933 728

The inter-story drift is another useful response quantity for structural (earthquake)

engineers and an indicator of structural performance, especially for high-rise

buildings. Inter-story drifts can be reduced in the first floor from 0.26% to 0.08%,

0.22% and 0.17% by strengthening the RC building respectively with infill wall,

TMD and ATMD for El Centro earthquake. It is important to note that the infill wall

was superior to the TMD and ATMD in terms of inter-story drift performance.
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Figure 4-9. Maximum inter-story drift ratio of the structures.

The input energy (Eir) to a structure is introduced as a new measure of criticality
during an earthquake and it depends proportional to the relationship between relative
velocity and the ground acceleration (Takewaki 2004). The RC building actively
controlled by ATMD has the maximum energy with 393 kN.m as well as its
maximum Kinetic energy is the maximum with 34.5 kN.m, because it has the fastest
relative velocity among the others. The RC building with infill wall has the minimum
input energy among the others, which means that it is subjected to less dynamic
energy under earthquake loadings. Furthermore, the structure, controlled by TMD is
with the earthquake input energy (191 kN.m), which is less than the one with ATMD.
Thus, in this circumstance, ground accelerations and actuator energy are playing an

important role in the input energy of the structures, see Table 4-7.
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The strain energy is another indicator to test structural performance and it has a
strong relationship to the structural damages. The bearing systems of a structure;
columns and beams have capacities that can dissipate energy safely. If those
capacities are exceeded, structural damages could be the outcome under earthquakes.
In a comparison of the strain energy between the models, the bare RC building has
the highest strain energy of Ea=69 kN.m. The RC building with infill wall has the
lowest strain energy of Ea=41.9 kN.m, followed by the building model with TMD
with Ea= 51.2 kN.m and building model with ATMD with E;=55.8 KN.m. This is
because strengthening the RC building by the infill wall significantly increases the

lateral load capacity, so it maximizes the response reduction among others.

x10* «10%
151 RC building RC building
——FEir with infill wall
B ——Ekr —Eir
Z10¢ —Ed ——Ekr
5 ——Ea —Ed -
[} —Ea
G 5r
0 n I 1 L L I 1
0 10 20 30 40 30 40
Time (sec) Time (sec)
x10* x10°
201 4t
RC building RC building
15+ with TMD 3 with ATMD
E —Eir E —— Etir=Eir+Eac
= ——Ekr = —— Ekr —
5100 —Ed 52( —Ed
o —Ea e —Ea
w gl Wl
0 — e ; 0 I i I i
0 10 20 30 40 0 10 20 30 40
Time (sec) Time (sec)

Figure 4-10. Total energy diagraphs for the model structures
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In the damping energy of the structures, there are gradually increased from 50.5 to
241.2 KN.m, by implementing, in acceding order, of the TMD and ATMD on the
bare RC building, which is dissipating energy effectively. However, the infill wall
implementation decreases the damping energy to the 50.5 kN.m. The active and
passive controllers dissipate the dynamic energy by taking advantages of the phase
difference between the controller mass and the main structure, on the other hand, the
infill wall can reduce the undesirable energy by increasing lateral load and damping
capacity, in addition, the bare structure. In short, it is obvious that the structure with
infill wall performs the best among others, however, the performance of the structure
with TMD and ATMD can be upgraded by adding multiple TMDs either at the first
or any floors and the actuators on the bare system to increase the effectiveness and

to suppress undesirable response and energy, see Table 4-7.

Table 4-7. The total energy of the structures

The total energy

Type of Peak kinetic Damping Strain Input Actuator
structures energy energy energy energy energy
(Ex)(KN.m)  (Ed)(kN.m)  (Ea)(KN.m) (Ei)(KN.m)  (Eac) (KN.m)

RC building 27.1 100 69 169 N/A

RC building 5.4 505 419 92.4 N/A

with infill wall

RC building

with TMD 19.7 140 51.2 191 N/A

RC building
with ATMD 345 241.2 55.8 393 96
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4.6: Summary

The purpose of this chapter was to examine and investigate the effect of the masonry
infill wall, which is generally neglected when the structure is subjected to dynamic
loading. Additionally, the RC building is passively (TMD) and actively (ATMD)
controlled for comparison purposes and for verifying the effectiveness of the infill

wall. The following conclusions were pointed out from the numerical results:

1. The infill wall has a significant effect on the fundamental frequency of the
structure, which is also vital in tuning process of TMD and ATMD, especially
in case the structure with infill wall layout wants to be controlled actively and
passively. As well as, infill wall increases significantly the rigidity (190%
increase) and the damping (150% increase) of the structures when it is fully
symmetrically placed into the frame and it performs as a structural element

during an earthquake.

2. The strain energy (Ea) has a strong relationship to the damage level of the
structural components. Thus, the infill wall, which has the lowest the strain
energy, could be the securest energy dissipater system in terms of energy

instead of using TMD and ATMD.
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3. The infill wall is very effective to restrict inter-story drift ratio as compared
to the others because its damping and stiffness contribution to the bare RC

building is very sufficient.

4. In the RMS and peak displacement/acceleration for the first and roof floor,
the performance infill wall is superior to the rest. Therefore, the infill wall
can be used for structural control thanks to mostly be used in real life, simple
to construct, its cost and its performance without external energy, and

mechanical components as compared to TMD and ATMD controller,

5. The performance of the active control device (ATMD) depends mostly upon
the amount of external source of energy, which is driven by a control

methodology such as LQR.
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Chapter 5
Integrated Control System (ICS) under Bidirectional
Seismic Loading Case

Torsion irregularity is one of the main failure reasons that buildings can undergo
during a strong dynamic excitation due to earthquakes or wind gusts. This is because
it does not only have devastating effects in the torsional direction but also leads to
excessive destructive effects in the lateral directions. Therefore, ignoring the
torsional irregularity in the seismic design analysis can cause unexpected damages
and losses. To enhance the safety and performance of the buildings, most of the
current seismic provision deals with this irregularity with two main ways. The first
is computing torsional moment at each floor by using equations provided in various
current seismic code provisions. After they are applied to each floor, the seismic
analysis will be performed. The second is shifting the center of mass (CM) or
stiffness (CS) to eliminate the eccentricity by putting additional masses, structural
components braced frame systems on buildings or control systems applied on
structures which can be passively and actively controlled. In this research, two-way
eccentric Benchmark 9-story steel building, constructed for SAC project in
California, is picked for analysis purpose. Each floor is represented by two
translational and one rotational degree of freedom. Firstly, traditional passive energy

dissipating device is cross frames (CFs) placed into moment resisting frames of the
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Benchmark building and the best placement was selected. Secondly, Tuned mass
dampers (TMDs) were designed and applied from the center of mass (CM) through
translational directions under bi-directional seismic loads such as N-S and E-W
components of El Centro in 1940, North-Ridge in 1994 and Kocaeli, Turkey in 1999.
The performance evaluation for the CFs and TMDs were obtained. Finally, the new
integrated control system (ICS) is proposed and employed in the Benchmark
building. In conclusion, the research focus is on the performance evaluation of the

ICS as compared to other stated control systems.

5.1: Introduction

The development of advanced technologies and structural material in the 21st
century have led to taller and more flexible buildings using lighter materials. This
trend makes buildings less damping and becoming more susceptible to dynamic
loadings such as severe wind gusts and earthquakes especially for those having
complex shapes where torsion becomes an issue. Torsional irregularity exists when
the center of mass (CM) and stiffness (CS), which is the distribution of the lateral
load-resisting members within a story, including braced frames, moment frames, and
walls, are not coincident. In such condition, the structures will tend to twist as well
as deflect horizontally under an earthquake excitation (Ross, EI Damatty, and El

Ansary 2015; FEMA 750 2009), see Figure 5-1.
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Figure 5-1. Three-dimensional civil structure representation and its torsional mode:
(a) elevation view; (b) bird’s eye view

The traditional method to protect the buildings against torsional sensitivity is by
adding the bracing systems into structure frames. It is a simple and effective way to
enhance the safety and performance especially for torsionally irregular buildings
(TIBs) under bidirectional earthquake excitations because it does not only increase
the lateral and torsional load capacity, but also eliminate the lack of coincidence
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between CM and CS. The system can be a v- or x-bracing frame system or masonry
infill wall for steel (Emrah Erduran and Ryan 2010; Damjan and Fajfar 2005; Chen,

Lai, and Mahin 2004) and reinforced concrete structure (Akyurek 2014) respectively.

Many innovative smart control systems have been developed so far to protect the
structures very effectively against severe earthquake and wind loads. The most
commonly and intensively used passive control system, thanks to its simplicity and
cost, is a tuned mass damper (TMD), which adds external damping, stiffness, and
mass to the main structure without using any external energy sources (J. P. D. E. N.
Hartog 1985; C. Li 2000b). However, TMD has its drawbacks. It can be tuned only
to the fundamental frequency of the structure so that it is effective only in the small
range of frequency. It may have little or no effect on the other modes other than the
one that is used for its tuning process in the scenario of a dynamic load. Therefore,
Xu and Igusa, 1992 (Xu and Igusa 1992) first proposed to use a multi-tuned mass
damper (MTMD) to enhance the effectiveness. Additionally, the MTMD has been
studied by tuning to different natural frequencies, in order to increase system stability
at a wide range of frequencies (Igusa and Xu 1994; Yamaguchi and Harnpornchai
1993; Jangid 1995b; Park and Reed 2001; Sadek et al. 1997; Lavan 2017b; Shetty

and Krishnamoorthy 2011; Gill et al. 2017Db).

Many researchers (Jangid and Datta 1997; Pansare and Jangid 2003b; C. Li and Qu

2006) have studied the response control of two degrees of freedom (one translation
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and one rotation) torsional systems by a set of MTMDs. Lin et al., 2000 (C. C. Lin,
Ueng, and Huang 2000) studied the response reduction of a multi-story torsional
building (with two translations and one rotation at each floor) system with one and
two tuned mass dampers. Singh et al., 2002 (Singh, Singh, and Moreschi 2002)
studied the response control of a multi-story tensional building (with two translations
and one rotation at each floor) system with four tuned mass dampers, placed along

two orthogonal directions in pairs.

(Desu, Deb, and Dutta 2006) investigated on an arrangement of tuned mass dampers,
called coupled tuned mass dampers (CTMDs), where a mass is connected by
translational springs and viscous dampers in an eccentric manner. They presented
comparative studies between CTMDs, conventional TMDs, and bi-directional TMDs
in terms of effectiveness and robustness in controlling coupled lateral and torsional

vibrations of asymmetric buildings.

(Tse et al. 2007) conducted a study to demonstrate the suppression of the wind-
induced three-dimensional lateral-torsional motions on a wind-excited benchmark
tall building using a bi-directional tuned mass damper (TMD) incorporating two
magnetorheological dampers (MR). Each one was placed in each orthogonal
direction in order to perform as a semi-active control system, which means as a smart

tuned mass damper (STMD). The optimal control forces generated by the MR
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dampers were driven by the linear quadratic regulator (LQR) to penalize the story

accelerations.

Ueng, Lin, and Wang 2008 proposed a new design procedure in torsionally coupled
3-D buildings in order to reduce the dynamic responses of structures subjected to
bilateral earthquake excitations (recorded at the 1979 El Centro earthquake), by
incorporating passive tuned mass dampers (PTMDs). They have considered some
practical design issues such as the optimal location for installation, movement
direction, and numbers of PTMDs. The PTMD optimal parameters for the tuning
process are obtained by minimizing the mean square displacement response ratio.
Additionally, they have tested the parametric planar position and the detuning effect

of the PTMD to see if they influence the response control effectiveness.

J. L. Lin, Tsai, and Yu 2010 studied the control of the structural response by using a
coupled tuned mass damper (CTMD) in one-way asymmetric-plan buildings. They
investigated respectively the design of CTMDs compared to TMDs, the physical
system transformation and the effectiveness of the CTMD, which is with and without
dampers, in reducing the vibrations of asymmetric-plan structures by comparing
three model structures. J. L. Lin, Tsai, and Yu 2011 proposed bi-directional coupled
tuned mass dampers (BiCTMDs) for the seismic response control of two-way
asymmetric-plan buildings under bi-directional ground motions. The performance of

the proposed BiCTMD was examined by investigating the reductions of the
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amplitudes of the associated frequency response functions for the elastic seismic

response of two-way asymmetric-plan buildings.

M. S. Rahman et al. 2017 proposed an adaptive multiple tuned mass damper,
distributed along with the story height to control the seismic response of the structure.
He proved its efficiency by making seismic analysis in a 10-story building comparing
this with a single tuned mass damper and with multi-tuned mass dampers under

picked real-saved earthquake excitations.

He, Wang, and Xu 2017 proposed a new type of tuned mass damper with tuned mass
blocks, orthogonal poles, and torsional pendulums (TMDPP). The translation-
torsion coupled vibration is tuned by the movement of the mass blocks and the
torsional pendulums. The damping effect of the traditional TMD and the TMDPP is
compared, and the results show that the performance of TMDPP is superior to the

traditional TMD.

According to the current researches, significant attention has currently been paid on
the torsional response control by one or a set of TMDs. The improvements are overall
achieved using several traditional TMDs or the optimization of the TMDs placed in
either the same or two orthogonal directions. However, only a few researchers
concentrate on the innovation approach about the new configuration and the form of

TMD or MTMDs according to the structural and ground motion characteristics. In
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this research, a new Integrated Control System (ICS), which utilizes a new
configuration of TMDs, is proposed. The new control design approach was applied
to the two-way eccentric Benchmark 9-story steel building, constructed for the SAC
project in California, where each floor was represented by two translational and one
rotational degree of freedom. The performance and effectiveness of the ICS were
examined and compared with the Cross Frames (CFs), Tuned Mass Dampers
(TMDs) approach under the data from the real earthquake excitations of N-S and E-
W components of El Centro in 1940, Loma Prieta in 1989, and Kocaeli, Turkey in

1999.

5.2: Integrated Control System

A traditional tuned mass damper (TMD) is only effective in the direction placed and
only effective in the frequency of the main structure tuned. Hence, it does not have
any or little effects in controlling the torsional response. In order to levitate this
limitation in the research, the ICS will be proposed, which is not only effective in
horizontal directions but also effective in the torsional direction. A three-dimensional

illustration of the proposed ICS and its implementation is shown in Figure 5-2.
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Figure 5-2. 3-D illustration of the three-story civil structure and the proposed control system
representation

The ICS consists of two TMDs along two horizontal axes of the structure. It employs
appropriate linear spring, linear damper, and additional mass into the main structure
to ensure TMDs can dissipate undesirable energy conveniently. Additionally, the
TMDs are placed in each orthogonal directions and they can either move orthogonal
or torsional direction with the help of the rigid rod and global bearing systems (tires).
The motion of the TMDs in torsional direction is restricted by torsional damper
located at the CM and torsional springs, which one end is attached to the rigid rod
(not the mass of the TMDs) and other end is fixed to the floor. One mass in the ICS
system can be used by a TMD as well as being used as a mass of the pendulum
system with the aid of the proposed system configuration. This can make the system

more feasible because it is not always possible to add multiple masses. They can be
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very heavy to be carried on the top floor of the main structures. The structural design

configuration of the ICS is shown in Figure 5-2.

The masses of TMDs will move back and forward from the equilibrium position in
the two horizontal directions as well as rotational direction when the structure is
subjected to earthquake excitations. They produce the inertia forces due to relative
displacements and the rotational inertia force with the help of the rigid rod. While
the linear damper and spring of TMDs will produce damping force and restoring
force, the torsional damper and spring will provide suitable damping and restoring
force into the system. Hence, the structural responses can be effectively controlled

in the two orthogonal directions as well as in the rotational direction by the ICS.

Compared to the traditional TMDs in the orthogonal directions, the Integrated

Control System (ICS) has the following advantages:

(1) Itemploys Multi Tuned Mass Dampers (MTMD) and other components such
as a torsional damper, springs, rigid rod and global bearing system to
cooperate with each other as a single control system, which is effective in

controlling torsional response in addition to the lateral responses.

(2) One mass can be used for both a TMD and pendulum system thanks to the

rigid rod, so this can make the system more feasible, because it is not always
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possible to add multiple masses, which might be too much to be carried by,

on the top floor of the main structures.

(3) The torsional response reduction can be substantially obtained and the tuning
design of the ICS is flexible because it depends upon the initial length of the
TMD, the damper and spring parameters, the mass ratio and the location of
the ICS, so the ICS is highly capable of enhancing the control capacity of the

structure conveniently in multi-directions.

(4) The control system can be easily strengthened by the translational and
torsional actuator in order to improve the performance and safety of the
structures against especially under the lateral/torsional vibrations and

structural/ground motion uncertainties.

5.3: Equation of Motion

A torsionally irregular one-story shear building, which is under the effects of
bidirectional earthquake excitation in horizontal directions, has three degrees of
freedom (DOF) for each story including lateral displacement in two directions and
rotation at the center of the mass. In this structure, x(t) represents translational motion
in the x-direction, y(t) is translational motion in the y-direction, 6(z) is the angular

motion with respect to time.
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Figure 5-3. One story two-way eccentric building: (a) Building 3-D view; (b) control system
representation

The 3-D view of a torsionally coupled structure and the proposed control system can
be seen in Figure 5-3a and Figure 5-3b. The center of stiffness and mass are
represented with CS and CM respectively. The distance between these centers is
shown with e, and ey. It is assumed that the location of the center of mass is lumped
at the center of each floor. Ly and Ly are the lengths of the structure in the x- and y-
direction, respectively and h is the height of the structure. The displacements and
velocities of the center of stiffness and mass in translational directions and torsional

direction can be mathematically expressed as follow;
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The location of the CS

Ys| = |y(®)|and ys| = |y(®)

Os 0(t) 0, 6(t)

The location of the CM with respect to the CS

xs] x(t) xs|  [x(®)

Xm x(t) —e.cos(0)] Xm x(t) + e.6(t) sin(6)
[Ym = [¥(®) —e.sin() | and | Vm | = | y(t) — e.O(t)cos(6)
Om 6(¢) Om 6(t)

A B

X
Center of rotation (CRot)
Center of mass (CM)
D C

Figure 5-4. The simplified equivalent of the structure with the ICS

One story building and the ICS applied in the x-direction and y-direction are
respectively simplified and the Lagrangian energy method is to choose to derive the
equation of motion. The kinetic and potential energy is therefore computed for each

link in polar coordinate. We realized that it moves in between x and y like open-chain
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robotic arms as seen in Figure 5-4, where CRot denotes the center of rotation. The

position and velocity of the mq: and maz are then given by

xl] _ [{L1 + 7'1(t)}C05(91)] [xZ] _ [—{Lz + 1, (0)}sin(6;)
Y1 {L; + r,(t)}sin(6,)]’ Y2 {L, + r,(t)}cos(6,)
[561] _ [005(91) —{L, + T1(t)}5in(91)] [7'”1(15)

V1 sin(6,) {L, +r(t)}cos(8,) 116,(t)

[552] _ [_Sin(ez) —{L, + rz(t)}cos(ez)] [7"2 (1)

V2 cos(0;) —{L, + rp(t)}sin(6,)116,(t)

Lagrange energy method for each state variable where i is equal to respectively s, 1

and 2 as follow;

d aT ( oT )+ OR
dt \ox;, dy;, 06; dx;, dy;, 00, d%;,0y;,00;

+( i )=k
axi,ayiﬁ@i — Txeyifi

Where the kinetic energy is T, the potential energy is denoted V, the Rayleigh’s

(92)

dissipation function is represented with R and external force is symbolled as F for
each dynamic component of the system by assuming that there is no friction and

gravitational effect on the control system.

The kinetic energy of the main system is

1 1 . 1
T = EM(a‘cm2 +9m’) + Elm(em)z + Emdl(fcl2 +3,%) ©3)

1
+ Emdz(xzz + 5’22)
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T = %M((J’c(t) +e.0(0) sin(6))? + (¥(t) — e.0(t)cos(6))?)

1 . 1

+ Elm(gm)z + Emm(?ﬁz +3,%)
1

+Emd2(5522 +5’22)

d (T ) . d aT ) .
E(ﬂ) = Mi(t) + MeyG(t),a(ﬁ) = Me,i(t) + Me,“0(t)

i(aT) = My() - MexG(t),%<a—T) = —Me,§i(t) + Me,20(t)

dt \dy 26
d (0T ..
dt(@@) m6 ()
d (6T>_ . d[aT _ j Ly +11)?
at \or, _mdlrl'dt 691 =mgthill;™n
d (dT o d(aT 3 ,
E(a_r) = Mazta o7 %6, " Maz05(Ly +172)

The potential enerqgy of the main system is

1 2, 1 2, 1 2
vV =§Kxxs +5Kyys +EK99(t)
1
+ Ekdl[(xlz —x2) + (12 -yl
1
+§kq1(91(t) ~0(1))° (94)
1
+ Ekdz[(xzz —x2) + (2 — y?)]

1
+ Equ (62(0) — H(t))z
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1 2 1 2 1 2
V:EKxxs +5Kyys +EK99(t)
1 2 2 2 2
+ Ek‘“[(Ll +r ()2 +x()?+y() +e

—2e(x(t) cos(0) + y(t) sin(0)) — 2(x(t)(L,
+71(8))cos(6,)) + y(O)(Ly + 11(2))sin(6;)
— ex{Ly + 11 (O)}cos(0,) —ey{ly + 11 (0)}sin(6,))]

1
+ 2 kq (6:(0) - 0(0))*

+ %kdz[(L2 +15()% + x(t)? + y(t)? + e?

—2e(x(t) cos(0) + y(t) sin(0)) — 2(—x(t)(L,
+1,(0))sin(6,)) + y () (L, + 12 (t))cos(6;)
+ex{ly + 12 ()}sin(8;,) — ey {L, + 1, (t)}cos(@z))]

+ %qu(Gz(t) —0(0)
Equations are linearized if the displacements are assumed small so that
cos(6;) and cos(8,) =1 and sin(6,) = 0,,sin(6,) = 6,. When Tyler series
expansion is used to linearize the nonlinear system about the equilibrium position
(x(t),y(t)and 6(t) = 0), the constants are going to be zero like k4,e, Or kgqL;.
Hence the constants are not taken into account while constructing the stiffness
matrix. The linearized equations can be derived and then the potential energy

partially becomes as:

Z_Z = Kyx(t) + kg {x(t) — e, — (L1 + 11 (£))}
+ kgo{x(t) — ex + (Ly + 15(£))60,(0)}
% = K,y(t) + kg {y(@®) — e, — (L1 + 1. (£))60:(0)}
+ kaa{y(t) — e, — (Ly + 12()))}

av
55 = Keb(®) + kg1 (6(t) — 01()) + kg2 (6() — 62(1))
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ory
av.
L= —kear (YO Ly +10(0) — ey Ly + 110}

8—91 =
+ kq1(91(t) - H(t))

av.

a—rzz = kazLy + kaara (£) — kax (y () + €,0,(t)}
d

e e k(X (O) Ly + 12 (D) + ex(Ly + 12 (D))

+ kg2 (0,(1) — 6(D))

av.
L= ka1l + kgqmi(t) — kdl{x(t) - ey91(t)}

a6,

The Ravleigh’s dissipation function is

1 2 1 2 1 22
R = ECxX(t) + Eny(t) + ECge(t)
1 D . 2 . . 2
+ Ecdl((xl —%Xm)® + (V1 — Ym)®)

+2 e (6:(0) ~ 6©)? (95)

1
+ Ecdz((xz - J'Cm)z + . — ym)z)

1 . .
+ 5 Caz (62() — 6(1))?
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11
R :ECxX(t) +5ny(t) +EC99(t)

+ 2 el (02 + [ + )16, + 20
+7(0)% + e20(1)* + 20(®) (% (e, — y(Dey)
- 2[R (®Ox() + 1 (OO(Dey + (Ly

+ 11.(0)). {Y(t)é1(t) - exé(t)91(t)}]}

+ Cq1(91 (£) — 0(1))?

+ 3 can {Fa (O + (L + (01820 + 307
+ (0% + e20(1)* + 20(®) (% (e, — y(Dey)
= 2|~HO@)sin(6;) + 7,0y (E)cos(©,)

— 75()0(2) (eysin(8) + excos(67)) — (L

+ 1, (D) {%(8) 0, (t)cos(82) + y(£)6,(t)sin(6;)
— ey 8(6)8;(t)cos(8) + e,8(6)8, (t)sin(62)}}
+ qu(él (®) — 6(1))?

Equations are linearized if the displacements are assumed small so that
cos(0,),cos(6,) = 1 and sin(0,),sin(6,) = 0. The linearized equations can be

derived and then the kinetic energy partially becomes as:

OR .
= = CX () + cq1%(t) + cq18y0 () — cq171(t) + cq2%(E)

ox
+ ca28,0(8) + caz(Ly + 12(£))62()

g_f-, = Cyy(t) + cq1y(t) — Car€x0(t) = cq1 (L +11(£))601 ()
+ a2y (t) — Cazex0(t) — caat2(t)
Z_I; = Cph(t) + cg1€26(t) + CaryX(t) — carexy(t) — car71(t)ey
+ cqrex(Ly + 11(£))01(8) + cq1(6(2) — 6,(¢))
+ 12€20(0) + cazeyx(£) — cazeyy(£) + cazextz (t)
= Cazey (L + (DB () + ¢z (0() — 6,(0))
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OR .
POk Car71 () — cq1%(t) — cq1€,,0(t)
n

OR )
30, = cg1(Ly + 11(£))261(t) — ca1(Ly + 1 ()Y () + carex(Ly
1
+11(0)0(1) + c41(0,(8) — 6(D))
OR .
Fra CazT2(t) — cazy(t) + cqp6,0(t)
2

OR

35, Caz (L + 12(6)20,(1) + caz(Ly + 12 (D)X (L) — cazey (L
2
+12(£))6(2) + cq2(62(t) — 6(1))

Assume that (L, + ;) and (L, + r,) are constants and bounded as

Li + (™" < (Ly +1y) < Ly + 1y (£)™8x
L, + ()™ < (L, + 1) < Ly + 1, ()™

(96)
(97)

Where L; and L, are the initial length of the linear damper and spring and r; (t) and

1, (t) are the diagonal response of the ICS seismic load.

The mass matrix, stiffness, and damping become as follow;

0

0

M,

—Me,

Me,
—Me,

I

0

0
Mmaq
0

0

I41 0
0 mg,

0

0
laz

where M and K,, K, are the mass and stiffness of the main structure in the x and y-

translational directions. I,, and K, are the polar mass of inertia and torsional

stiffness of the main structure and are computed, see Eqgs. (97) and (98).

ex = e.cos(0),e, = e.sin(0)

(98)
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Ty :—,Ty =—ﬁ,r

V12
L=JGFr e

Ly =M. 1% Ig3 = mgy(Ly + 11)?, Igp = mgy(Ly 4 13)?

= |n?+ 12

L,? L,*
_ y -
K9 = K,. 5 + K. >
+ kg, 0 . ka1
0 Ky + kay —ka1(Ly
+'kd2 +-71)
Kg + kql
0 -k
+ kg a
_kdi . 0 kdl kdley
—kq1(Ly
—k kg€ k
0 +'Ti) ql dity ql
. _de . 0
kaz(Ly +13) . —kq2
Cy+c
+xcd2 a1 0 (ca1 + caz)ey —Ca1
C,+c
0 +yc @ —(cartcaz)ex . —cq1(lq +11)
a2
(ca1 _ Cotcqrteget(Car _ —cq1 t+ carex(Ly
+car)ey (cartcaz)t +ogp)e? Ca1€y 1)
—Cd1 . _Cdley Cd1 0
—cq1(L Cq1
0 a1l —cy1 + cgrex(Ly + 1 0 a
+71) a1 ¥ carey(la +7) + car(Ly +1)?
—Caz Caz€x .
L
ijig)z —Cqz — Cazey(Lz +17)

5.3.1: State-space Representation

—Caz

Ca2€x

(99)

(100)
(101)
(102)

de (LZ
+1)

Caz (L
+1y)

—Cq2
- cdzey(lu
+17)

qu
+ caz (L
+ 13)?

The equation of motion, for a two-way eccentric structure, can be mathematically

expressed as follow

Mo {E®)} + [Ct]{8(O)} + [KstH{E(®)} = —[M )T}z
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Where, M,, C,,, and K, are respectively the nxn matrix of mass, damping, and

stiffness of the structure. 6(t) is the n dimensional displacement vector to the base

excitation and I' is the modification vector of the earthquake excitation.

x(t) (X(t) (X(t)
y(t) y(t) y(®)
0(t) 6(t) 6(t)
BWy=in®, O}={10O} {F©O}={10
01(t) 61(0) 01(8)
() 72(t) 75 (t)
\8,(t)/ \6, (1) \G,(t)
e
0 1
Xg
zgz{}.} } and{r}=11 0
S
lo o
Then the state-space representation of Eq. 12 can be written as:
Z(t) = AZ(t) + BZ,(t)
X(@®) = CZ(t) + Dy Z4(t)
_[6(O] , _ |zeros(n,n)  eye(n,n) _ [zeros(n, 2)
Z(t) B [6(t) T _Mst_let _Mst_lcst s [ —r
C, = [eye(n,n) zeros(n,n)], D, = [zeros(n,1)]

~~

(104)
(105)

(106)

(107)

Where Z(t) is the (2nx1) state vector, A is the (2nx2n) system matrix, B is the (2nx2)

input matrix, and C, (nx2n) and D (nx2) are the output matrix and the direct

transmission matrix, respectively. They are defined according to the desired output.

In this condition, the desired output of state space is the displacements.
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5.4: Design Procedure

Before applying the proposed ICS to the main structure, the equivalent dynamic
properties (My, Cy, and Ky) of the main structure for two orthogonal and torsional
directions need to be computed. Then the geometric properties (e, ey, and r, ry) of
the main structure are carried out, Table 5-2. After obtaining the dynamic and
geometric characteristics of the main structure, the fundamental frequencies for the
first-three dominant-modes are found by solving the eigenvalue problem, see Table
5-1. Hereafter, the first traditional TMD is placed from CM through x-direction,
while the second TMD is implemented in the y-direction. They are tuned to the first-
two orthogonal modes and acquired the design parameters (u1, L1, a1, Ka1, Ca1 and
2, Lo, &2, Ka2, Ca2) Where they are respectively mass ratio, initial length damping
ratio, stiffness and damping constants for the first and second traditional TMDs.
Right now, we can compute total length (Li+ri™® and L>+r,™¥) of torsional
pendulum parts of ICS, which is bounded by the initial length of linear damper/spring
and the maximum response of TMDs under selected input earthquake excitations.
The ICS is tuned by using generalized Den Hartog equations in the torsional direction
and the dynamic properties for torsional spring and damping constants of the first
and second TMDs connected (Kq1, Cq1, and Kgqz, Cq2) are obtained, see Figure 5-5. Now,

the ICS is ready to be implemented, and its performance will be compared with the
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traditional TMDs in the orthogonal direction which they have the same dynamic

properties and mass ratio with the ICS, see Table 5-1.
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Figure 5-5. Structural design and analysis procedure of the structure with the ICS
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5.4.1:0ptimum Dynamic Property
There are significant optimum parameters to suppress the response of the main
structure by using TMD, which are a mass ratio, tuning natural frequency ratio and

damping ratio. The first thing is done by selecting the effective mass ratio of the

structure and TMD in orthogonal directions as y; = "::" = 5%, where mqz and mq. are

the mass of TMDs. The mass ratio of the ICS for torsional direction (pg,) can be
governed by using Eq. (108). The structural damping ratio (¢) is assumed to be 2%
and the frequencies of the structure governed can be computed by Eq. (110). The
damping ratio (¢4;) and natural frequency (wg4;) of the TMDs are obtained by using

generalized Den Hartog equations (I. M. Abubakar & B. J. M. Farid 2012).

_ Idl + Idz (108)

30 01616¢ e 016166 00
8+ 1+n 8L+ ) 1+ o
& P2 (110)
Yi= I My " .

Wg; = (q; Wy (111)

In which, g; is the frequency ratio of the TMD and the structure, obtained as:

__1 L
4 =73 (1= 15906¢) |~ (112)
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Then, the stiffness and damping coefficients of the ICS and TMD in torsional and
translational directions can be computed by governing Eq. (22) and (23). It is

tabulated as seen in Table 5-1.

kg = mdl-a)izor kqi = Idiwiz (113)
Cqi = Zfdiw/kdimdi or Cq; = Zfdi\/ kdimdi (114)

Table 5-1. The first three fundamental frequencies of the main structure and design properties
of the TMDs and the ICS

Main TMD design properties in orthogonal directions
structure Ly Ka1 Cd1 L, Ka2 Cd2
Wy
(rad/sec) (m) (KN/mm) (KN.s/mm) (m) (KN/mm) (KN.s/mm)
12.87 10 66.67 1.57 10 23.91 0.94
Wy . .. . . .
(rad/sec) ICS design properties in torsional direction
7.71 L+ max Kq1 Cql Lo+r,max Kq2 Cq2
(ra(\j,\/l:ec) (m) (KN.mm/rad)  (KN.mm.s/rad) (m) (KN.mm/rad)  (KN.mm.s/rad)
20.88 10.18 1.90E+10 2.02E+08 10.20 1.91E+10 2.03E+08

5.5: Model Overview

5.5.1: Description of Benchmark building

In the details of the Benchmark 9-story steel structure, the columns are simply
connected to the ground and made of 345 MPa steel. The bays are 9.15m between
two axes in both horizontal directions with 5 bays in the x- and y-direction. The
columns are wide-flange and the orientation of them are illustrated in Figure 5-6a.

Moment resisting frames (MRFs) and simply connected frames (SCFs) are defined
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as seen in Figure 5-6b. The interiors bays of the structures are the simple connection
with the composite floor. The floors are composite structures, defined as rigid
diaphragms, which provides the relative response to one another for each node under
dynamic loading. The floors and bays are comprised of 248 MPa steel acting together
at each floor level. The seismic mass of the ground level is 9.65x10° kg, for the first
level is 1.01x10° kg, for the second through eighth levels is 9.89x10° kg and for the
ninth level is 1.07x10° kg. The seismic mass of the above ground levels of the entire
structure is 9.00x10° kg. The 9-story N-S MRF is depicted in Figure 5-7a. For further

detailed information about the structural design, the readers refer to (Ohtori et al.

2004).
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Figure 5-6. The 9-story Benchmark buildings modified it from [31] and [32]: (a) Plan view and
column orientations; (b) Connection types of frames
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5.5.2: The Simplified Equivalent System

Assuming that the slab for each floor behaves as a rigid diaphragm, all horizontal
loads transfer directly to the columns. The response for each node of the floor is
relative to one another under an earthquake force. All structures are simplified with
two translational (x and y) and one rotational (6) degree of freedom in each story,

see Figure 5-7b.

9" floor
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| | 1 ) | 3.96m
7" floor r 1 7 1 1 I1 83m
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5" floor r r T 1 r I1 83m
3.96m
4 fioor
, I | ! ) | 396m
3[ ﬂoor 3 r £ 4 E 2 1183 m
3.96m
2 floor L
3.96
1% floor f i t 1 [ Tr83m "
cround 549m
rount
T Taesm
B-1

I A O A e A e - T =

} 4 4 4 4
9.156m 9.16m 9.16m 916 m 9.16m

(@) (b)
Figure 5-7. The nine-story Benchmark building: (a) Elevation-views; (b) simplified equivalent
system

Assuming that shear deformation in elements are neglected and there is a 10%

moment reduction at the splices. The lateral stiffness of moment resisting frames
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(MRFs) can be computed similarly for any values Iy and Ic using frame stiffness
(Chopra 2000), see Eq. 24 and Eq. 25. For the simple-connected frames, the stiffness
contribution is taken into account by governing Eq. 26. Total stiffness for each floor

is obtained as seen in Table 5-2.

_24EI 12p+1

W 12p+4 (115)
Iy

p= 4_Ic (116)
3E1I

= < (117)

where k is the equivalent stiffness for a simple connected frame and a moment
resisting frame (MRF), p is the beam-to-column stiffness ratio, I, and I, are
respectively moment of inertia for selected beams and columns, E is the elasticity of
the material and h is the height of the floor. The inherent (geometric) eccentricity of

the structure for each floor is calculated and taken as , see Table 5-2.
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Table 5-2. The structural components, dynamic and geometric properties of the 9-story
benchmark building

. . Geometric
Dynamic properties .
properties
Structural components -
Story . (eccentricity
(stiffness (N/m))
no (m))
Heights Exterior  Interior Beam X- y- e o
(m) Col. Col. direct. direct. X Y
1 5.49 W14x370 W14x500 W36x160 7.38E+09 1.96E+09 6.63 1.76
2 3.96 W14x370 W14x500 W36x160 7.51E+09 2.62E+09 3.53 1.23
3 3.96 W14x370 W14x455 W36x135 6.99E+09 2.80E+09 7.67 3.07
4 3.96 W14x370 W14x455 W36x135 6.41E+09 2.47E+09 6.18 2.38
5 3.96 W14x283 W14x370 W36x135 5.56E+09 1.99E+09 3.32 1.19
6 3.96 W14x283 W14x370 W36x135 5.07E+09 1.75E+09 2.16 0.75
7 3.96 W14x257 W14x283 W30x99 3.62E+09 1.65E+09 1.75 0.80
8 3.96 W14x257 W14x283 W27x84  3.11E+09 1.55E+09 1.58 0.79
9 3.96 W14x233 W14x257 W24x68 2.75E+09 1.66E+09 1.21 0.73

5.5.3: Implementation of the TMDS and The ICS

As stated earlier, a traditional TMD is able to dissipate energy from only the direction
that it is placed and only effective the frequency of the main structure that it is tuned,
S0 its torsional capacity is generally ignored by engineers or negligible small to take
into account on torsional response reductions. In this research, the ICS is
investigated, which is not only effective in horizontal directions but also effective in
the torsional direction. The implementation of the proposed ICS is illustrated in
Figure 5-8a and orthogonal traditional TMDs are also shown in Figure 5-8a. Finally,
the ICS is applied to the top floor of Benchmark building to test its performance as
compared to the TMDs which have the same dynamic properties with the ICS, see

Table 5-1 above.
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Figure 5-8. A schematic representative of (a) the ICS and (b) TMDs at the top floor of the
Benchmark building

5.5.4: Cross Frame System

In order to mitigate not only lateral vibrations but also twisting of the structure, there
are three cross frames placements into Benchmark 9-story steel structure’s MRFs are
pre-determined by the consideration of eliminating eccentricity between CM and CR

of each floor, see Figure 5-9a and see Figure 5-9b.
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Figure 5-9. Different placements of the x-bracing system in moment resisting frames (MRFs):
(a) in the plan view and (b) A-A elevation view of Benchmark building for Case 1

As seen in see Figure 5-98, the placements of Case 1 in the plan view is illustrated
in section a and its crosponding A-A elevation views are provided in section b. Cross
frames (CFs) are placed from ground level to the top floor without any discontinuityy
in the determined frames. For this reason, for Case 2 and Case 3, there are only plan
views of the placement of cross frames provided, see Figure 5-10a and Figure 5-10b.
In addition, the section properties of Benchmark building structural components and
used braced frames for each floor are tabulated in Table 5-3. For the cross frame
placements, HSS section is selected with different section properties for each floor.
Assuming that each cross frame strut are connected to the mainframe as a pin
connection and its damping ratio are taken by 100% increase as compared the

Benchmark structure.
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Figure 5-10. X-bracing placement in the plan view of the Benchmark building for (a) Case 2
and (b) Case 3

Table 5-3. The Benchmark building structural components and steel sections used in the
braced frames

Story Heights Exterior Interior Beam Brace

no (m) Column Column

1 5.49 W14x370 W14x500 W36x160 HSS 14x14x7/8
2 3.96 W14x370 W14x500 W36x160 HSS 14x14x7/8
3 3.96 W14x370 W14x455 W36x135 HSS 12x12x5/8
4 3.96 W14x370 W14x455 W36x135 HSS 12x12x5/8
5 3.96 W14x283 W14x370 W36x135 HSS 12x12x5/8
6 3.96 W14x283 W14x370 W36x135 HSS 12x12x5/8
7 3.96 W14x257 W14x283 W30x99 HSS 10x10x5/8
8 3.96 W14x257 W14x283 W27x84 HSS 10x10x5/8
9 3.96 W14x233 W14x257 W24x68  HSS 8x8x1/2

In this research, three different placements of the x-bracing system, (Case 1, Case 2
and Case 3) will be taken into account of seismic analysis, and the most effective

placement will be selected to compare with the proposed ICS.
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Table 5-4. Calculated eccentricities in the x- and y- directions for the bare Benchmark
building and its application with respect to Case 1, Case 2 and Case 3

The bare

Case 1 Case 2 Case 3
Benchmark

ex (m) ey (m) ex (m) ey(m) e(m) e/ (m) ex(m) ey (m)
6.63 1.76 4.21 -2.58 253 -2.58 3.37 -1.01
3.53 1.23 2.58 -1.76 134 -1.76 1.96 -0.58
7.67 3.07 6.12 0.12 5.20 0.12 5.66 1.00
6.18 2.38 4.84 -0.52 3.86 -0.52 4.35 0.44
3.32 1.19 2.52 -1.52 142 -152 1.97 -0.45
2.16 0.75 1.60 -1.92 042 -1.92 1.01 -0.77
1.75 0.80 1.27 -1.64 0.01 -164 0.64 -0.60
1.58 0.79 1.09 -1.73 -0.31  -1.73 0.39 -0.65
1.21 0.73 0.92 -1.11 -0.20 -1.11 0.36 -0.31

Table 5-5. The geometric property and the contributions of the used cross frame systems into
MRFs

Geometric property

Contributions

St -

ory Brace A Ao W Lo ror Angle W Lateral ~ Torsional

" m M Ggm ) m @ g oo suf

(N/m) (N/m)
HSS

L axiaxyg 003 313 2068 277 1067 30 353070 1.06E+09 2.18E+10
HSS

2 axiaxyg 003 313 2068 277 9.97 23 3298.93 6.95E+08 1.39E+10
HSS

3 oxioxsg 002 270 1290 239 9.97 23 2057.84 4.41E+08 8.91E+09
HSS

4 oxioxsg 002 270 1290 239 9.97 23 2057.84 4.41E+08 8.91E+09
HSS

5 oxioxsg 002 270 1290 239 9.97 23 2057.84 4.41E+08 8.91E+09
HSS

6 oxioxsg 002 270 1290 239 9.97 23 2057.84 4.41E+08 8.91E+09
HSS

7 oxioxsg 001 226 1055 201 9.97 23 1682.96 3.43E+08 7.01E+09
HSS

8  loxioxsg 001 226 1055 201 9.97 23 1682.96 3.43E+08 7.01E+09

9 HSS 001 182 675 161 997 23 1076.78 2.21E+08 4.56E+09
8x8x1/2
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5.5.4.3: Determining the Best Placement of CFs

After time history analyses are made under three selected real saved earthquake
ground motions, the peak responses of the placements of the cross frame compared
with one another including the bare Benchmark building. The results show that all
three cross frame placements are successfully surpassed the lateral vibrations and
there are slightly different for the peak response of the cross frame placements,
however, for torsional vibration control, only Case 3 is significantly reduced for both
tuning (EI Centro and detuning (Loma Prieta and Kocaeli) cases, see Table 5-6.
Therefore, Case 3 is determined and selected for comparison purpose to test the

performance of the proposed control system (ICS).

Table 5-6. Peak response of the case structures under bidirectional loadings

El Centro Loma Prieta Kocaeli
Structure Peak response Peak response Peak response
X- y- 0- X- y- 0- X- y- 0-
direc. direc. direc. direc. direc. direc. direc. direc. direc.
TheBare ooy 10658 0117 4384 17102 0143 6292 13188 0.194
Benchmark

Case 1 6.850 7.468 0.132 3.675 16.827 0.129 5.806 10.378 0.160
Case 2 6.851 7.463 0.130 3.668 16.854 0.080 5.812 10.399 0.146
Case 3 6.872 7.458 0.080 3.677 16.851 0.071 5.823 10.391 0.133

5.5.5: Ground Motion Selections
There are a lot of strong earthquakes has been occurred in the last century. In order
to test the influence of the ground motion characteristics on the proposed control

system, in this study, some of the most devastating and strong real-life earthquake
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data were acquired from the database (“CEE 221: Structural Analysis II” n.d.). The
dynamic responses of the system were evaluated under N-S and W-E components of
the real earthquake excitations of El Centro in 1940 from the station of Imperial
Valley Irrigation District, Loma Prieta in 1989 from the station of Channel 1 and
Channel 3 and Kocaeli earthquake in 1999 from the station of the general director of
meteorology of Duzce District, see Table 5-7. The accelerations vs time data are

illustrated in Figure 5-11.

Table 5-7. The selected real-saved earthquakes characteristics

PGA (Peak Ground Domin
. . Acceleration
Earthquake Recording station ) ant
input N-Scomp. W-E comp. di
) ) irect.
(m/s?) (m/s?)
El Centro Imperial Valley Irrigation District in 1940 3.417 2.101 N-S (x)
. Oakland Outer Harbor Wharf Channel 1 Nearly
Loma Prieta and Channel 3 in 1989 2.155 2.704 both
. The general director of meteorology of :
Kocaeli Duzce District in 1999 2.197 3.543 W-E(y)
N-S component E-W component

o
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Figure 5-11. The N-S and E-W components of the saved real-life earthquake data: (a) El
Centro; (b) Loma Prieta; (¢) Kocaeli earthquake

5.6: Simulation Results and Discussion

The SAC Benchmark 9-story steel structure was picked, and the analyses were
conducted on the Benchmark building by retrofitting it with the two Tuned Mass
Dampers (TMDs) in two orthogonal directions and Integrated Control System (ICS)
as shown in Figure 5-8 and with Cross Frames (CFs), see Figure 5-9 and Figure 5-10.
In order to test the performance of the proposed ICS under the bidirectional loading

case, the two TMDs -which have the same dynamic properties with ICS- were placed
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in two orthogonal directions and the best placement (Case 3) of Cross Frames (CFs)
was selected. The dynamic analysis results for the Benchmark building and its
respective application with the TMDs and the ICS and the CFs were obtained and

compared with each other.

While tuning TMDs to the first two translational directions (7.706 rad/s and 12.868
rad/s), the ICS were tuned to the first two translational and rotational directions to
the fundamental frequency (7.706 rad/s, 12.868 rad/s, and 20.880 rad/s) of the
Benchmark building. The first five modal frequencies of the model structures are
tabulated in Table 5-8. As understood from the Table 5-8, whereas the contribution
of the CFs placement into the lateral bearing system of the Benchmark building
increases overall of the natural frequencies, for instance, the first mode is increased

by 12% (from 7.71 to 8.7), the TMDs and ICS control decreases over all modes.

Table 5-8. The first five modal frequencies of the structures

Modal Benchmark Benchmark Benchmark  Benchmark
frequency buildin building building with building
(rad/s) 9 with CFS TMDs with ICS
1% mode 7.71 8.70 6.37 6.57
2" mode 12.87 13.43 8.74 9.03
3" mode 20.88 23.55 10.52 10.59
4" mode 26.19 26.27 14.71 14.79
5" mode 33.25 34.87 21.01 18.86
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The frequency responses (transfer functions), which are independent of the
characteristics of the earthquake inputs, were selected to test the effectiveness of the
proposed ICS in the seismic response control of the structures. The amplitudes of the
top floor x- and y-translational and rotational (coupling due to eccentricity)

frequency responses, respectively, are shown in from Figure 5-12 to Figure 5-15.

It is observed that the second mode dominates the x-response when the building is
subjected to x-directional ground excitation as seen in Figure 5-12, while the first
mode controls y-response when it is subjected to y-directional ground excitation, see
Figure 5-12. Therefore, the ICS and TMDs were designed to control the 2" vibration
mode of the Benchmark building for the first TMD, placed in the x-direction and
control the 1% vibration mode for the second TMD, applied in the y-direction. The

properties of the ICS and TMDs are computed and shown in Table 5-1.
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Figure 5-12. Top floor displacement transfer functions for the Benchmark building and its
application with cross frames, the TMDs and the ICS in the x-translational direction (xo)
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Figure 5-13. Top floor displacement transfer functions for models in the y-translational
direction (yo)
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Figure 5-14. Top floor displacement transfer functions for x09-coupling direction
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As seen in from Figure 5-12 to Figure 5-15., the amplitude of the frequency response
of the Benchmark building with the ICS are substantially reduced not only in
translational directions, but also especially in rotational (coupling) directions
compared to the cases where the Benchmark building is only equipped with the
individual TMDs in orthogonal directions and CFs placements. Thus, the
effectiveness of the proposed ICS for simultaneously reducing the x-and y-
translational and the rotational seismic responses of the elastic two-way eccentric

building was validated.

Table 5-9. The peak and RMS displacement response of the Benchmark building with the
cross frames, TMDs and ICS applications

Displacements on the top floor

Earthquake ; Peak resp. (cm) or (100 RMS resp. (cm) or
input Type of structures Srad) (10rad)
X- y- 0- X- y- 0-
Benchmark building 8.25 1066 0.117 203 3.27 0.032
Eﬁ;‘g;mark bulldingwith the ¢ > 756 0090 123 149 0021
El Centro ildi i
Fgg‘:hmark bulldingwith the 5 16 617 0063 101 120 0017

Benchmark building with 687 746 0080 164 187 0024
cross frames

Benchmark building 439 1710 0.143 1.03 532 0.035

Eﬁ;‘g@markb“"d'”gw'ththe 407 1305 0115 074 208 0018
Loma Prieta ~ Benchmark building with the

ICS

Benchmark building with 368 1685 0071 069 372 0015

cross frames

Benchmark building 6.29 1319 0194 161 4.09 0.033

_?mgzmarkb“"d'”gw'ththe 612 1220 059 102 280 0.021
Kocaeli Benchmark building with the

ICS

Benchmark building with

cross frames

347 1247 0.091 0.61 2.04 0.013

525 1044 0143 085 192 0.018
582 1039 0133 115 235 0.025
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To perform response history analyses for the structure with the TMDs and the ICS
and the CFs placement, the analytical models need to be accurately constructed and
coded in the structural analytical program package. Therefore, the time history
simulations were performed in Matlab & Simulink, and the results were obtained and

saved for evaluation purpose.

As expected from the results presented in Table 5-9 that the bare Benchmark building
experiences the highest peak amplitude for x- and y-translational and 6-rotational
direction at the top floor when respectively subjected to bidirectional ElI Centro,
Loma Prieta and Kocaeli bidirectional ground motions. The table also shows the
comparison of the peak and the Root Mean Square (RMS) results, which is used to
measure the intensity of vibration, to evaluate accumulative structural response for
each of the structures. Overall, the performance of the ICS for response reductions
in three directions is substantially improved as compared to the performance of the
orthogonal TMDs and the CFs placements. However, the CFs placements have better
performance when the structure is subjected to especially detuning loadings which
are Loma Prieta and Kocaeli earthquake. The is because of the fact that the
performance of TMD systems depends on the characteristic of the input earthquake
excitation. Overall, the CFs placements are so effective in controlling torsional

response as compared to the TMDs, however, the ICS gives the best responses
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reductions not only lateral but also torsional directions. By this new configuration of

ICS, the structure becomes more robust to earthquake input characteristics.
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Figure 5-16. The peak response reduction percentage for the structures under EI Centro (El),
Loma Prieta (LP) and Kocaeli (Koc) earthquakes
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Figure 5-17. The RMS response reduction percentage for the structures under El Centro (El),
Loma Prieta (LP) and Kocaeli (Koc) earthquakes
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It indicates the peak and RMS response reduction in x-, y- and 0-directions for the
building with the TMDs and the ICS and the CFs placements comparing the bare
Benchmark building under the real saved bidirectional ground motions which are El
Centro, Loma Prieta, and Kocaeli earthquake. It is seen from Figure 5-12 and Figure
5-12, the ICS has significantly suppressed the magnitude of the peak and RMS
displacements in the three directions simultaneously as compared to the TMDs and
the CFs placements. It is important to note that the CFs is more efficient to control
the peak response of the structure, however, in RMS response reduction the ICS has

the best performance.
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Figure 5-18. Maximum inter-story drift ratio of the structures when subjected to bidirectional
ground excitations of El Centro
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Figure 5-19. Maximum inter-story drift ratio of the structures when subjected to bidirectional
ground excitations of Loma Prieta
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Figure 5-20. Maximum inter-story drift ratio of the structures when subjected to bidirectional
ground excitations of Kocaeli
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The inter-story drift ratio is a useful response quantity for structural (earthquake)
engineers and an indicator of structural performance, especially for high-rise
buildings. The inter-story drift ratios in the x- and y-directions can be reduced overall
of structures by strengthening the Benchmark building respectively with the Cross
Frames (CFs) placements, the TMDs and the ICS for El Centro, Loma Prieta, and
Kocaeli earthquake. It is noteworthy that the ICS successfully improves the inter-
story drift ratios performance in the translational directions as compared to the CFs

and the TMDs, see Figure 5-18, Figure 5-19, and Figure 5-20.

In developing an energy-based design approach and assessing the damage potential
of structures, it is useful to learn the distribution of earthquake input energy (Eir)
among other energy components: kinetic (Exr), elastic strain (Ea), and damping (Ed)
(Khashaee et al. 2003). The energy components of the Benchmark building and its
corresponding application with the CFs placements, the TMDs, and the ICS are,
therefore, respectively illustrated in from Figure 5-21to Figure 5-32 for bidirectional
earthquake excitation of El Centro, Loma Prieta, and Kocaeli. The energy

components are also tabulated in Table 5-10.

137



% 10%

91 [El Centro, 1940
8l —Eir
——Ekr
—Ed

r —Ea

6 -
E
251
b=
o]
4
c
w

3 -

P

N
g
1r - .
Ina .'rl\l"r‘.“n||l I|“.”|'I' |I| AN
0 i VYUY VIVIVVAY .
0 5 10 15 20 25

Time (sec)

Figure 5-21. The total energy of the bare Benchmark building when subjected to bidirectional
ground excitations of El Centro, 1940
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Figure 5-22. The total energy of the Benchmark building with TMDs when subjected to
bidirectional ground excitations of El Centro, 1940
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Figure 5-23. The total energy of the Benchmark building with ICS when subjected to
bidirectional ground excitations of El Centro, 1940
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Figure 5-24. The total energy of the Benchmark building with cross frames (CFs) when
subjected to bidirectional ground excitations of EI Centro, 1940
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Figure 5-26. The total energy of the Benchmark building with TMDs when subjected to
bidirectional ground excitations of Loma Prieta, 1989
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Figure 5-27. The total energy of the Benchmark building with ICS when subjected to
bidirectional ground excitations of Loma Prieta, 1989
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Figure 5-28. The total energy of the Benchmark building with Cross Frames (CFs) when
subjected to bidirectional ground excitations of Loma Prieta, 1989
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Figure 5-29. The total energy of the bare Benchmark building when subjected to bidirectional
ground excitations of Kocaeli, 1999
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Figure 5-30. The total energy of the Benchmark building with TMDs when subjected to
bidirectional ground excitations of Kocaeli, 1999
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Figure 5-31. The total energy of the Benchmark building with ICS when subjected to
bidirectional ground excitations of Kocaeli, 1999
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Figure 5-32. The total energy of the Benchmark building with Cross Frames (CFs) when
subjected to bidirectional ground excitations of Kocaeli, 1999
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The input energy (Eir) to a structure is a critical measure for structural performance
during an earthquake, and it depends proportional to the relationship between relative
velocity and the ground acceleration (Takewaki 2004). The Benchmark building has
the maximum input energy with 8980 kN.m as well as it's kinetic energy is the
maximum with 38.3 KN.m, while the CFs has the minimum input and Kinetic energy
because the Benchmark bare building undergoes the fastest relative velocity among
the others under bidirectional El Centro earthquake excitations. For the Loma Prieta
earthquake, the Benchmark building still has the maximum input energy with 9629
kN.m, while its application with the CFs has the lowest input energy (5292 kN.m).
However, the input energy of the structure with the ICS (8575 kN.m) is larger than
with TMDs (6813 kN.m). This is because the structure with the ICS has relatively
bigger relative velocity as compared to the model with TMDs. Furthermore, under
the bidirectional excitations of Kocaeli earthquake, while the maximum input energy
(10400 kN.m) belongs to the structure with TMDs, the CFs placement has the
minimum energy (3870 kN.m), see Table 5-10. This is due to the fact that the
earthquake input is dominant in the y- translational direction and this can cause
detuning effects for the Loma Prieta and Kocaeli earthquake bidirectional loading
case. That is why the input energy increases, instead of decreasing relative velocity

comparing to the Benchmark building.
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It is a well-known fact that the earthquake is arbitrary and unpredictable shaking of
the ground, so the Benchmark building and its respective application with the CFs
placement, the TMDs and ICS might be exposed to x-dominant or y- dominant or
both or 6-dominant excitations. In addition to this fact, the effectiveness of TMDs is
dependent upon the characteristics of the input ground motions. Therefore, the tuning
design was made and kept it the same for any loading cases for the first and the
second TMD. The first was placed in the x-direction which is controlled by 2" mode
and the second is applied in the y-direction controlled by 1% mode of the Benchmark
structure. This design assumption might lead the control systems to experience
detuning effects in case of the dominant direction of the bidirectional loading case,

as seen in Loma Prieta and Kocaeli earthquake.
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Table 5-10. The total energy of the structures

Total energy

S meosmeurs  mme D Smn
(Exr)(KN.m) (Ed)(KN.m) (Ea)(kN.m)  (Eir)(KN.m)
Benchmark building 38.3 5760 3180 8980
£l _;B_I(i/lng;mark building with the 323 7360 1470 8860
Centro ?ggchmark building with the 21 6460 1220 2700
Benchmark building with CFs 129 3303 2072 5388
Benchmark building 36.7 6724 2869 9629
Loma _;B_Eﬂng;mark building with the 65 5050 853 6810
Prieta :Béegchmark building with the 25 7600 970 8570
Benchmark building with CFs 2.3 3815 1475 5292
Benchmark building 54 5380 2650 8030
Koce _;B_Eﬂng;mark building with the 6.3 9022 1369 10400
li Fggchmark building with the 285 7010 1070 8080
Benchmark building with CFs 10.4 2560 1300 3870

The strain energy is another indicator to test structural performance, and it has a

strong relationship to the structural damages. The bearing systems of a structure;

columns and beams have capacities that can dissipate energy safely. If those

capacities are exceeded, structural damages could be the outcome under earthquakes.

There are gradually decreased in the overall strain by implementing, in acceding

order, of the Benchmark building, the TMD and the ICS on the building under El

Centro and Kocaeli earthquakes, except Loma Prieta, see Table 5-10. This is because

the relative velocity is more dominant to determine the strain energy quantity than

the relative displacement under the Loma Prieta earthquake. The CFs placement has
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the second lowest strain energy for three loading cases because the placement does
not change the structure dynamic a lot like the TMDs or the ICS systems, it has a big
effect on the increase of the dynamic capacity. In conclusion, using the CFs
placement and the TMDs, and the ICS as a control system on the Benchmark building
increases the strain energy reduction as compared to the bare structure even in the
detuning case like Loma Prieta and Kocaeli earthquakes, but the ICS performance is

superior to others.

Table 5-11. Performance evaluation of the structures

Performance evaluation

Earthquake Type of structures h J2 Js
Input X- y- X- y- X- y-
direc. direc. direc. direc. direc. direc.
Benchmark building - - - - - -
Benchmark building
with the TMDs 0811 0711 0671 0739 0720 0.749
ElCentro Benchmark building  cco  g62a 0537 0690 0687 0733
with the ICS ) ) ) ) ) '
Benchmark building 5 a93 0707 0737 0777 085 0.893
with CFs
Benchmark building - - - - - -
Benchmark building
with the TMDs 0917 0757 0940 0.753 0.658 0.876
Loma Prieta  Benchmark building 0803 0735 0784 0747 0637 0.907
with the ICS : : : : : :
Benchmark building 5 a55 0930 0860 1.001 0825 1.105
with CFs
Benchmark building - - - - - -
Benchmark building
| o TMDs 0967 0932 0948 0956 0987 1.055
Kocaeli  Benchmark building g ac) 0794 0837 0756 00984 0.925
with the ICS : : : : : :
Benchmark building 937 793 0915 0781 0990 0.987
with CFs
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Table 5-10 shows overall performance evaluation for the control systems; the CFs
placement, the TMDs, and ICS by comparing to the bare Benchmark building. The
notations (J1, J2, and Jz) represent performance evaluation, in order, peak drift ratio,
peak acceleration, and peak base shear. There is a substantial reduction for both the
tuning case (El Centro earthquake) and the detuning case (Loma Prieta and Kocaeli
earthquakes). For both tuning and detuning loading case, the values of the peak
responses (Ji-J3), are less than one for most of the cases, except that the peak base
shear of the TMDs and the CFs placement in y-direction under respectively Kocaeli
and Loma Prieta earthquakes are slightly higher than the uncontrolled case. Thus, for
this earthquake, the Benchmark building controlled by orthogonal TMDs in x- and
y-direction is negatively affected by detuning effect due to the earthquake input
direction, so it is not as effective as by the ICS for especially detuning cases. All
values with detuning effects are slightly less or greater than the uncontrolled
structure. Under detuning circumstances, overall the ICS performs better than the

TMDs and the CFs placement.

5.7: Summary and Observation

The purpose of this paper was to examine and investigate the performance of the
proposed Integrated Control System (ICS) when subjected to selected bidirectional
ground motions which lead either to tuning effects or to detuning effects.

Additionally, the Benchmark building is controlled by two traditional Tuned Mass
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Dampers (TMDs), which are respectively applied in the x- and y-direction, for
verifying the effectiveness of the ICS. The following conclusions were pointed out

from the numerical results:

1. The contribution of the CFs placement into the moment resisting frames of
the Benchmark building increases overall of the natural frequencies, for
instance, the first mode is increased by 12%, whereas the TMDs and ICS

control decreases over all modes.

2. There is a substantial reduction of the amplitudes of the frequency response
validated the effectiveness of the ICS in controlling the seismic responses for

two-way eccentric elastic buildings.

3. The CFs placement is so effective especially in controlling torsional response
as compared to the TMDs, however, the ICS gives the best responses
reductions not only lateral but also torsional directions by the new
configuration of ICS. Thus, the structure becomes more robust with the ICS

to earthquake input characteristics.

4. Unlike traditional TMDs placed in two orthogonal directions, the ICS is more
comprehended to control not only two orthogonal (x- and y-) directions, but
also effectively control rotational (8-) direction. By means of the proposed

system configuration, the structures first-three dominants modes can
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effectively be controlled by the ICS regardless of any external energy

sources.

. The tuning design of the ICS is flexible since it depends on design parameters
such as the initial lengths, the linear/torsional dampers, and springs
coefficients, the mass ratio, and the location of the ICS. The ICS is, therefore,
highly capable of enhancing the control capacity of the structure conveniently
in multi-directions. With the help of the flexible design of ICS, the torsional

response is substantially reduced.

. The ICS is also more robust in restricting the inter-story drift ratio as
compared with TMDs. It sufficiently mitigates the RMS and peak
displacement on the top floor of the Benchmark building. Thus, the ICS has
a better performance than the TMDs and the CFs placement in terms of

response reductions.

. The strain energy (Ea) has a strong relationship with the damage level of the
structural components. Despite the detuning effect of the proposed ICS for
two-way eccentric buildings, the results show that it can significantly reduce
the strain energy demands. Thus, the ICS is also effective in reducing the
potential seismic damage to two-way asymmetric-plan buildings under

bidirectional ground excitations.
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8. According to the performance evaluation criteria, there are substantial
reductions for both the tuning case (El Centro) and the detuning case (Loma
Prieta and Kocaeli earthquakes). For both cases, the performance indexes are
overall less than the bare Benchmark building and its respective application

with the TMDs. Therefore, the effectiveness of ICS performance is verified.
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Chapter 6
Active Integrated Control System (AICS) under
Bidirectional Loading Case

6.1: Introduction

One of the effective active energy absorbers is the active tuned mass dampers
(ATMDs) which are accepted by structural engineers to substantially reduce
structural response when the structure is subjected to seismic loads. However, they
may not be always a comprehensive way in reducing structural responses especially
for high-rise buildings with irregularity in plan and elevation, where the building is
exposed to a significant amount of excessive torsion can be caused by lateral
vibrations due to those irregularities during a strong earthquake. Therefore in this
chapter, the new Active Integrated Control System (AICS) configuration, which is
for effectively surpassing the torsional motion as well as the lateral translational

vibrations, is introduced.

While two actuators, which are fixed to each orthogonal directions, are used to apply
the control forces to the ATMDs, the AICS has the same actuators with a bearing
system which allows the system to dissipate undesirable vibration in two directions
as well as torsional direction. For both systems (ATMDs and AICS), the optimal

forces are generated by the actuators which are driven by a linear quadratic regulator
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(LQR) controller. To show the performance of the AICS, the new configuration of
the AICS was applied to the Benchmark 9-story steel building subjected to selected

earthquakes and compared with the performance of the conventional ATMDs.

6.2: Optimum Vibration Control by the AICS

6.2.1: Model Overview and Configuration

The active tuned mass dampers (TMDs) system has two masses, mqg1 and mq, that
are connected with appropriate damper and spring in two orthogonal directions. They
are only effective in the direction that they are placed and tuned, namely, not useful
for controlling in torsional motion. There are two linear actuators, which apply the
controlling forces in two orthogonal directions, are attached to the TMDs at the one

side and another side is fixed to the floor as seen in Figure 6-1.

The composition of the passive ICS explained in section 5.2, is strengthened by the
same dynamic properties of the actuators with ATMDs stated above. These actuators
can move by the help of the global bearing system which allows the linear actuator
to control torsional motion with this design configuration. The structural design

configuration of the AICS is shown in Figure 6-2.
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Figure 6-1. Configurations of the active tuned mass dampers (ATMDs) in two orthogonal
direction
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Figure 6-2. Configurations of the active integrated control system (AICS) with two linear
actuators in two orthogonal directions
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6.2.2: Equation of Motion

For an eccentric building, the primary first modes of vibration may still dominate to
the response, however, higher order modes of vibration may additionally take place
during an earthquake as well. Especially for a bidirectional earthquake excitation, it
IS expected that the torsional motion of the building can be dominated by higher-
order mode shapes. Therefore, for such eccentric buildings, it is essential that we
need to consider about the effect of bidirectional earthquake ground motion, and the
properties of traditional TMD, which are influence of dimension, the best location
and so forth in evaluating the performance of the control system. The mass of the
TMDs is assumed to be located at the center of mass of the top floor because the
influence of the location of the TMD is not considered. It is also assumed that the
center of mass is located at the center of each level. Then, the equation of motion,
for a two-way eccentric structure which is actively controlled, can be mathematically

expressed as follow:

[Ms: 1{8 ()} + [Ct {8 (D)} + [Ke [{6(0)} = HU(E) — [M]{T}Z, (118)

x(t) ) x(t) X(¢)
y(t) y(t) y ()
6(t) o(t) 6(t)
S} =n@®), 5®O}=1710) p, {§(O)} =1 71 ¢,
61(t) 6,(t) 6 (1)
72(t) 72(t) 75 (t)
62(t) L6, () L6, (t)
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i

Where, M, C,,, and K, are respectively the nxn matrix of mass, damping, and

Zgz{;z } and {T} =

SORrRrOO
o

stiffness of the structure. 6(t) is the n dimensional displacement vector to the base
excitation and I' is the modification vector of the earthquake excitation. Prime ()
represents derivative respect to time. §(t) is the n-dimensional displacement vector
to the base excitation, U(t) is the control force vector, and H is the location vector of
the controllers. I' is the modification vector of the earthquake excitation. Then the

state-space representation of Eq. (118) can be written as:

Z(t) = AZ(t) + BU(t) + Wy (t) (119)
X(t) = CG-Z(t) + D, U(¢) (120)
_[6(O)] , _ |zeros(n,n) eye(n,n)
Z(t) - 5(1:) A= _Mst_let _Mst_lcst ’ ( 9 )
121
B Ze,;jf—(?[’f)]’ W = [zero_sl(ﬂn, 1)]
C, = [eye(n,n) zeros(n,n)], D, = [zeros(n,1)] (122)

Where Z(t) is the (2nx1) state vector, A is the (2nx2n) system matrix, B is the (2nx2)
input matrix, and Cr (nx2n) and D (nx2) are the output matrix and the direct
transmission matrix, respectively. They are defined according to the desired output.

In this condition, the desired output of state space is the displacements.
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6.2.3: Design Optimization Procedure

The optimum parameters which are a mass ratio, tuning natural frequency ratio and
damping ratio for the traditional TMD and the ICS systems, for minimizing the top
floor displacement, can be obtained using the modified Den Hartog equations given
in Table 6-1. While the optimum design parameters for the traditional TMD is
obtained by using the equations, which are basically developed without considering
the eccentricities under unidirectional earthquake excitation, the eccentricity and
torsional effects are taken account into the design of the ICS under bidirectional
earthquake excitation, which is selected and stated in section 5.5.5. The equation and

design procedure are given and explain in section 5.4.

Table 6-1. The first three fundamental frequencies of the main structure and design properties
of the TMDs and the ICS (previously given in Table 5-1)

Main TMD design properties in orthogonal directions
structure L1 Ka1 Ca1 L, Kaz Cd2
Wy (rad/sec) (m) (KN/mm) (KN.s/mm) (m) (KN/mm)  (KN.s/mm)
12.87 10 66.67 1.57 10 23.91 0.94
wy (rad/sec) ICS design properties in torsional direction
m
7.71 Ll-:xrl Kq1 Cqt Lo+rma Kq2 Cq2
(KN.mm/ra  (kN.mm.s/ra (KN.mm/  (KN.mm.s/ra
Wy (rad/sec) (m) d) d) (m) rad) d)
20.88 10.18  1.90E+10 2.02E+08 10.20 1'910E+1 2.03E+08

6.2.4: Control Theory
In this chapter, the general cost function (J) for the ATMDs and ICS with the

appropriate size of Q and R can be given as
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] = f OO[Z(t)T QZ(t) +U®)TRU(t)]dt (123)
0

Q= NTN € R2nx2n (124)
R € R™™M (125)

In which, Q is equal to eye(2n, 2n) matrix with the selection of the elements of
Q(9,9)=90 and Q(18,18)=90 and R is 10™. eye(m). Excluding the earthquake base

excitation, Riccati closed loop control (the control vector) U(t) is given by

U(t) = —GZ(t) (126)
G =R BTK (127)

Substituting Eq. (127) into Eqg. (119), the closed loop of the actively controlled

structure becomes:

Z(t) = (A= BG)Z(t) + Wz, (t) (128)

Now, the controller design is ready to control the actuator.

6.3: Simulation Results and Discussion

In the previous chapter, passive Integrated Control System (ICS) and design
procedure were explained and its performance was compared with two conventional
TMDs, which are placed in two orthogonal directions and have the same dynamic
properties for lateral vibration control. The ICS had significant improvements in
response reductions especially in the torsional direction as comparing to TMDs under

bidirectional loading cases.
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In here, there are two translational actuators that are applied to the new configuration
of the proposed control system as seen in Figure 6-1and Figure 6-2. The actuators
provide translation external energy into two directions for the active tuned mass
dampers (ATMDs) while they can generate the energy in the translational and
torsional direction with the help of global bearing system for the active integrated
control system (AICS). The analysis is made and the peak and RMS responses of the

ATMDs and AICS are obtained and tabulated in Table 6-2.

Table 6-2. The responses of the structure and its application with ATMDs and AICS

Displacements on the top floor

Earthquake Peak resp. (cm) or RMS resp. (cm) or
input Type of structures (10°rad) (10°rad)
X y 0 X y 0

Benchmark building 8.24 10.66 0.117 2.03 3.27 0.0322

Benchmark building

El Centro  with the ATMDs 381 496 0060 0.74 0.83 0.0184
Benchmark building
with the AICS 370 479 0.056 0.72 0.79 0.0142
Benchmark building 438 1710 0.143 1.03 532 0.0353
Benchmark building

Loma Prieta  with the ATMDs 305 7.90 0100 050 125 0.0173
Benchmark building
with the AICS 297 745 0.076 049 120 0.0127
Benchmark building  6.29 13.19 0.194 161 4.09 0.0330
Benchmark building

Kocaeli with the ATMDs 385 661 0109 066 124 0.0175
Benchmark building
with the AICS

373 632 0095 064 118 0.0137

As it is understood from Table 6-2, the active control strategy significantly improves

the system response reduction capacity. In addition to this, it increases the safety and
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stability of the structure by eliminating detuning effects, caused by the earthquake
input characteristics, which the passive control strategies are inactive are. Therefore,
the active control strategy can significantly improve the structural performance,
however, it has also some disadvantageous, for instance; it may need a huge amount

of external energy and additional control stuff like sensors, computers so forth.

Table 6-3. Comparison the performance of the ATMDs to the AICS

Displacements on the top floor

Earthquake Peak resp. percentage (%) RMS resp. percentage (%)

X y 0 X y 0
Elcentro 2.9 3.5 6.5 2.4 4.5 22.8
Loma Prieta 2.5 5.7 24.1 2.5 4.6 26.6
Kocaeli 3.0 4.4 12.7 2.5 5.3 21.7

The overall performance of AICS is substantially improved as compared to the
ATMDs. In the peak and RMS response reduction, there is approximately 3%
increase in the x-direction and about a 6% increase in the y-direction. It is also
important to note that there is significant improvement by nearly 20% for in the

torsional direction.
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6.4: Summary and Observation

A new structural control approach is introduced in designing the active tuned mass
dampers (ATMDs) for torsionally irregular buildings. Two actuators, which are
driven by the linear quadratic regulator (LQR), are used to apply the control forces
to the TMDs and ICS system in two directions. To test the performance of the
proposed system configuration, the final design was applied to the Benchmark
structure which is a two-way eccentric building subjected to bidirectional three
historical earthquakes. Results show that the proposed ICS is more effective as
compared to two orthogonal TMDs. Further, the AICS exhibits more robust and
higher reliability under different ground accelerations in two directions than

conventional ones (ATMDs).
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Chapter 7
Conclusions and Future Study

7.1: Summary

In this dissertation, there are various control systems have been commonly used as a
traditional approach and been proposed so far as an innovative approach to protecting
torsional irregular buildings (TIBs) from the risk of the failure due to torsional
irregularity under uni or bidirectional earthquake loading cases. Also, an integrated
control system (ICS) and its design framework, by which more reliable and effective
as compared to conventional ones for plan-irregular structures can be obtained, is

proposed and developed.

The effectiveness of various control systems is investigated under unidirectional
earthquake loading without considering lateral torsional coupling effects. In order
to perform the effectiveness of these systems, a six-story Reinforced Concrete (RC)
building was picked and strengthened by respectively a passive (TMD), an active
tuned mass damper (ATMD) and the masonry infill-wall, which are generally used
for the purpose of architectural design in residential reinforced concrete buildings
and generally neglected in the seismic analysis. By comparing the results obtained
from these various control systems, the symmetrical placement of infill wall in plan

significantly affected building behavior and its performance is better than passive
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tuned mass damper (TMD) with 5% of mass ratio to the main structure. The
performance of the TMD and ATMD can be improved by increasing its dynamic
characteristics, however, it is not always possible. Therefore, the infill wall can be a
good traditional control system as an alternative to TMD in mid-rise buildings. The
infill wall should also be taken into account in determining and evaluating the seismic
performances of the buildings in order to obtain more accurate and realistic results.
It is also noteworthy that the properties of infill walls should be defined as accurately

as possible in structural analyses.

The performance of the proposed Integrated Control System (ICS) is to examine and
investigate when subjected to selected bidirectional ground motions which lead
either to tuning effects or to detuning effects. Additionally, the Benchmark building
is strengthened by the placement of Cross Frames (CFs) into MRFs, two traditional
Tuned Mass Dampers (TMDs), which are respectively applied in the x- and y-
direction, for verifying the effectiveness of the ICS. Unlike traditional TMDs placed
in two orthogonal directions, the ICS is more comprehended to control not only two
orthogonal (x- and y-) directions, but also effectively control rotational (6-) direction.
Furthermore, the CFs has a better performance in controlling torsional motion and
its performance is not affected by earthquake input characteristics such as x-
dominant or y-dominant or nearly both excitations, but the TMDs is more successful

in lateral response reductions. By means of the proposed system configuration, the
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structures first-three dominants modes can effectively be controlled by the ICS
regardless of any external energy sources. The ICS is, therefore, highly capable of
enhancing the control capacity of the structure conveniently in multi-directions. By
means of the flexible design of ICS, the torsional response is substantially reduced.
According to the performance evaluation criteria of ICS, there are substantial
reductions for both the tuning case (El Centro earthquake) and the detuning case
(Loma Prieta and Kocaeli earthquakes). For both cases, the performance indexes are
overall less than the bare Benchmark building and its respective application with the
CFs and the TMDs. That means that ICS can improve the structural robustness and
safety by eliminating the effect of earthquake input characteristics in addition to

conventional ones. Therefore, the effectiveness of ICS performance is verified.

The application of the integrated control system framework is extended into an active
control strategy. Firstly, two actuators, which are driven by the linear quadratic
regulator (LQR), are used to apply the desired control forces to the active TMDs and
ICS system in two directions. Secondly, to test the performance of the AICS, the final
design is applied to the Benchmark building subjected to bidirectional three historical
earthquakes and the numerical analysis is made. It is applied as a passive (ICS) and
active control system (AICS) respectively on TIBs for earthquake response
reduction. To show that Passive and Active Integrated Control Systems are as a

structural control strategy comparable to conventional Passive and Active Tuned
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Mass Dampers (TMDs or ATMDs), theoretical studies are conducted. Finally, the

seismic performance is discussed by comparing it with the ATMDs.

It summarizes the research presented in this dissertation and provides
recommendations and future studies on the structural control system for seismic

protection of buildings.

7.2: Future study
There are some ideas and recommendations for future studies can be stated as

follows:

e The present study was conducted with a nine-story Benchmark steel building.
Further research can be analyzed with a varying number of the story in
reinforced concrete or steel structures, which have a variation of the

eccentricity in the plan.

e In this research, the ICS was performed under bidirectional three historical
earthquake loads. Actually, the real earthquake ground motion has also a
rotational component. Thus, the ICS performance can be investigated under
two orthogonal and one rotational component which can be generated from
two orthogonal components. The loading scenario represents a more realistic

earthquake action and its effect on structures.
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In this research, the structure and all other components which are used in the
analysis were assumed that they are in the elastic range, in reality not. For
that reason, to test the performance of the ICS, inelastic time history analysis

can be made for future study.

In order to increase the effectiveness of the ICS, the multi-integrated control
system (MICS) can be conducted. In addition, the best placement in the plan

or the level of structure can be investigated to increase its performance.

A significant amount of research has been done on how best to design the
tuned mass dampers in the passive control of structures under dynamic
excitation such as strong winds and earthquakes. In this research, the design
formulas for TMD was used, proposed by Abubakar and Farid 2009, without
the consideration of torsional coupling effects. Therefore, the new design
formulas are needed with a consideration of the torsional motion for the

torsional effective control system.

While the ICS is just only one possibility of the new configuration of tuned
mass damper systems with some additional components and arrangements,
which can effectively control lateral and torsional motions during an
earthquake, in future, it can be improved or modified by some additional
extension in order to comprehend the system safety.
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