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PERFORMANCE OF A NEW PASSIVE DAMPER FOR SEISMIC
PROTECTION OF STRUCTURES
ABSTRACT

Passive energy dissipation devices have been successfully implemented in buildings
around the world to reduce structural responses primarily to earthquakes, wind and other
dynamic loads. Unlike active and semi-active control systems, passive systems make use
of control devices that serve secondary functions. They are connected to structural
members to increase structural damping without the use of external forces. The aim of
this research is to introduce and investigate the performance of a new passive damper
device called bar damper (BD), which is made of a number of solid bars sandwiched
between two plates. The concept, placement and material properties of the device are
initially presented and described. Subsequently, the test setup and loading procedures are
presented and the performance of the proposed damper is assessed. For this purpose, two
experimental test stages were implemented with cyclic loading applied. In the first stage,
the BD was tested on its own keeping in view a number of design parameters, including
the height, diameter and number of solid bars used in the design of the damper device. In
the second stage, the bar damper was installed in a structural frame and experimentally
tested under cyclic loading to monitor the performance of the device and frame structure
equipped with the BD device. The results obtained in the first stage confirmed that the
BD specimens exhibited stable hysteretic behavior with a smooth change from elastic to
inelastic regime. The experiments also showed that the BD specimens were very efficient
in energy dissipation and demonstrated appropriate tolerance in cumulative displacement
as well as very ductile performance without significant strength or stiffness degradation.
In addition to the experimental study, a finite element (FE) analysis was also done. The
analysis results were compared with the experimental results and these were in good

agreement. In accordance with the experimental and FE analysis outcomes, a simplified
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bilinear model of the BD was proposed to enhance practical use of the device. Moreover,
theoretical equations of the damper device were derived based on its plastic mechanism.
It is noted that the strength and ductility of the device estimated from the theoretical
equations corresponded well with the results obtained from the experiments done in the
first stage. It is also interesting to mention that it was possible to achieve suitable
performance of the device in terms of increasing energy dissipation level, strength,
stiffness and ductility either with the proposed formulas or according to the FE analysis.
The results from the experiments on the test frames conducted in the second stage also
proved the positive effect of the BD devices on the overall performance of the test frame
where strength, stiffness, deformation capacity and energy dissipation level of the frame
increased. Moreover, a FE model of the tested frames was developed for further
investigation. Overall, it is believed that since the proposed damper achieved excellent
performance, it can be adopted for practical use by structural designers to protect new and

existing buildings and bridges.

Keywords: Bar damper; Passive system; Structural vibration control; Direction-

independent damper; Seismic protection.
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PRESTASI PEREDAM BARU UNTUK PERLINDUNGAN SEISMIK BAGI
STRUKTUR

ABSTRAK

Peranti pelesapan tenaga pasif telah berjaya dilaksanakan di bangunan di seluruh dunia
untuk mengurangkan sambutan struktur terutamanya disebabkan oleh gempa bumi, beban
angin dan beban dinamik yang lain. Tidak seperti sistem kawalan aktif dan separuh aktif,
sistem pasif menggunakan peranti kawalan yang berfungsi sebagai fungsi sekunder. lanya
disambungkan atau diletakkan pada anggota struktur untuk meningkatkan redaman
struktur tanpa menggunakan daya luaran. Tujuan penyelidikan ini adalah untuk
memperkenalkan dan menyiasat prestasi peranti peredam pasif baru yang dikenali sebagai
peredam bar (BD), yang diperbuat daripada beberapa bar pepejal yang diapit di antara
dua plat. Pada mulanya, konsep, perletakan dan sifat bahan bagi peranti ini dibentangkan
dan diterangkan. Selepas itu, persediaan ujian dan prosedur pembebanan dibentangkan
dan prestasi peredam yang dicadangkan telah dinilai. Untuk tujuan ini, dua tahap ujian
eksperimen bebanan telah dilaksanakan dengan menggunakan pembebanan berkitar.
Pada peringkat pertama, BD diuji dengan pemantauannya sendiri berdasarkan beberapa
parameter reka bentuk, termasuk ketinggian, garis pusat dan bilangan bar padu yang
digunakan dalam reka bentuk alat peredam tersebut. Pada peringkat kedua, peredam bar
dipasang pada struktur kerangka dan diuji secara eksperimen di bawah pembebanan
berkitar untuk memantau prestasi peranti dan struktur kerangka yang dilengkapi dengan
peranti BD. Keputusan yang diperoleh pada peringkat pertama mengesahkan bahawa
spesimen BD menunjukkan tingkah laku histeris yang stabil dengan perubahan yang
lancar dari elastik kepada rejim tidak elastik. Eksperimen ini juga menunjukkan bahawa
spesimen BD sangat efisien dalam pelesapan tenaga dan menunjukkan toleransi yang
sesuai dalam anjakan kumulatif serta menunjukkan prestasi yang sangat mulur tanpa

kemerosotan kekuatan atau kekakuan yang ketara. Sebagai tambahan kepada kajian



eksperimen, analisis unsur terhingga (FE) juga telah dijalankan. Keputusan analisis ini
telah dibandingkan dengan keputusan eksperimen dan ianya telah menunjukkan
persamaan yang baik. Selaras dengan hasil analisis dari eksperimen dan FE, satu model
bilinear yang dipermudahkan untuk BD telah dicadangkan untuk meningkatkan
penggunaan praktikal peranti ini. Tambahan pula, persamaan teori bagi peranti peredam
ini diperolehi berdasarkan mekanisme plastiknya. Ianya telah menunjukkan bahawa
kekuatan dan kemuluran peranti yang dianggarkan dari persamaan teoretikal adalah
sepadan dengan hasil yang diperoleh daripada keputusan eksperimen yang dilakukan
pada peringkat pertama. lanya juga menarik untuk dinyatakan bahawa adalah mungkin
untuk mencapai prestasi peranti yang sesuai dari segi peningkatan tahap kelesapan tenaga,
kekuatan, kekakuan dan kemuluran sama ada dengan formula yang dicadangkan atau
menggunakan analisis FE. Hasil daripada eksperimen pada struktur kerangka ujian yang
dijalankan pada peringkat kedua juga membuktikan kesan positif peranti BD pada
prestasi keseluruhan struktur kerangka ujian apabila kekuatan, kekakuan, kapasiti ubah
bentuk dan tahap pelesapan tenaga struktur kerangka itu meningkat. Lebih-lebih lagi,
model FE bagi struktur kerangka yang diuji telah dibangunkan untuk penyelidikan lanjut.
Secara keseluruhan, memandangkan peredam yang dicadangkan mencapai prestasi yang
sangat baik, ia boleh digunakan untuk kegunaan praktikal oleh pereka-bentuk struktur

untuk melindungi bangunan dan jambatan yang baru dan sedia ada.

Kata kunci: Peredam damper; Sistem pasif; Kawalan getaran struktur; Peredam bebas

pergerakan; Perlindungan seismik.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Civil structures must be designed appropriately under gravity and lateral loading. This
comprises the design of structural elements that can carry applied loads by taking proper
safety factors into consideration as well as serviceability conditions. Lateral loads are
principally generated by two main sources: wind and ground motions (Elwardany et al.,
2019; Ghaedi et al., 2016; Ghaedi et al., 2018; Gordan et al., 2017; Khanzaei et al., 2015;
Mashal & Palermo, 2019; Xiang et al., 2019). Structures subjected to such loads not only
require systems apt to impede collapse (Carpio. et al., 2019; Elwardany et al., 2018;
Pantidis & Gerasimidis, 2018; Seleemah & El-Sharkawy, 2011), but engineers also need
to understand more the nature of these loads from a dynamic solution perspective. In other
words, dynamic structural responses including damping, vibration and resonant

frequency must be understood well.

During wind impacts, structures must tolerate wind pressure by remaining in elastic
condition, however, during earthquakes different scenarios may occur. In a ground
excitation instance, the inertia, or reaction of a building generates forces of extremely
high scale when the base vibrates against neighboring soil. Practically keeping structures
in elastic condition is not an easy task and even impossible in many cases, especially
during major ground motions. To prevail in such circumstances, increasing the strength
of the structure can raise inertia forces on account of varying dynamic properties. In the
past, engineers have engaged in changing structural sections and materials, using
structural mechanisms like moment-resisting frames and shear walls or modifying
structural shapes. Nowadays, a defense system is applied to the basic structural system to
increase the ability of a building in the face of earthquake forces. During seismic
excitations, a huge portion of seismic input energy that might be conveyed to the structure

is dispersed through energy dissipation devices installed. Alongside utilizing such



devices, a problem exists pertaining to the question of how buildings can be designed to
act agreeably in these situations. Similarly, supplementary questions to pose are, in what
condition does a structure have to be after a seismic event? Does building collapse

prevention save lives?

Although several supplementary damping control systems have been presented over
the past decades, these structural systems are emerging progressively more in light of new
advances in technology. Frequently used energy dissipation systems, including active and
semi-active energy dissipation, as well as passive and hybrid vibration control systems
have been investigated. Active and semi-active systems can vary based on the external
loads applied and need a bulky power supply that may not always be accessible,
specifically during an earthquake. However, passive control systems do not require any
external power supply alteration in accordance with external load settings, while hybrid

control systems can be combinations of active, semi-active and passive systems.

1.2 Problem Statement

Utilizing passive control systems to reduce the dynamic response of structures is
gradually becoming dominant, as they do not require external energy sources and are
activated upon seismic or dynamic load contact with the structure. Further developments
of passive systems from different aspects, such as design, theory, hardware, installation
and specification have authorized important applications for industrial plants, bridges and
buildings. Such applications are currently evident in any earthquake-prone zone.
Although passive devices have been utilized in retrofitting existing buildings and
designing new structures of high importance, such as critical bridges, defense
installations, hospitals and emergency response services, it is observed that many of the
proposed passive devices function as unidirectional systems (Almeida et al., 2017; Fateh

et al., 2016; Lee et al., 2016; Lu, 2004; Meng et al., 2019; Ozbulut & Hurlebaus, 2011;



Park & Oh, 2020; Saaed et al., 2015; Titirla et al., 2018; Weber, 2014). . It simply means
that besides passive systems other energy dissipation systems must also be placed in both

directions to strengthen a structure against dynamic loads.

From an architectural point of view, major structural control systems proposed are
designed for installation in specific locations of structures, as many are patterned in X, Z
or V form, as shown in different studies (Choi & Kim, 2010; Javanmardi et al., 2019;
Ling & Ling, 2012; Maleki & Mahjoubi, 2013; Mualla et al., 2010). It is obvious that
using damper devices in such forms occupies space, a matter that should be considered
carefully when modelling structures. In addition, a passive damper has to be made of
materials that are available, affordable, dissipative and easy to build. The literature
indicates that numerous passive devices introduced are made of materials that are either

expensive, difficult to obtain or not easy to build.

1.3 Objective of the Research

The main goal of the present work is to introduce and examine a new metallic passive
damper for conveying operative control to structures under minor and major dynamic
loads ranging from mechanical vibration to wind and earthquakes. The study investigates
the performance of the proposed damper subjected to lateral loading. The more specific

objectives derived are as follows:

1. To propose a simple and low-cost passive metallic damper with effective energy
dissipation capability in a planar direction

2. To investigate and evaluate the performance of the damper through a series of
experimental quasi-static cyclic tests

3. To derive constitutive formulas of the device based on its plastic mechanism and

compare them with experimental and finite element analysis results



4. To assess the effectiveness of the proposed damper in performance improvement
of frame structures under cyclic loading through experimental tests and finite

element analysis

14 Research Methodology

To attain and verify the research objectives, a new bar damper device (BD) is
introduced and related information including its description and placement is presented.
To understand the BD’s performance, a number of damper device specimens are tested
experimentally by subjecting to low-cycle fatigue loading using a 1000kN Universal Test
Machine. To satisfy the experimental tests, a benchmark model is numerically
investigated by means of the finite element (FE) software ABAQUS and the FE model
results are compared with the experiments. Furthermore, mechanical equations of the
damper device are also derived and compared to the results obtained experimentally.
Later on, the proposed device is installed in a full-scale frame structure at the beam-
column site to investigate the effectiveness of the device in improving the frame’s
response to the applied cyclic loading. Furthermore, FE models of the tested frames
equipped with and without BD device are developed and analysed. The results of the FE
models are compared with the experimental results. Figure 1.1 demonstrates the BD

device tests and FE analysis procedure.



Figure 1.1: Flow chart of the methodology

1.5 Scope and Limitations of the Research

The scope of the present research is divided into two stages. First, the research goes to
introduce, develop and test a new passive dissipation system known as a bar damper (BD)
device. Several design parameters were established and examined through laboratory
tests using full cyclic displacement loading. These were carried out to verify the proposed
damper’s performance as well as to derive related formulas for the device, 1.e. yield force

and yield displacement of the damper. Moreover, ABAQUS software was used to



simulate the BD device behavior under cyclic loading and to compare the FE results with

the laboratory tests.

In the second stage, the experimental study was limited to two semi-rigid frames, one
bare frame and the other was equipped with BD device. Therefore, the effectiveness of
the device on response improvement of frame structures was experimentally tested by
installing the proposed damper device in a semi-rigid frame structure. The test frames
were examined when they were subjected to a series of cyclic displacement loads. The
response of the frame equipped with BD devices was compared to the frame without BD
device. The behavior of the test frames with and without BD devices was also simulated
by means of ABAQUS software for further investigations. The results of these analyses
were compared with the experiments. Lastly, by presenting the efficiency of the damper
device, appropriate conclusions and recommendations were offered for further future

studies.

1.6 Significance of the Research

A number of inventive vibration control devices including active, passive and semi-
active systems have been suggested and effectively utilized in the seismic protection of
structures. Each of these strategies and systems has positive and negative points. For
instance, designing an active or semi-active damper necessitates compliance with
numerous restrictions, resulting in limited power source and space, time delays,
inadequate measurements of structural responses, incompatibility of the control
algorithms with the systems, low strength, etc. On the other hand, interest in the
development of passive devices owing to the many advantages compared to active and
semi-active control systems has widely increased in recent decades. New developments
include using multiple mechanisms like friction, yielding, phase transformation, fluid

orificing and viscoelastic material deformation, but there are still some restrictions for



these types of dampers, mainly in practical engineering applications. For example, a shape
memory alloy damper or material is very costly to use. Retuning the frequency of a tuned
mass damper (TMD) in real time is the main limitation of this device. Furthermore, the
high level of damping required and inability to control higher modes productively are
other limitations of TMDs, tuned liquid column dampers (TLCDs) and even tuned liquid
dampers (TLD). Temperature, small displacement and frequency dependencies are
limitations of viscoelastic dampers. The gradual wear of the friction surfaces in friction
dampers and permanent displacement are the main disadvantages of this type of dampers.

Viscous fluid dampers may confront fluid leakage.

The solution proposed in this work is a type of passive control device called a Bar
Damper (BD). The BD is a combination of three typical mild steel materials arranged in
such a way to create a unique and innovative device that enhances the strengths and
offsets the weaknesses of the individual devices. Specifically, the BD consists of three
parts: top and bottom plates and bars arranged in between. The BD, in spite of its
simplicity, can be designed in several manners by changing the size, pattern, height,
material, etc. It can even be fabricated by incorporating waste materials and no use of
advanced technology for assembly. The damper can not only be made of steel material,
but also from different dissipative materials such as aluminum, copper and lead. The
benefit of utilizing BD is the ability to dissipate energy at all deformation levels.
Depending on the situation, it can be designed to dissipate energy from a minor level of
lateral loadings like wind forces or minor earthquakes to a high level of loading such as
strong ground motions. Increasing the strength and stiffness of the device by changing
different parameters enables the BD to dissipate significant amounts of seismic energy.
Damper elements permanently damaged in major earthquakes can be replaced without
affecting the core structure. The proposed BD device can also be installed at several

locations on a structure such as a beam-column connection or in the form of X, Z, V, K,



or it may be used as a base isolation system, etc. Therefore, the proposed BD device opens
doors for architects to use all spaces of design. Moreover, the location of the proposed
passive damper can be easily changed by varying its main parameters, as seen by the

examples in Figure 1.2.

Finally, the proposed BD device is also significant for its applicability to dissipate
energy in a planar direction owing to its unique geometry. It is very important to mention

this, since most metallic dampers function unidirectional (act in one direction only).

Figure 1.2: Placement of structural control systems in different locations

1.7 Thesis Outline

Chapter 1 presents an introduction to structural vibration control systems. A brief
discussion regarding the positive and negative points of different control systems as well
as the problem statement on the topic is provided. Subsequently, the objectives,

methodology and significance of this study are presented.

Chapter 2 comprises a literature review to deliver a comprehensive background
pertaining to the use of different structural control systems. The focus is on the application

of such devices in building and bridge structures. It is seen that many articles were



published between the 1990s and 2013 in relation to vibration control systems of
structures subjected to ground excitations. Therefore to avoid repetition, an attempt is
made in this chapter to review studies more recently carried out, primarily since 2013, on
active, passive, semi-active and hybrid vibration control systems for structures under

dynamic motions.

Chapter 3 introduces the proposed damper device with a description, its design and
potential placements at different locations of a structure. Later in the chapter, the
performance of the proposed design parameters is evaluated for the device under

experimental cyclic load tests.

Chapter 4 provides details of device. FE modelling and analysis are carried out to
verify the damper’s performance. Theoretical equations for the damper device are also
presented. Finally, the FE study and device equations are validated following a
comparison with the experimental results. A bilinear model of the device is presented as

well.

Chapter 5 investigates the effects of the device on frame structure performance
improvement. To this end, a frame equipped with the proposed device is experimentally
tested under cyclic loading and the results are compared with the results of a bare frame.
Moreover, related FE models and analyses are implemented and the results are compared

with the experimentally tested frame results.

Chapter 6 presents the conclusions of this study and offers appropriate

recommendations for further future studies.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Among the numerous natural tragedies, earthquakes can inflict vast damage to a large
number of buildings and constructions at the blink of an eye. Privation of awareness on
ground motions and their comeback are conspicuous and results in disaster; leading to
unpleasant memoirs. Furthermore, it is regrettably agreed that there is no general
favourable method to certainly forecast ground motions, yet. Indeed, it may not be
promising to define the exact time when a mortal earthquake will happen (Ghaedi &
Ibrahim, 2017). Therefore, it is a big concern to civil and structural engineers to design
and protect structures against such devastating ground excitations using earthquake-

resistant systems.

Principle of conventional earthquake-resistant design has been applied for the last 75
years to ensure an acceptable safety level while avoiding catastrophic failures and life
loss (Basu & Reddy, 2016). Numerous researches have been conducted over the last half
century for developing innovative earthquake-resistant systems in order to improve
seismic performance of structures while keeping the construction costs reasonable. To
this end, many works have recently been investigated and published in relation to
vibration control systems of structures subjected to ground excitations. This chapter
attempts to present the most recent types of proposed seismic energy dissipation systems
implemented in building and bridge structures to show the positive progress of the
applications of such systems in structural and earthquake engineering area. These systems
are active, passive, semi-active and hybrid systems. It should be noted that, since the
present study focuses on proposing a passive control system, thereafter, the recent passive

systems are extensively reviewed in this chapter.
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2.2 Structural Control Systems

Structural control systems are commonly used to decrease unwanted responses of
structures due to various sorts of dynamically loadings such as traffic, winds, earthquakes
and other service loads. For instance, modern buildings are often susceptible to excessive
wind-induced dynamic motion due to their flexibility, lightweight construction, and low
inherent damping. As a result, occupants can experience significant tribulation. To reduce
its resonant structural response, a building can be equipped with a supplementary
damping system, which is installed at appropriate location of the structure to increase the
rate of energy dissipation. Vibration control systems are not only used to enhance the
structural functionality and safety of buildings against natural and man-made hazards (Ali
& Abdel-Ghaffar, 1995; Apostolakis & Dargush, 2009; Aumjaud et. al., 2015; O.
Curadelli & Amani, 2014; Dall’Asta & Ragni, 2008; Fu & Cherry, 2000; Hatzigeorgiou
& Pnevmatikos, 2014; Karimi, 2012; Li & Wong, 2014; Serror et. al., 2014; Spak et. al.,
2015), but they are also used to control any unwanted responses in other fields such as
mechanical vibrations. These systems can be categorized into four key groups according
to their operative performances. Table 2.1 shows the control systems considering the past

and most recent used methods which is investigated in this study.

Table 2.1: Main categories and subcategories of structural control systems

Control mechanisms Control methods

Active Active mass driver damper (AMD)
Active bracing system (ABS)
Active tendon control (ATC)
Distributed mass damper (DMD)
Active tuned mass damper (ATMD)
Active variable stiffness (AVS)

Pulse generation system
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Table 2.1: Main categories and subcategories of structural control systems (continued)

Passive

Fluid viscous damper (FVD)
Viscoelastic damper (VED)
viscous wall damper (VWD)
Friction dampers (FD)
Metallic damper (MD)
Buckling Restrained Brace (BRB)
Self-centring sandwiched BRB (SC-SBRB)
Dual-core self-centring brace (DC-SCB)
FUSEIS
Resetting passive stiffness damper (RPSD)
Tuned liquid damper (TLD)
Tuned mass dampers (TMD)
Tuned mass damper-inerter (TMDI)
Tuned-inerter damper (TID)
Tuned mass generator (TMGQG)
Particle dampers (PD)
Tuned liquid particle damper (TLPD)
Particle tuned mass damper (PTMD)
Tuned liquid damper with floating roof (TLD-FR)
Eddy-Current tuned mass damper (EC-TMD)
Nonlinear energy sink damper (NESD)
Negative stiffness damper (NSD)
Base Isolators
= High damping rubber bearing (HDRB)
= Lead rubber bearings (LRB)
= Elastomeric bearings (EB)
= Sliding bearing systems (EBS)
= Scissor-like structure (SLS) lever-type isolator
= Biologically inspired passive isolator
e Variable friction bearings

e Pneumatic vibration isolator
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Table 2.1: Main categories and subcategories of structural control systems (continued)

Semi-active Semi-active tuned mass damper (STMD)
Semi-active resettable variable stiffness TMD (RVS-
TMD)

Leverage-type stiffness controllable mass damper
(LSCMD)

Piezoelectric friction damper (PFD)

Banded rotary friction device (BRFD)
Semi-active bracing systems

Variable-stiffness damper

Variable-orifice damper

Variable-friction damper

Viscous fluid damper

Controllable fluid damper

Electromagnetic dampers (EMD)
Hybrid Active + Passive

Semi-Active + Passive

2.2.1  Active Vibration Control (AVC) Systems

In active control systems, an exterior energy source must be applied to activate the
system through suitable signals (Maleki & Mahjoubi, 2013, 2014; Xu & Teng, 2002). In
order to generate the signals, appropriate algorithms are used to measure structural

dynamic responses.

Several types of AVC systems have been presented and developed. In active control,
applied external energy plays the main role to control the system. The essential
information of structural behavior under dynamic loading is received by a controller
through sensors (see Figure 2.1). Studies on active control are mainly focused on
structural safety pertaining to strong wind and seismic loadings, in recent years. However,

more investigations in case of functionality are also needed; reduction of environmental
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vibration as an essential duty in the serviceability context should be considered as well.

Figure 2.2 demonstrates the applications of AVC systems in structural engineering field.

Figure 2.1: Structure of AVC

 Earthquake Safety
* Wind Safety
* Functionality

* Serviceability

Figure 2.2: Goals of AVC systems in recent years

2.2.1.1 AVC in buildings

In recent years, notable attempts have been devoted to the advancement of the active
mass dampers (AMD), active tuned mass dampers (ATMD), active tendon control (ATC),
and distributed mass damper (DMD) vibration control systems in order to enhance
serviceability and reduce the dynamic responses of civil engineering structures subjected

to environmental loads such as wind and ground excitations.

Nigdeli and Boduroglu (Nigdeli & Boduroglu, 2013) proposed a system to control
torsionally irregular single- and multi-degree-of-freedom (MDOF) structures subjected
to near-fault ground excitation through active tendon control (ATC) as shown in Figure

2.3. A numerical algorithm that scanned the peak responses in the time-domain for
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arrangements of control coefficients was used to tune proportional-integral-derivative
parameters. Based on the investigated results, the ATC system was significantly efficient

on mitigation of maximum responses and obtaining a swift steady-state response.

Figure 2.3: Implementation of ATC on a SDOF system (Nigdeli & Boduroglu,
2013)

A novel control approach was proposed (Amini et al., 2013) for detection of the
optimal control forces of ATMD using three control algorithms; particle swarm
optimization, discrete wavelet transform (DWT) which was utilized as a strong time-
frequency tool for providing time-varying energy in various frequency bands, and Linear-
Quadratic-Regulator (LQR) algorithm. After testing the method on a 10-story building
subjected to near-fault motions, the results showed that, the proposed approach was
effective to reduce the displacement response in real time. Soleymani and Khodadadi
(Soleymani & Khodadadi, 2014) proposed a new adaptive ATMD for vibration control
of a 76-story building under both seismic and wind motions. A multi-objective genetic-
fuzzy algorithm and an adaptive switching-type fuzzy controller was presented to enhance
the ATMD performance under the excitations. Tinkir et al. (Tinkir et al., 2013) presented
an experimental test in order to control deflection of 2-DOF structure subjected to a scaled
earthquake using proportional-integral controlled AMD system. Consequently, deflection
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and acceleration response of the two floors were graphically presented for active and
passive mode. Muresan et al. (Muresan et al., 2016) proposed an active control system
based on fractional order control implemented to a tuned mass damper (TMD) and
viscoelastic damper (VED) in order to mitigate seismic vibration of structures by testing
the controller in a SDOF laboratory scale structure. The analysed results revealed that the
effectiveness of VED in vibration reduction was more than the TMD. Although, the
merits of the proposed fractional order controller were noticeable when modelling errors
were considered. A filtered sliding mode control method was presented (Wang & Adeli,
2015a) to reduce the wind-induced response of high-rise buildings and the method
performance was appraised for a 76-story building using an ATMD installed on the roof.
Because of the deletion of high frequency portion of the control force, the actuators,
dampers, sensors and structure were less vibrated, and subsequently led to reduce their
response in comparison to the unfiltered sliding mode control approach. Ubertini et al.
(Ubertini et al., 2015) proposed an innovative AMD system with its modelling and
application using a stable collocated sky-hook control algorithm. The system was
evaluated by installing the device on the top floor of a 5-story steel structure with reduced-
scale under vibration excitation. The presented AMD was made up of an electric torsional
servomotor, ball screw, potentiometer and additional carried mass as displayed in Figure
2.4(a) and Figure 2.4(b). Yang et al (Yang et al., 2017) proposed a multi-model negative
acceleration feedback control algorithm for a projected AMD system. In the AMD
system, as shown in Figure 2.5, the proposed AMD was activated by AC servomotor
connected to a portable mass through a ball-screw mechanism, where an accelerometer

was installed as a sensor in order to measure vibrations. For the real use of AMDs once

the natural frequency (a)”

) amplitude was low, the system could be used as the most
applicable mechanism. Teng et al. (2014) proposed recent advanced technologies

regarding the design and application of AMDs control on a tall building under wind
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loading. Discussions contained overview of real structure, setting up analytical model,
the scheme and optimization of a range of energy dissipaters, the time-dependent variable
design using feedback control strategy for restricting supplementary mass impact, and the

AMDs design and optimization.

Figure 2.4: Details of (a) Electric torsional servomotor used in AMD system and (b)
Components of ball screw (Ubertini et al., 2015)

Figure 2.5: Scheme diagram of MDOF using proposed AMD (Yang et al., 2017)
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Teng et al. (Teng et al., 2016) also implemented influence time delay analysis on
stability and system poles in order to decrease the effect of time delay on the AMD control
systems. To ensure the stability of the system, a formula for the maximum time-delay was
established for structures with single-DOF (SDOF) and MDOF with resolving the
characteristic equation given by (Hu, 2004; Lin, 1996). As a result, a compensation
controller was planned and through the numerical and experimental studies, the success
of the proposed approach was verified. Fu et al. (Fu & Johnson, 2014) analysed active
control techniques for a DMD to demonstrate more structural response mitigations. To
this aim, a 20-story building equipped with 20 DMDs was utilized as a test-bed.
Accordingly, the presented active DMD technique, considering a single AMD system and
a full-active system, could perform better than usual active control systems, while they

utilized similar amount of input energy.

In high-rise buildings, the role of stiffness is much significant compared to strength
role (Patil & Sangle, 2015). Moment resisting frames because of their flexibility do not
meet stiffness criteria, though, concentric braced frames owing to their partial ductility
have worthy stiffness. There are numerous manners of making braces to make structures
resistant against seismic excitations. In order to enhance the performance of the typical
braces installed in structural frames, the active bracing systems (ABS) are implemented.
This system can be set in three common forms; X form, K form or V-braced frames (VBF)
and in a diagonal form. Nonetheless, other bracing systems can be established such as
zipper braced frames (ZBF) and chevron braced frames (CBF) configurations as depicted

in Figure 2.6.
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CBF ZBF VBF XBF MRF

Figure 2.6: Bracing systems in different configurations

By mounting the servo-valve controlling hydraulic actuator, as shown in Figure
2.7, on the bracing systems, a huge control power can be produced (Arias-Montiel et al.,
2014; Saaed et al., 2015). This system consists of a hydraulic force supply, an actuator, a
servo-valve controller, sensors and a predefined algorithm using a control computer. To
measure the sensor processing, the algorithm is used by the control computer and ordering
the control signal. The servo-valve will utilize the ordered signal to regulate the intensity
and direction of flow. Therefore, the two actuator chambers will be yielded due to the
pressure changes. As a result, the vital control power will be generated by pressure
changes. Eventually, the power is employed to withstand against severe lateral forces

imposed to the structure.

Figure 2.7: F280S servo-valve hydraulic actuator (Arias-Montiel et al., 2014; Saaed
et al., 2015)
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Many other control algorithms have also been advanced for AVC systems of structures
using different methods and devices. Bigdeli and Kim (Bigdeli & Kim, 2014) developed
neuro-control algorithm according to modal energy for active nonlinear control of
building structures. Amini and Samani (Amini & Samani, 2014) proposed a time-varying
wavelet-based pole assignment controller to reduce seismic vibrations in MDOF
structures. Discrete wavelet transform was implemented to specify the energy amount of
the structural response in real time in a frequency band where the frequency was used in
the Big Bang—Big Crunch (BB-BC) algorithm in order to update adaptively the optimal
values of the closed loop poles of the system. The proposed wavelet-based pole
assignment method was experimentally verified on a 10-story building system, and also
through numerical examples under several excitations. Yanik et al. (Yanik et al., 2014)
proposed a new AVC performance index considering the mechanical energy
minimization of a 3D 6-story building, seismic energies and their control using a fully
active tendon system designed by a linear optimal control algorithm. Lack of necessity to
solve the nonlinear matrix Riccati equation as well as a theoretical seismic knowledge
was the advantageous of the control system. Omidi et al. (Omidi et al., 2016) presented a
novel controller, called Multi Positive Feedback (MPF) control, for mitigation of active
vibration in piezoelectric-actuated flexible smart structures. The MPF was designed in
order to control concurrently the vibrations of single and multi resonant frequency.
Nazarimofrad and Zahrai (Nazarimofrad & Zahrai, 2016) developed a mathematical
model in order to control the behavior of an irregular buildings subjected to earthquakes
by means of active tendons ordered by LQR algorithm, while the soil-structure interaction
effect was considered. Liu et al. (Liu et al., 2016) proposed a multiple source multiple
harmonic active vibration suppression algorithm considering feedforward structure
accordance with conjugate gradient method and reference amplitude rectification. A finite

element (FE) model in-loop simulation was also presented for quick algorithm validation.
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Yavuz et al. (Yavuz et al., 2016) presented a closed loop control technique for active
vibration system to suppress the vibrations of end point. The mathematical of 4DOF
system was developed, when the proportional-integral-derivative (PID) control action
was integrated to the Newmark method. The PID control algorithm was applied to detect
the error signal value of actuator in each time step. An input value was utilized to identify
the movements for the following time step. The process was continuing till the steady-
state value was roughly touched. Miyamoto et al. (Miyamoto et al., 2016) developed a
fresh method to be used in an active control system according to the equivalent input

disturbance method and the validation was established through a 10-DOF building model.

2.2.1.2 AVCin bridges

Inordinate and unforeseen cable vibration of bridges is deleterious for the long-term
serviceability and safety of bridge structures. It may cause untimely failure of connections
as a result of fatigue or collapse of cable-corrosion-protection systems. Furthermore,
vibration of stay cables will decrease public confidence. To avoid the destructive
vibration for protection of the entire bridge system, application of supplementary devices
installed close to the cable anchorages has been broadly accepted. Recently, engineers
have, however, proposed novel control approaches to actively suppress vibration of
cables; it has temporarily been developed. Pereira et al. (Pereira et al., 2014) proposed a
novel active vibration control design methodology to control human vibrations on
pedestrian structures based on multi-input multi-output vibration control in order to
obtain the sensor location as well as the control law. The method comprised of a
performance index minimization that included all the important applied issues involved
while accelerometers and inertial-mass actuators were utilized to perform a direct velocity
feedback in practice. Wang and Adeli (Wang & Adeli, 2015b) presented an adaptive
algorithm to control nonlinear vibration of big structures under seismic loading. They

developed the control algorithm according to incorporation of a self-constructing wavelet
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neural network, particularly for identification of structural system considering an adaptive
fuzzy sliding mode control method. The method was used for mitigation of vibration
response of a continuous pre-stressed concrete box girder bridge subjected to dynamic
excitations. Mitchell et al. (Mitchell et al., 2015) developed a wavelet-filtered genetic
neuro-fuzzy system using aspects of DWTs, implicit redundant representation genetic
algorithm-based decentralized output feedback polynomial controls, neural networks, and
fuzzy logic theory, in order to control motions of highway bridges under different seismic
loads. Crusells-Girona and Aparicio (Crusells-Girona & Aparicio, 2016) proposed an
active control system for application of cable-stayed bridges by means of quasi-static
approach. The bridge design with active control systems is highly different from the one
with no control system. According to this fact, the authors believed the approach must be
considered in design codes. It was also noticed that, the study is capable to merge the

abilities of the active control for both the quasi-static and dynamic loadings.

2.2.2 Passive Vibration Control (PVC) Systems

Passive strategies are different from active systems in which they are not operated by
any external force or source. They are especially worthwhile in circumstances such as
ground motions where external source is probable to be disconnected, while it is more
urgent than ever. In passive control approach, control devices, as a secondary function,
are embedded or connected to the structural members to improve the structural damping
or increase the stiffness using a proper method with no use of external force to operate.
Therefore, several forms of PVC devices, such as friction dampers, yielding and metallic
dampers, have recently been developed for purposes of seismic protection in buildings

and bridges. Figure 2.8 shows the general components of PVC systems.
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Figure 2.8: Components of PVC system

2.2.2.1  PVC in buildings

Many investigators have considered the effectiveness and advantages of TMDs and
have introduced different approaches to develop their robustness and validity. Therefore,
TLD, TMD-inerter (TMDI), tuned liquid particle damper (TLPD), TLD with Floating
Roof (TLD-FR), Eddy-Current TMD (EC-TMD) and particle TMD (PTMD) have

recently been developed.

The inerter system has been earlier used in vibration control through base isolation
systems. Recently, Lazar et al. (Lazar et al., 2014) analysed the feasibility of a tuned-
inerter damper (TID) control approach as a substitute for TMDs and by consideration of
n-DOF systems, general framework for computational response of the structures
equipped with proposed TID was developed. Also, Marian and Giaralis (Marian &
Giaralis, 2014) proposed an innovative passive device, known as TMD-inerter, to remove
the pendulous motion of accidentally support excited primary structural systems
compounding the conventional TMD with an inerter device. The inerter in the introduced
TMDI configuration was using the “mass amplification effect” as a supplementary
connective part between the ground and the TMD pendulous mass for SDOF, and
between the primary structure and TMD pendulous mass for chain-like MDOF primary
structures. Consequently, Jin et al. (Jin et al., 2016) introduced two configurations of
inerter-based passive vibration controls, namely a mass linked to a parallel damper and

spring in series with an inerter (Case 1), and a traditional dynamic vibration absorber in
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series with an inerter (Case 2) to vibration control of the beam-type structures (see Figure
2.9). The comparison between Case 1 and Case 2 illustrated that for larger mass Case 2

had better performance than the Case 1 while opposite was correct for smaller mass ratio.

Papalou et al. (Papalou et al., 2015) and Papalou and Strepelias (Papalou & Strepelias,
2016) investigated an innovative technique to support multi-drum ancient monuments
using particle dampers (PD). The proposed method introduced the utilization of PDs in
the form of traditional drums having a hollow section encompassing particles as
illustrated in Figure 2.10. The studies proved that, the properly designed PDs were
significantly capable to control the response of a multi-drum column with no changing

the column appearance.

Figure 2.9: Beam-type structure with inerter-based (a) Case 1, and (b) Case 2
vibration control configuration (Jin et al., 2016)
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Figure 2.10: (a) PDs inside the drums and (b) schematic of the damper system
considering ancient column (Papalou & Strepelias, 2016)

Dai et al. (Dai et al., 2017) presented a new passive vibration control device called
tuned liquid particle damper TLPD, which integrates the conventional TLD and PD
features as demonstrated in Figure 2.11. The TLPD features in terms of transfer functions
and de-tuning settings were studied using shaking table tests and the frequency domain
approach was used to discuss the non-linear TLPD performances installed in a 5-story
steel frame building under various dynamic motions through shaking table tests. The tests
provided the proof of concept results for the advanced passive vibration absorber. Ruiz et
al. (Ruiz et al., 2016) proposed an innovative TLD-FR as shown in Figure 2.12, to avoid
wave breaking phenomena and provide a linear behavior of liquid. The supplemental
damping system was also considered for the TLD-FR by providing a placement for extra
damper devices (like viscous damper) to enhance the favourite optimal damping for

shaken liquid.
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Figure 2.11: Scheme of TLPD (Dai et al., 2017)

Figure 2.12: TLD-FR (Ruiz et al., 2016)

Luet.al. (Lu et al., 2017) examined a new EC-TMD on a reduced scale structure to be
as a representative for Shanghai Center (SHC) tower with a TMD installed at its 125th
floor to evaluate the structural responses due to wind and earthquake excitations.
Moreover, the numerical analysis of the SHC equipped with proposed EC-TMD was
conducted to verify the results with experimental tests. Figure 2.13 shows the presented
EC-TMD, in which V, I, C and B are velocity, eddy currents, conductive plate and
magnetic field, respectively. Lu et al. (Lu et al., 2017) proposed an innovative PTMD,
which synthesized several energy dissipation techniques from both particle dampers and
TMDs, and its performance was assessed through computational, analytical and
experimental methods and an analytical solution based on an equivalent single-particle

damper concept was presented. Figure 2.14 shows the PTMD in Lu’s study.
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Figure 2.13: Eddy-currents arising from relative motion between conductive metal
plate and magnet (Lu et al., 2017)

Figure 2.14: A view of PTMD (Lu et al., 2017)

Min et al. (Min et al., 2014) presented a two-way liquid damper using combination of
tuned liquid column damper and tuned sloshing damper, in which its design procedure
was developed and verified by installing the damper on a 64-story building structure to
show the damper efficiency on reduction of the building response due to wind vibration.
Hejazi et al. (Hejazi et al., 2013) proposed a multi-objective optimization technique using
genetic algorithm (GA) to modify the performance of passive energy dissipation devices
to reduce the damage response of structural members as well as story displacements
considering 6-DOF. Hejazi et al. (Hejazi et al., 2016) presented a new FE-based analytical

model as well as a constitutive law for viscous wall dampers (VWD) to adapt dampers
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with RC structures subjected to seismic loading. They also developed Newmark’s
algorithm for inelastic analysis in order to detect damage for both the connected VWDs
and structural members. Based on the proposed model, a FE program was codified and

validated.

Dissipation of energy using devices made of metals such as steel, SMAs, lead and
copper have demonstrated their effect on mitigation of the seismic response of structures.
As a result, researchers have also used the advantages of such materials to present new
solutions for structural vibrations. Qian et al. (Qian et al., 2013) presented an innovative
re-centring SMA damper, called RSMAD using nitinol wires as a superelastic
components to dissipate energy as indicated in Figure 2.15. Additionally, the constitutive
equations for nitinol wires were developed and several cyclic displacement and frequency
amplitudes were performed to assess the damper, and based on the obtained results, it was
concluded that for a frequency more than 0.5Hz, the damper sensitivity performance was
impalpable. Brionce and de la Llera (2014) presented a new copper-based bidirectional
energy dissipation damper, where the cyclic device response under demonstrated
momentous capacity to dissipate energy in both small and large deformations before

failure.

Figure 2.15: RSMAD configuration (Qian et al., 2013)
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Fateh et al. (Fateh et al., 2016) presented a novel passive variable stiffness bracing
(VSB) system as an adaptive stiffness element to be utilized in structural frames, in which
the analytical model of the device was developed to simulate its mechanical performance.
Great nonlinear stiffness variety was the most significant feature of the proposed VSB
device. Hao et al. (Hao et al., 2014) presented a new H-type steel unbuckling brace (SUB)
made of low-yield steel, as depicted in Figure 2.16. The proposed damper was tested and
it was affirmed that the damper had great capacity in terms of stable energy dissipation

and plastic deformation without any stiffness degradation.

Figure 2.16: Diagram of SUB damper (Hao et al., 2014)

Buckling Restrained Brace (BRB) is categorized as a new type of concentric braced
frames (CBFs), where it increase the stiffness and ductility of the frames and
simultaneously solves the buckling matter. Chou et al. (Chou et al., 2016) developed
BRBs by introducing a dual-core self-centring sandwiched BRB, called SC-SBRB, that
merged both the energy dissipation of the SBRB and the self-centring feature of the dual-
core self-centring brace (DC-SCB) together. Guerrero et al. (Guerrero et al., 2016)
proposed a new approach for preliminary design of short building structures armed by

BRBs. It was assumed that a structural frame equipped with BRBs was logically
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reinforced by a dual SDOF oscillator to prevent members yielding at the same
displacement levels. The method formulation was derived for SDOF buildings. Zhou et
al. (Zhou et al., 2017) proposed and replaced a damping outrigger system considering the
diagonal BRBs with conventional buckling steel members and a mechanical model of the
developed damping outrigger was introduced. The influence of the outrigger system was
evaluated on the 124-story SHC tower with 632 m height as the target structure. Dougka
et al. (Dougka et al., 2014) and Dimakogianni et al. (Dimakogianni et al., 2015) presented
a new passive vibration control system, known as FUSEIS1, which was subdivided into
FUSEISI-1 and FUSEIS1-2 in which the dissipative fuses were beams and short pins,
respectively, as demonstrated in Figure 2.17. The fuses were placed between floors
connected to two strong rigid columns. Laboratory tests were carried out to evaluate the
proposed systems and design recommendations were provided. It was recommended to
develop their capacity for self-centring properties. Walsh et al. (Walsh et al., 2017)
presented a resetting passive stiffness damper (RPSD) in line with modification of
resetting semi-active stiffness damper (RSASD), where the feedback components of
RSASD were substituted by a novel rack-lever mechanism, as illustrated in Figure 2.18,
to attain damper resetting due to applied force. The numerical and laboratory tests of the

RPSD confirm that, control performance of the RPSD was similar to the RSASD.

Figure 2.17: (a) FUSEIS1-1 and (b) installed FUSEIS1-2 (Dimakogianni et al.,
2015; Dougka et al., 2014)
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Figure 2.18: RPSD configuration (Walsh et al., 2017)

Viscoelastic passive energy dissipation devices have, however, verified as an effective
tool for earthquake-induced vibration control in buildings; a few studies have been
progressed for their contribution to vibration control. For example, Yamamoto and Sone
(Yamamoto & Sone, 2014) proposed a combination use of metallic yielding component
with VED installed in three different frame systems over an inclusive variety of applied
displacement amplitudes. The presented vibration control was considered to work as a
great capacity of VED during a minor vibration by designing the VE material as thin
material to carry the shear strain. Gong and Zhou (Gong & Zhou, 2017) investigated a
new form of viscoelastic damper (VED) with robust nonlinear characteristics, presenting
both hardening and softening, by designing and testing a 3-srory viscoelastically damped
building under dynamic motion using a shaking table to show the control effect of the

VED.

A type of nonlinear energy sink damper (NESD) and passive negative stiffness
dampers have also been investigated by the engineers as innovative dynamic vibration
absorbers. Luo et al. (Luo et al., 2014) introduced a new passive device conducting
essentially nonlinear elastomeric springs to reduce response of structures subjected to
dynamic loading while the structures remain elastic. To examine the damper, four NESDs

were installed on a 9-story building structure where elastomeric springs with pyramidal
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shape were implemented to understand the enhanced essentially nonlinear spring

elements as presented in Figure 2.19.

Figure 2.19: NESD used in experimental test (Luo et al., 2014)

Shi and Zhu (Shi & Zhu, 2015) presented two new schemes of passive negative
stiffness dampers through magnetism, called magnetic negative stiffness dampers
(MNSDs), which were composed of a number of constant magnets set into a conductive
pipe as shown in Figure 2.20. The proof of concept laboratory tests were implemented by
means of an MTS machine when a cyclic displacement protocol loading was applied to

the prototypes.
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Figure 2.20: MNSD a) type A and b) type B (Shi & Zhu, 2015)

2.2.2.2 PVCin bridges

Applications of passive control systems in bridge engineering has been attracting more
attentions, unlike AVC, in terms of proposing innovative control devices and methods.
The passive controls have attested to be efficacious in reduction of cable vibration, as the
control systems can be favourably adjusted for maximum damping ratio, although, the
damper distance to the cable end anchorage is an important matter. Yan et al. (Yan et al.,
2014) presented a primary design method for tuned particle dampers (i.e. TPD and
PTMD) for continuous viaducts by testing a reduced-scale bridge subjected to ground
motions, such that the TPDs were attached to the tested bridge in a dispersed
embellishment along the whole bridge length, and an analytic energy approach was
conducted for simulation of the damper behavior using a FE model. They showed the
proposed preliminary design method for TPDs is a useful tool in response reduction of

bridges under seismic motions. Miguel et al. (Miguel et al., 2015) proposed the coincident
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optimization of placement and force of friction dampers (FDs) using firefly algorithm. To
evaluate the capacity of presented method two footbridges under human-induced
vibrations were investigated, in which locations and forces of FDs were the design
variables. The results confirmed the capability of the proposed approach for
determination of the best placements of the FDs in the structures as well as their optimum
forces. Khang et al. (Khang et al., 2016) investigated experimentally and theoretically the
influence of TMD on a long-span bridges considering raising the critical flutter wind
speed. The equations governing the motion of the bridge deck equipped with TMD were
analytically expressed and step-by-step flutter analysis approach was developed using
MATLAB program code from 2-DOF system to a 4-DOF system to compute the TMD
parameters. Takeya et al. (Takeya et al., 2016) proposed a newly energy harvester device
known as tuned mass generator (TMG) consisted of a tuned dual-mass damper system to
be used for vibration control of bridges as presented in Figure 2.21. In order to dissipate
and use the unused energy reserve of the damper, an electromagnetic transducer was
applied. Moreover, TMG was tuned through a new proposed approach, namely multi-
domain parameter design approach for both the power generation and energy storage.
Based on the analytical study it was shown that, TMG was robust against tuning errors
and uncertainties under vibrations. Miguel et al. (Miguel et al., 2016) presented a new
application of robust optimal design (ROD) of TMD and Multiple-TMD (MTMD) for
vehicle-induced vibration problems of bridges by implementation of a parallel-processing
Monte Carlo simulation (MCS) to carry out the high computational complexity. The
obtained results showed that by using MTMDs can decrease the maximum vertical

displacement at the center of bridges compared to single TMDs solutions.
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Figure 2.21: Scheme of TMG application on bridges with dual-mass systems
(Takeya et al., 2016)

Camara et al. (Camara et al., 2017) proposed a new approach to design optimum
yielding dampers (concentrated on TADAS dampers connected between deck and
supports) based on equivalent SDOF approximation for short to medium span cable-
stayed bridges under seismic excitations in the transverse direction. The results
demonstrated that the plastic deformation of dampers causes significant effect to prevent
seismic damage of towers in the transverse direction. Attary et al. (Attary et al., 2015a,b)
showed the effectiveness of a new passive NSD by implementing the device, which
provided negative stiffness, on a scaled down model of a highway bridge subjected to
various seismic loads through shaking table test where four different bridge
configurations including 1) isolated bridge (IB); 11) NSDs+IB; ii1) VD+IB; and 1v)
NSDs+VD+IB was experimentally considered. The proposed NSD is shown in Figure

2.22.
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Figure 2.22: Proposed NSD, which dissipates forces with the motion of the device
(Attary et al., 2015; Attary et al., 2015)

223 Semi-active Vibration Control (SVC) Systems

A semi-active damper device is usually defined as a controlled passive device, while
it has yet many benefits of an active control system with no need of any large energy
input. In other words, a semi-active device is usually defined as an active device with
small energy requirement such as that of a battery. A side advantage of this system as
well as hybrid control system is providing extra degree of protection through passive
control operation when the power sources are failed under extreme excitations, unlike an
entirely active system. A close consideration in structural vibration control area gives the
detail that, SVC system proposes the adaptability of AVC without requiring the large

power supply (see Figure 2.23).

Figure 2.23: SVC components
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2.2.3.1 SVCin buildings

Researchers have investigated different stochastic optimal semi-active control
algorithms for excited building and bridge structures. One of prevalent SVC system is
MR damper, which uses magnetorheological fluids to make adaptable dampers. The
damper has been widely considered in vibration control of both the buildings and bridges.
Zeinali et al. (Zeinali et al., 2013) employed an adaptive neuro-fuzzy inference system to
investigate a phenomenological dynamic model of two types of Lord Corporation MR
dampers, a short and a long stroke damper, used in laboratory tests. The obtained results
showed that the proposed model was successfully able to predict behavior of both the
short and long stroke MR dampers with acceptable accuracy. Cha et al. (Cha et al., 2014)
studied four control algorithms including clipped optimal, Lyapunov stability based,
passive on and decentralized output feedback polynomial control algorithms using real-
time hybrid simulations to validate a MR damper placed in a realistic MRF system, when
the frame was subjected to three earthquake excitations. The results in terms of
acceleration responses, inter-story drifts, control forces and displacements were
presented. Alqado et al. (Algado et al., 2017) introduced the linear matrix inequality-
based closed loop version of the input-shaping control technique for structural vibration
control area, where the effectiveness of the presented control method was evaluated by
simulation of a 3-story building structure equipped with a MR damper, tightly linked
between the ground and the first floor. Khalid et al. (Khalid et al., 2014) examined a
reduced scale MR damper model considering the valve mode mechanism through
recurrent neural network modelling approach for rehabilitation of the nonlinear hysteretic
behavior of MR damper. Besides, an innovative modulated chirp signal (amplitude and
frequency range varying input signal) related to supply voltage was introduced for
continuous motion of the damper. Xu et al. (Q. Xu et al., 2017) optimized the Back-

propagation Artificial Neural Network (BP-ANN) through Artificial Bee Colony (ABC)
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algorithm, called ABC BP-ANN as indicated in Figure 2.24, to find the required voltage
for SVC of MR dampers (installed in a single and multiple buildings) using Spencer
model. It was observed that, the results of MR damper control-forces were close to the
LQR active control algorithms. In addition to this, the results revealed that, the proposed
algorithm of ABC-BP-ANN was more effective than BP-ANN algorithm to forecast MR
damper voltage using the velocity data, displacement and control force. Hashemi et al.
(Hashemi et al., 2016) also proposed a wavelet neural network (WNN)-based semi-active
control approach for providing precise calculation of input voltage for MR dampers for
providing the control parameters imposed to MR dampers installed on a structure. The
model was optimized through a localized genetic algorithm and later on, it was applied to
a 9-story benchmark building subjected to an increased-scale earthquake. The
effectiveness of the controller was also verified under other near-field and far-field
earthquake motions. Alqado and Nikolakopoulos (Algado & Nikolakopoulos, 2016)
presented an innovative solution using a semi-active posicast control approach for
vibration control of structures with MR dampers and evaluated the approach efficiency
numerically using MATLAB code and experimentally testing a 3-storey benchmark
structure equipped with a single MR damper. Moreover, a semi-active Bang-Bang (BB)
controller and a general feedback LQR algorithm was designed to evaluate the

recommended controller performance.

Semi-active TMD (STMD), as an appealing alternative to conventional TMDs, have
also been developed considering variable stiffness (VS), having the privilege of
incessantly retuning the frequency because of real time control. Consequently, this
advantage makes the damper robust to change damping and stiffness of the associated
structures. Lin et al. (Lin et al., 2015) proposed an innovative semi-active resettable
variable stiffness TMD (RVS-TMD) to improve the TMD control performance. The

RVS-TMD was consisted of a RVSD, composed of a control stiffness element and a
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resettable element, and an undamped TMD system as shown in Figure 2.25. Based on the
numerical analysis, it was shown that the RVS-TMD was capable to evade detuning effect
and guarantee the optimal control performance as anticipated while the primary structure

frequency was altered.

Figure 2.24: Presented ABC-BP-ANN for SVC of MR Dampers (Q. Xu et al., 2017)

Figure 2.25: Schematic diagram of RVS-TMD (Lin et al., 2015)

Chu et al. (2017) introduced the leverage-type stiffness controllable mass damper
(LSCMD) as a semi-active vibration control system to improve the conventional TMD

performance. The LSCMD consists of a leverage arm with a portable pivot, allowing
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to change the lever arm by changing position of the pivot to restore the force in real
time and to control stiffness of the damper as shown in Figure 2.26. The LSCMD
effectiveness was evaluated through comparison of the same system equipped with
TMDs and hybrid mass damper considering similar control law considered for the
LSCMD. Sun and Nagarajaiah (2014) assessed the performance of a semi-active TMD
(STMD) by means of frequency and variable damping ratio under seismic motions.
The STMD frequency and the damping ratio was conducted by proposing a new short-
time Fourier transform-based (STFT-based) control algorithm through tracing the
primary structure displacements and the variable stiffness STMD (VS-STMD). The
presented results confirmed the effectiveness of the VS-STMD in reduction of the
vibrations compared to the optimal TMD under both the near-fault pulse-like and
regular ground excitations. Similar study was carried out by Deshmukh and
Chandiramani (2014) using LQR algorithm to control a building, equipped with a VS-

STMD, under wind excitations.

Figure 2.26: LSCMD configuration
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Piezoelectric friction dampers (PFD) are classified as intelligent systems aimed at
SVC in structures. The PFDs at piezoelectric smart isolation systems (PSIS) are
principally considered as variable passive devices. Etedali et al. (Etedali et al., 2013)
developed optimal PID controllers of the isolated buildings equipped with PFDs in
order to gain semi-active control. The effectiveness of the proposed algorithms was
verified via three well-known controllers; LQG control, the maximum passive
operation of the FD, and optimal Skogestad's PID method. Using GA, the Skogestad's
PID tuning parameter was specified to balance the intension and performance of the

closed loop operational systems.

The advancement of semi-active friction dampers has progressively captured attention.
Variable friction dampers (VFD) are another solution for vibration control with capability
of high-energy dissipation, by converting mechanical energy into heat through friction
mechanism that is controllable via an actuator. Cao et al. (Cao et al., 2015) proposed a
new semi-active variable friction damper designed based on duo-servo drum brake
technology of a vehicle. To evaluate the damper, they fabricated a scaled-down prototype
and characterized its dynamic performance. Later, Downey et al. (Downey et al., 2016)
proposed a fresh VFD for application of vibration control, named banded rotary friction
device (BRFD) as illustrated in Figure 2.27, which was based on the band brake system.
The BRFD was analytically presented and experimentally tested by applying harmonic
loads to a BRFD prototype. Results confirmed the maximum force capacity of 45 kN

when it merely used 267 N actuator force.
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Figure 2.27: BRFD configuration (Downey et al., 2016)

Garrido et al. (Garrido et al., 2016) studied experimentally and theoretically a semi-
active friction tendon (SAFT) using two different control laws; simplified quickest-
descent control law (SQDCL) based on velocity-feedback and slackening-preventing
control law (SPCL) based on force-feedback, to show the effectiveness of proposed
system on vibration control of buildings and bridges. Besides using these two lows, the
quickest-descent control law (QDCL) was also used to investigate the performance of
SAFTs in space structures. Evaluation of hysteretic behavior and displacement response
of SAFTs confirmed two important implications; 1) the efficiency of the passive vibration
control can continuously be enhanced using semi-active control through three considered
control laws and, 2) for very small displacements the SQDCL is more effective, whereas
for large displacements the SPCL is more advantageous. Pardo-Varela and Llera (Pardo-
Varela & de la Llera, 2015) proposed, designed and tested a semi-active frictional device
with piezoelectric actuators in order to control vibration of large scale structures. The
presented damper was made of duplex steel plates and leads, to provide an intense
frictional capacity, which can be extended for both passive and semi-active modes. Figure
2.28 shows a schematic view of the damper. Choosing the sliding material and clamping

system stiffness were two of the main key features in design of the damper.
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Figure 2.28: Frictional damper (Pardo-Varela & de la Llera, 2015)

Zare and Ahmadizadeh (Zare & Ahmadizadeh, 2014) proposed an alternative
methodology for design of optimum viscous fluid dampers by means of stiffness
modification and active control (pole assignment) algorithm; adjusted for adaptability
with passive systems. In the alternative design approach, the structure poles could relocate
to their optimum locations to decrease the vibrational response of the structure. The
efficiency of the proposed design method was presented by comparison of a 5-story
building controlled through different methods such as LQR algorithm. Shi et al. (Shi et
al., 2014) presented a new semi active floor isolation scheme, to be set on the top floor of
building structures as depicted in Figure 2.29, to decrease displacement and acceleration
under both long- and short-period excitations by adapting LQR control algorithm through
frequency-dependent scheduled gain, named LQRSG. The obtained results from the tests
demonstrated that the LQRSG approach was outstandingly more efficacious than the
traditional LQR control algorithm for structural response reduction due to both long- and
short-period motions. Qu et al. (Qu et al., 2017) presented a novel method to optimize the

negative stiffness and additional damping values in different floors of building structures.
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The formulation was firstly derived to adapt the negative stiffness (NS) and additional
damping optimization with the decentralized-static-feedback controller. Afterwards, the
controller was explored by homotopy procedure; leading a local optimum solution and
lastly, the procedure was verified via numerical analysis of a 20-story benchmark building
structure. The results showed that the proposed approach could effectively decrease the

inter-story drifts as well as the shear force due to ground accelerations.

Figure 2.29: Proposed floor isolation system (Shi et al., 2014)

2.23.2 SVCin bridges

MR dampers also have been used as a favourable solution in vibration control of cables
in bridge structures. It is because of the ability of MR dampers to tune the damping effect
of the structural vibration in real time. Therefore, in this regard, Maddaloni et al.
(Maddaloni et al., 2013) made some progress to an existing methodology (Brown et al.,
2011) to draw out earthquake information by means of a seismic early warning system
(SEWS) in the semi-active structural control framework using MR dampers installed on
a highway bridge. The methodology also represented an improved form of the one
recommended by (Maddaloni et al., 2011). The key idea consisted in varying the MR
dampers behavior based on an estimation of the peak ground acceleration (PGA) of an

incoming seismic excitation. Luu et al. (Luu et al., 2014) investigated the control
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feasibility of vibrations of railway bridges in transverse direction subjected to high-speed
traffic through MR dampers installed as shown in Figure 2.30. A Hoo algorithm was
derived to control damping forces of MR damper with its inverse model as well as the
adaptive neuro-fuzzy inference system technique was built to predict voltages of MR

dampers. The suggested model was robust for decreasing resonant vibrations.

Figure 2.30: Retrofit configuration for bridge (Luu et al., 2014)

Weber (Weber, 2014) presented a new semi-active vibration absorber using MR
damper (see Figure 2.31), known as MR-SV A, to show the performance of the un-damped
vibration absorber in order to reduce harmonic excitations in which the performance of
the proposed device was evaluated by harmonic vibration of the Empa bridge, while the
passive absorbers of the MR-SVA were properly adjusted to the target resonance
frequency of the bridge once detuning of 10% was implemented. The obtained results
were then compared to the behavior of a TMD and showed how the MR-SVA were

effective.
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Figure 2.31: Prototype MR-SVA (Weber, 2014)

Arsava and Kim (Arsava & Kim, 2015) proposed two Takagi-Sugeno fuzzy algorithms
to investigate nonlinear modelling behavior of MR dampers subjected to different impact
forces and control signals. It was proven from the training, testing and validation that, the
Output Feedback neuro-fuzzy (OFNF) model was so efficient in nonlinear modelling
behavior of MR dampers conducting arbitrary current signals under many extraordinary
impact loads. Weber and Distl (Weber & Distl, 2015) presented two control methods,
controlled viscous damping and cycle energy control, for MR dampers installed on bridge
stay cables and also they solved the force tracking for MR dampers installed on Russky
Bridge and Sutong Bridge using a model-based feedforward with no force feedback for
decreasing costs, when temperature (-40°C to +60°C) of the bridges’ environment was
taken into consideration for the damper to guarantee an accurate force tracking of the
real MR dampers affected by temperature. The other novelty was minimizing power
consumption through real-time decentralized control components with pulse width
modulation (PWM) current mounted nearby each damper to prevent DC power lines as

shown in Figure 2.32. Weber and Maslanka (Weber & Maslanka, 2014) also
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experimentally validated the precise stiffness emulation method with MR dampers for

semi-active TMD (MR-STMD) of the Wolgograd Bridge.

Figure 2.32: (a) Russky Bridge, Russia and (b) real-time decentralized controllers
with PWM (Weber & Distl, 2015)

Chen et al. (Chen et al., 2016) developed typical LQG control strategy for excellently
modifying self-sensing MR dampers in protection of bridge stay cables under extreme
vibration as shown in Figure 2.33. With the purpose of real performance, the development
took into consideration the limited measurements and a collocated sensing-damping
arrangement as well as nonlinear dynamics of the self-sensing damper using a verified
Bayesian NARX network approach in order to compensate for nonlinearities of the
damper. In condition of running the self-sensing device in semi-active and passive
vibration control modes, it was observed that the combination of nonlinear dynamics of
the device in the control strategy improved damping force tracing effectively, and attained
better performance through the passive control mode and Heaviside step function-based
LQG control. Heo et al. (Heo et al., 2017) proposed MR dampers with lumped mass, as
shown in Figure 2.34, used in a two-span bridge to reduce its longitudinal vibration under
near- and far-filed earthquakes. The mathematical model of damping system was derived

and the model was tested under near- and far-field motions through shaking table.
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Figure 2.33: Self-sensing MR damper (Chen et al., 2016)

Figure 2.34: MR damper with lumped mass (Heo et al., 2017)

Additionally, to mitigate vibration response of the bridges, a few other devices as well
as control approaches have been developed. For instance, Andersson et al. (Andersson et
al., 2015) studied external damper systems to mitigate the vibration of railway bridge and,
therefore, developed procedures for a VS-STMD by means of tuning frequencies with

conducting numerical simulations of the railway bridge as the case study. The
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accumulative fatigue damage was computed for different damping systems. Owing to
resonant behaviour, it was found that, the results were extremely contingent on the train
speed. Weber and Distl (F Weber & Distl, 2015) derived an approximate solution of
collocated control by means of corrected optimal modal viscous damping for multimode
cable vibration reduction using semi-active damper and negative stiffness according to
the control force features of clipped LQR testing numerically and experimentally. Lobo
et al. (Lobo et al., 2015) proposed a novel semi-active control device with ability of re-
centring made up of a shape memory alloy (SMA) with bar form able to lock or unlock
the support condition. The developed system overcame some restrictions addressed by
other control systems, whereas, solely relying external force to vary the locked/unlocked
state of the support, as harvesting was mobilized through motion of structure alongside
with the motion of SMA piston head. Numerical analysis was carried out to evaluate the
proposed damper to control a SDOF bridge as well as a similar SDOF model with an

added fuse to assess its re-centring ability.

The electromagnetic dampers (EMD) are comparatively a fresh type of dampers that
can generate electrical energy from kinetic energy over electromagnetic infusion.
Recently, Shen and Zhu (Shen & Zhu, 2015) and Shen et al. (Shen et al., 2016) presented
an innovative EMD cum-energy-harvester (EMDEH) comprised of an electromagnetic
device attached to a circuit. The proposed damper was tested through a scaled cable-
stayed bridge (see Figure 2.35), were it was simultaneously harvesting energy of cable
vibration via the energy harvesting circuit (EHC) and was providing necessary damping

to the cables.
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Figure 2.35: Discretized model of a cable-stayed bridge equipped with EMDEH
(Shen et al., 2016)

224 Hybrid Vibration Control (HVC) Systems

A HVC system comprises of utilization of an active control to increase and perfect
the PVC performance; requiring less control force. This is a good motivation to work on
hybrid control area. In other words, An HVC system operates at the same time with the
dangerous vibrations to enhance structural behavior for better safety and service. A HVC
system is normally distinct as a combination of active, passive and semi-active dampers.
This system can lessen the limitations of active and passive systems when they are
implemented alone. Consequently, higher performance may be attained. Furthermore, the
HVC system can give a more reliable result compared to a fully AVC system, even though

it can be also often more intricate. Figure 2.36 indicate the HVC components.

Figure 2.36: Structure of HVC system
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2.24.1 HVC in buildings

Liquid column dampers (LCDs) have long been used for the seismic vibration control
of flexible structures. Tuning Liquid column dampers (LCDs) for short-period structures
is not convenient. Several alterations have long been presented on the primary LCD
structure to improve its workability in comparatively stiff structures. Gur et al. (Gur et
al., 2014) showed that, the efficiency of the LCD can be enhanced by the substitution of
a linear spring with a SMA material, called SMA-LCD, for control of short-period
structural vibration. The SMA-LCD structure was consisted of the LCD connected to the
main structure through the SMA spring, as demonstrated in Figure 2.37. ks, ¢s and m; are
the stiffness, damping and mass of the SDOF structure, and x;, Xc and X, are the vertical
displacement of the liquid column, liquid container displacement with respect to the
SDOF system and the structure displacement relative to the ground, respectively. It was
proven that, the system had better control effectiveness compared to the typical LCD and
generally understood that the improved behavior of the proposed hybrid system over the
compliant liquid column dampers can be reliable to control broadband dynamic-induced

vibrations in almost short-period building structures.

Figure 2.37: SMA-LCD in SDOF system (Gur et al., 2014)
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Hogsberg and Brodersen (Brodersen et al., 2016) presented a hybrid viscous damper
comprised of a passive dashpot sited in series with a load cell and an active actuator. A
filtered integral force feedback approach was used to control the actuator motion, wherein
the filter was the key feature, which was designed to decrease damper force. It was shown
that in the proposed approach, the control was stable where the force controlled velocity.
Thus, a significant energy amount was dissipated through the hybrid dashpot in
comparison to a pure viscous damper. Jalaeefar and Asgarian (Jalaeefar & Asgarian,
2014) presented a novel hybrid SMA-based damper, which combined strain recovering
systems and energy dissipation. It was recommended to install the device in semi-rigid
braced frames. Barmo et al. (Barmo et al., 2015) examined a hybrid system consisting of
flat sliding bearings (FSB), lead rubber bearings (LRB) with combination of rotational
friction damper (RFD) at the base of a 8-, 12-, 16- and 20-story building to investigate
the response of the buildings subjected to ground motions. The results showed that, using
such hybrid system can significantly mitigate the base shear and displacement when the
height of the buildings is increased. The system had bad effect on drift response when the
height (flexibility) was increased. Demetriou and Nikitas (Demetriou & Nikitas, 2016)
presented a novel hybrid semi-active mass damper (SA-HMD) for dynamic structural
applications as a substitute design for the traditional hybrid ATMD (HATMD). Enabling
synthesis of the instant effective system by the consecutive and proper action of semi-
active and active elements was the basic innovation of this configuration. To this end, the
active elements of the SA-HMD were regulated through an optimal LQR controller,
whereas the semi-active elements were controlled by a direct output feedback algorithm,
known as displacement based ground-hook (DBG) control algorithm. Moreover, for the
coupling of the dampers and the design of the control actions, a mathematical procedure
was proposed and the performance of the controllers was assessed on both SDOF and

MDOF (76-story) structures of (Yang et al., 2004), as shown in Figure 2.38. Collette and
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Chesné (2016) presented a novel vibration control law for a hybrid absorber, called a-
HMD, which was guaranteed the closed loop system stability. The a-HMD was compared
to a purely AMD and a TMD through 3-DOF model. Eventually, design guidelines were

proposed to adjust the control parameter effectively.

Figure 2.38: Configuration of different control systems (a) TMD, (b) semi-active
TMD (SA-TMD), (c) ATMD, (d) SA-HMD for the 76-storey building (Yang et al.,
2004)

Kasagi et al. (Kasagi et al., 2016) proposed a new hybrid system where a base-isolated
(BI) building was connected to a stiff free wall via oil dampers and to control such a smart
hybrid structure, a GA was presented. To show more properties of the system for a wider
variety of frequency, a 40-story base isolated building was connected to a 26-story stiff
free wall by oil dampers as illustrated in Figure 2.39 was evaluated. However, a similar
study was earlier presented by Murase et al. (Murase et al., 2013) to show the

effectiveness of the system against long-duration and pulse type dynamic excitations.
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Figure 2.39: Hybrid system of a 40-story base isolated building linked with a 26-
story free wall through oil dampers (Kasagi et al., 2016)

Leeetal. (Leeetal.,2016) combined steel strip device with a friction device to propose
anew hybrid vibration control in order to improve the performance of structures subjected
to multiple level of seismic excitations. Richiedei and Trevisani (Richiedei & Trevisani,
2017) introduced an innovative hybrid technique for assignment of eigenstructure using
the concurrent synthesis of active control and passive modifications. The passive
modifications changed the eigenvectors through state derivative feedback control. This
provided additional DOF in the synthesis of controller. Therefore, overcoming the
eigenstructure assignment limitations utilized active control solely. Accordingly, the

approach can broadly be applied to vibrating systems including structures.

2.24.2 HVCin bridges

Cu and Han (Cu & Han, 2015) proposed an innovative damper type combining TMD
with viscous damper in order to increase damping ratio and reduce unfavourable vibration
of taut cables of cable-stayed bridges and stadiums. Most recently, a somehow similar
idea, i.e., proposing a novel hybrid damper combining TMD with high damping rubber,
named TM-HDR damper for the same aims was introduced by Cu et al. (Cu et al., 2017).

However, oscillation characteristics of cables with connected dampers were studied
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through an analytical solution of the complex eigenvalue problem; experimental
investigations are compulsory to support the presented studies. Maddaloni et al.
(Maddaloni et al., 2016) proposed a technique of smart passive vibration control for
bridges in different seismic zones using variable MR fluid dampers and based on
exploitation of a SEWS. As a result, a particular design procedure was presented utilizing
regional control algorithms, which was based on the control logic optimized for specific

zones specified by homogeneous seismicity.

2.2.5 Base Isolation (BI) Systems

BIs or seismic isolations are a recognized and advantageous method to protect civil
structures (Alhamaydeh et al., 2013). The main principle in using Bls is to build a
structure with the first mode of vibration beyond an extensive earthquake energy region,
which usually causes large movements at the base level that should be lessened
(Javanmardi et al., 2017, 2018). For this purpose, researchers have recently presented
some sorts of isolations in order to decrease the base displacement and natural frequency
of the structures. For instance, Pham and Ahn (Pham & Ahn, 2015) presented a new
isolation system, called horizontal active vibration isolator (HAVI), using forces of an
EM planar actuator (EPA) in both vertical and horizontal directions. The vertical force
was utilized to adjust natural frequency, whereas the horizontal force was applied to
banish horizontal disturbance of the isolator. A model of the HAVI was simulated using
flexible beam column (FBC), as shown in Figure 2.40, and the efficiency of the proposed

isolator was tested through an experimental study.
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Figure 2.40: HAVI scheme (Pham & Ahn, 2015)

Liu et al. (Liu et al., 2015) introduced an innovative hybrid isolator using an X-shape
supporting structure. The hybrid isolator combined the advantageous aspects of both the
scissor-like structure (SLS) and lever-type structures, called SLS lever-type isolator, to
get perfect ultra-low frequency isolation. In order to enhance the vibration isolation
performance in semi-active or passive controls, damping characteristic and essential
nonlinear stiffness were detected. Huang et al. (Huang et al., 2014) introduced a new
structured ultralow-frequency passive isolator made of a mechanical spring, a knife-edge
supports and a sliding beam as shown in Figure 2.41. The analytical analysis was done
and confirmed that the isolator was capable to give quasi-zero non-linear stiffness. It was
demonstrated that the hybrid isolator could attain remarkable ultra-low frequency
vibration isolation and prominently, the system could recognize a uniformly low
broadband vibration transmissibility that had never been addressed before. Chen et al.
(Chen et al., 2016) presented a biologically inspired (bio-inspired) passive isolation
system. The isolator integrated the sacrificial bonds and hidden length idea, given by
(Hansma et al., 2005) with a prevalent linear isolator. The effectiveness of the isolation
system in decreasing response of seismically isolated structures was demonstrated

through several parametric studies when a series of robust earthquake excitations were
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applied to the bio-inspired isolators. Figure 2.42 shows the simplified mechanism of the

proposed isolation system.

Figure 2.41: Proposed base isolator by (Huang et al., 2014)

Figure 2.42: The concept of bio-inspired isolator (Chen et al., 2016)

Wu et al. (Wu et al., 2014) proposed the vibration isolator utilizing an innovative
magnetic spring (MS) with NS, called MS-NS, in which the isolator integrated the MS-
NS with a positive stiffness (PS) spring in parallel where the PS spring comprised of two
flexible hinges and a coil spring and the MS-NS was consisted of three cubical magnets
arranged in repulsive contact as presented in Figure 2.43. The vibration transitivity of the
device was calculated via the equation of motion and measured by an appropriate data

acquisition system and finally, the experimental and analytical results illustrated that
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combining the MS-NS with a vibration isolator in parallel can extenuate the isolator

natural frequency.

Figure 2.43: Configuration of the proposed vibration isolator (Wu et al., 2014)

Markou and Manolis (Markou & Manolis, 2016) used a fractional derivative zener
(FDZ) model linked in parallel to Coulomb friction slider and a linear viscous damper to
analyse the mechanical performance of a base isolated building subjected to free
vibration. Furthermore, the rheological models and formulations for the BI systems
including high damping rubber bearing (HDRB) and low friction sliding bearing (LFSB)
are investigated. Consequently, the rheological formulation was presented for the tri-
linear model for the first time. The comparison study illustrated that, the FDZ model was
able to describe the response of BI systems under complex nonlinear loadings. Calvi et
al. (Calvi et al., 2016) introduced two novel variable friction bearings, known as “BowC”
(BC) and “BowTie” (BT) as depicted in Figure 2.44. The study concentrated on
presenting the concept, basic principles of operation, and formulation of the hysteresis
models of the proposed isolation systems by conducting nonlinear time history analyses

through direct displacement based design approach.
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Figure 2.44: Variable frictional device from a) top view and in the form of b) BT

and ¢) BC device in side view (Calvi et al., 2016)

Chen and Liang (Chen & Liang, 2017) proposed an AVC method to boost the
performance of a pneumatic isolation systems in low-frequency range. The method
applied adaptive wavelet neural network (AWNN) algorithm to capture the time varying
and characteristics of nonlinear system as well as to nullify the response payload such
that suppression of vibration could be fulfilled. To evaluate the method, a composite
control structure scheme, as feedback signals by means of velocity and pressure
measurements was conducted and performances of the isolation system, gained from the

applied AWNN controller, were assessed with the PID-active technique and a passive
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isolator. The results showed that the proposed active AWNN method could effectively

tranquilize the vibration disturbance.

In the common laminated steel/rubber isolation bearings, a high vertical stiffness is
created by the steel shims, whereas the rubber sheets secure horizontal flexibility.
However, this form of Bls is nearly big, weighty and costly. To overcome the problem,
Tan et al. (Tan et al., 2014) proposed a new cost-effective and light isolator for low-rise
building structures, made of plastic shims and unsaturated fibre reinforced polyester
(FRP) between rubber layers. The proposed isolator under both tensile and bending
conditions was tested and it was demonstrated that the isolator has great feasibility to

replace FRPs in conventional isolators.

2.3 Effectiveness of Damper Installation
Same dampers can have different effects on structural response under vibrations if they
are placed differently. A comparison was made theoretically between the different

placements of a viscous fluid damper in a single-story steel frame (see Figure 2.45).

Assuming the inter-story drift is denoted by, the relative displacement developed in

the damper can be obtained from:

u, = fxu (2.2)

where f'is the amplification factor.

The horizontal component of the damper force exerted on the frame is F, where

F=fxF, (2.3)

where F, is the damper force, which can be obtained from:

F, =Cxu, (2.4)
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where C is the damping constant of the viscous damper. Then,

F,=Cx f*xi (2.5)

Hence, the damping ratio can be obtained from:

_Cf’er (2.5)

P Y14

where W is the weight of the structure.

Figure 2.45 shows the different amplification factors and damping ratio of the structure
with different damper placements (Sigaher & Constantinou, 2003). The calculations were
based on assuming 5 % critical damping in the case of horizontal damper (Chevron brace)

and the damping ratios of the other systems were calculated relative to this value.

Although toggle-brace configuration has the largest damping ratio, its efficiency may
be dropped because of the phase difference between the deformational velocity in the
device and the story velocity, to which the device is connected. Accordingly, the damping
forces are not 90° out of phase with the structural forces. This leads to developing large
axial forces in linkages, which develops high forces in the structure itself. According to
this comparison, the placement of the damper in the scissor-jack leads to a significant
increase in the damping ratio compared to the conventional configurations (horizontal or

diagonal) due to the amplification of the story drift.
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a) Oblique b) Chevron

c¢) Upper Toggle d) Scissor Jack

Figure 2.45: Different placements of a damper and its effectiveness (Sigaher &
Constantinou, 2003)

24 Summary and Conclusions

In the present literature, the most recent structural vibration control systems have
widely been reviewed, primarily since 2013, emphasizing on passive control systems. It
is observed from the reviewed literature that, significant research has been conducted on
the design, development, and verification of novel earthquake-resistant systems for
improving seismic performance of building and bridge structures. Although
developments in the structural vibration control area are progressed due to advances in
new materials, sensors, and computing and information technologies, they have had
substantial limitations yet. For instance, active and semi-active control systems have
received attention, but they are expensive when the design of these devices required to

consider many aspects resulting several difficulties such as power source and space
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limitations, time delay effect, measurements of structure responses, compatibility of
control algorithms with the systems, strength, etc. Hybrid designs are advanced, but using
different techniques in terms of combining characteristics of damping materials and
structural systems. Passive control systems are well-accepted and have attracted attention
of many researchers, but they have still some restrictions mainly in practical engineering
applications such as fabrication, installation, cost and system control. It was also notably
observed from the literature that, most of the introduced vibration control systems
function in one direction, thus, it is required to install many damper devices in a structure
to be protected in both directions, which is not affordable in many cases. Based on the
above review, a simple and cost effective passive damper device with bidirectional

capability of energy dissipation will be introduced in the next chapter.
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CHAPTER 3: DESIGN AND DEVELOPMENT OF BAR DAMPER UNDER
EXPERIMENTAL TESTS

3.1 Introduction

Metallic dampers, as a type of passive dampers, were originally manufactured by
Bechtel Corporation. Added Damping and Stiffness (ADAS) damper is an evolution of
earlier X-plate used as a damping source for piping systems (Stiemer, 1981). The
researches in metallic passive energy dissipation devices have been conducted over the
last three decades. Triangle Added Damping and Stiffness (TADAS) together with ADAS
dampers are the most commonly used metallic dampers in seismic design. Steel plate
ADAS dampers have been investigated by many researchers for their capacity in
absorbing energy. The aim of using metallic damper devices is to take advantage of the
hysteresis of metals to dissipate input seismic energy. Popular metallic dampers include
hourglass shape ADAS device, TADAS, Honeycomb damper and buckling restrained
brace. These devices are mainly designed to be incorporated into the bracing system of
structural frames. Other devices were developed for installation between beams and
columns in a frame structure (Koetaka et al., 2005). On the other hand, some researchers
have made use of alternative materials in device fabrication, such as lead, low-yield steel,
copper and shape memory alloys to improve the dampers performance (Briones & Llera,
2014; Chan & Albermani, 2008; Llera et. al., 2004; He et. al., 2016; Qian et. al., 2013).

Figure 3.1 shows a few metallic passive devices proposed and developed by researchers.
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(a) U-shaped damper (b) Round-hole damper (c) Slit damper (Kim &

(Dolce et al., 1996) (Li & Li, 2007) Jeong, 2016)
(d) Pipe damper (e) Perforated shear (f) Comb-teeth damper

(Maleki & Bagheri, 2010) panels (Matteis et al., 2016) (Garivani et al., 2016)

Figure 3.1: Examples of proposed metallic devices

This chapter proposes and describes a metallic bar damper device, known as BD, to be
incorporated into building and bridge structures. The BD is a newly proposed device to
take advantage of the hysteresis behavior of metals to dissipate seismic input energy with
bidirectional function and capability of installation in several locations of a structure to
prevent inelastic behavior in the primary gravity and lateral load resisting elements. This
device was invented based on the excessive energy-absorbing capabilities to reduce the
seismic response of civil structures subjected to earthquakes. To evaluate the damper
device, different parametric studies were experimentally conducted on the device
subjected to cyclic displacement loading to determine the design parameters and to
monitor the behavior of the device in order to enhance its performance. The device was

analyzed under quasi-static cyclic loading.
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3.2 Device Description

The device is made of a number of solid bars or rods that were sandwiched between
two steel plates, the top and bottom plates. The top and the bottom plates can be welded
or bolted to the surrounding plates for connecting the device to the structure. A schematic
diagram of the device is shown in Figure 3.2. Depending upon the design of the plates, a
certain number of bolt holes can be drilled on the plates to attach the bar damper to the
target structural member. Energy dissipation by the device is achieved mainly through
inelastic cyclic flexural deformation of the bars. In this chapter, the height, diameter and
number of the bars were a design variable that can be optimized for desired performance
level. Nevertheless, in order to improve the performance of the proposed damper device,
several parameters may be operated. These parameters, which are shown in Figure 3.3,

are as follows:

e Length of the device (La)

e width of the device (b)

e Height of the bars (h)

e Space of the bars (Sh and Sv)

e Diameter of the bars (d)

e Number of the bars (N)

e Row number of the bars (n)

e Arrangement of the bars

e Shape of the bars (solid, hollow tube)

e Materials of the bars (mild steel, high strength steel, composite materials, e.g.
hollow tube steel filled by zinc or lead materials)

e Bonding of the bars to the plates (welded and bolted)
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Figure 3.2: Overall view of the BD device with 1) bottom plate 2) top plate 3) solid
bars (Patent application No.: P12016702928)

(a) Top view

(b) Side view

Figure 3.3: BD parameters
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33 BD Installation

Although the device was primarily meant to be installed at beam-column joints (see
Figure 3.4(a)), but the BD can be installed in any location in buildings and bridges. Some
examples of potential installation techniques of BD in buildings are shown in Figure 3.4.
For instance, it may be placed on the top flange of a beam to achieve a semi-rigid
connection that dissipates energy (Figure 3.4(b)). It may also be mounted on a skewed
brace (Figure 3.4(c)), or used as a V or an inverted-V brace system (Figure 3.4(d and e)).
Some other configurations are shown in Figure 3.4(f and g)). Figure 3.4(h) also shows
the configuration of the BD device in a multi-story building. In structural applications, a
dissipative device is placed in both horizontal directions for protection against
bidirectional ground motions. The proposed damper can function in both directions and

has isotropic energy dissipation; a direction-independent damper.

(a) (b) (c) (d)

© () &) (h)

Figure 3.4: Examples of potential application of BD
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34 Experimental Setup

The objective of the experiments is to verify the structural characteristics as well as
the cyclic performance of the proposed device. Attempts were made to identify the key
geometric parameters for the largest energy dissipation such as varing stiffness. The
device was designed where axial force in the device is less significant; hence no axial
force was applied to the specimens in the experiments. To this end, quasi-static load
method was used to apply lateral (shear) force to the damper device. Thus, the load was
applied in a cyclic procedure using displacement control. The test setup was designed
such that the BD device specimens moved down and up after each half cycle of loading

and unloading.

34.1 Fabrication of Specimens

Overall, twelve specimens similar to Figure 3.5 (middle part) were fabricated at the
University of Malaya. To facilitate the of fabrication process, the solid bars as well as
plate specimens were cut from the available steel materials; A570 steel grade.
Consequently, calculated thicknesses, ¢, were used for the plates based on the applying
load and material properties. In order to adjust the specimens for applying cyclic loading,
two different other segments namely, the top segment (loading plate) and the bottom
segment (support plate) were designed to be installed to the middle part (the damper) as
demonstrated in Figure 3.6. Twenty 15 mm diameter holes were drilled on both the
loading and support plates where they were supposed to retain the BD device (Middle
part) during experimental tests. Therefore, similar holes were drilled on the BD plates as

well. All the segments were welded to each other using full 3 mm rounding weld.
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Figure 3.5: Prepared test specimen (middle part) with 24 solid bars

(a) Top segment

(b) Bottom segment

Figure 3.6: Details of the top and bottom segments in order to place the middle parts
(BD specimens) for the test (units: mm)
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34.2 Test Specimens

Twelve test specimens with different heihgts of 70mm, 100mm, 130mm, 160mm, and
different diameters of 8 mm, 10 mm, 12 mm, 14 mm, and different bars numbers of 20,
24, 28, 32 were fabricated at the University of Malaya. These designs were aimed to
investigate the capacity changes of the BD device as a function of the aspect ratios h/d
(height/diameter) and h/N (height/number of bars) under cyclic loading. The h/d raio was
used for variation of bars height and diameter (called BD-HX and BD-DX specimen, in
which X stands for specimen index) and h/N ratio was utilized for variation of the bars
number (called BD-NY specimen, in which Y stands for number of solid bars) ) as
indicated in Table 3.1. This table presents the details of the test specimens considering
the mentioned variations, i.e., bars height, bars diameter and bars numbers. The W is the
total weight of the BD. The gray color shown in the table represents the benchmark
specimen (common specimen) in each considered scenario (i.e., BD-H100 = BD-D10 =

BD-N24). The detailed drawings of the specimens are illustrated in Figures 3.7, 3.8 and

3.9.
Table 3.1: Details of the test specimens

Specimen d (mm) | h (mm) N (No.) h/d | h/N | W (kg)
BD-H70 10 70 24 7 17.29
BD-H100 10 100 24 10 17.61
BD-H130 10 130 24 13 18.17
BD-H160 10 160 24 16 18.62
BD-DS§ 8 100 24 12.5 17.20
BD-D10 = BD-H100 10 100 24 10 17.61
BD-DI12 12 100 24 8.33 18.38
BD-D14 14 100 24 7.14 19.15
BD-N20 10 100 20 - 5 17.48
BD-N24 = BD-H100 10 100 24 - 4.17 | 17.61
BD-N28 10 100 28 - 3.57 | 17.73
BD-N32 10 100 32 - 3.12 | 18.10
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a) Top view b) Side view ¢) Isometric view

d) Section A-A (h= 70, 100, 130, 160mm) e) Bar Damper

Figure 3.7: : Device used in the experiments considering height effect (units: mm)
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a)d=8 mm b)d=10 mm

c)d=12 mm d)d=14 mm

Figure 3.8: Device specimens considering bars diameters (units: mm)
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a) N=20 b)N =24

¢) N =28 d)N =32

Figure 3.9: : BD specimens considering different bar numbers (units: mm)

343 Material Properties

To find material properties with an acceptable approximation, tensile testing in
acordance with ASTME8M-00 standard (ASTM E8M-00, 2002) was conducted on steel
coupons. The steel used was cut from the available steel materials; ASTM A570 grade 50
(with nominal yield of 345 MPa). Since the solid bars play the main role in the damper

device behavior, the coupon samples were chosen from the solid bars. Bars with 10 mm
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diameter and overall length of 700 mm were machined to conduct the tests. The yield
stress, ultimate stress, Young’s modulus and elongation of the steel samples obtained
from the tests and reported in Table 3.2. The stress-strain relationship curves obtained
through the coupon tests are presented in Figure 3.10. The average yield stress, ultimate
strength, and elongation ratio of the steel bars used in the study were determined as

341.174 MPa, 532.35 MPa and 23.8%, respectively.

Table 3.2: Result of tensile test

Sample Steel grade o, (MPa) o, (MPa) | E_(MPa) | Elongation (%)
1 A570 342.078 539.248 | 2.01 x 10° 23.33
2 A570 340.271 525.452 | 2.01 x 10° 24.27
Average A570 341.174 532.35 2.01 x 10° 23.80
600
500 —
. 400 Z
&
=
=, 300
% \
200
100 Coupon test 1
Coupon test 2
0
0 0.05 0.1 0.15 0.2 0.25
Strain (%)

Figure 3.10: Coupon tests of the steel bars used in the present study
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344 Loading Protocol

In order to adjust the specimens for testing, two different segments, namely the top
segment (loading plate) and the bottom segment (support plate) were designed to be
attached to the BD specimens (see Figure 3.11). Eight 15 mm diameter holes were drilled
on both the loading and support segments at the same position as BD middle plate holes
for attaching purpose. A progressively increased upturned cyclic displacement
accordance with FEMA-461 (FEMA, 2007) was applied to the test specimens (middle
parts). As described earlier, the loading was applied at the top of loading segment (loading
plate) as depicted in Figure 3.11 and Figure 3.12. The displacement history was designed
in quasi-static cyclic procedure such that the amplitude of cyclic displacement was
increased from 2 mm to 50 mm. This increase was achieved in 13 steps with displacement
amplitudes of 2, 2.5, 3.5, 5, 7.5, 10, 14, 17.5, 22.5, 27.5, 35, 42.5 and 50 mm as indicated
in Figure 3.13. Such increasing magnitude was designed to observe a substantial decrease
in the stiffness/strength of the specimens as well as destabilize the specimens under the
impose displacement conditions. Loading with each of these amplitudes was repeated for
3 cycles in each step. The frequency of the universal test machine (UTM) can be obtained

from the following equation:

f =1/[(4d /v)x 60] G.1)

In which d is the displacement (mm) and v is the speed rate (mm/min) of the UTM.
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Figure 3.11: BD test setup

Figure 3.12: Prepared test setup in University of Malaya
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Figure 3.13: Loading procedure of cyclic displacement

345 Low-cyclic Fatigue (LCF) Life

In LCF, strain control is run by load applied as a dependent variable. In Low-frequency
plastic strains, high amplitude is characterized by LCF. LCF is predominantly valuable
in those areas that rely on materials in cyclic circumstances including power generation,
automotive, architecture, oil and gas, and aerospace sectors. Also, it is fine to use LCF
for materials with temperature-varying. The strain variables in the LCF test are commonly

defined as:

Wave Form (trapezoidal/sinusoidal/triangle)

e Frequency (Hz, strain% per second)

e Strain range (%) or Maximum Target Strain (MTS)

e A-Ratio (amplitude/mean)

e Switch point (strain is changed to load control for specimen; increasing
frequency)

e Discontinue test (defined counted cycle once test is stopped)

It is noted that, the LCF testing consists of three stages as follows:
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a. Crack initiation of intact specimen.
b. Spread life; happens after initiation.
c. Failure; normally specified by dropping load percentage from a constant

condition.

In this study, the experimental test was performed using LCF test to determine the
maximum load capacity of the specimens. For this purpose, triangular wave shape, as
shown in Figure 3.13, was utilized by implementing varying frequency from 0.004 Hz to

0.03125 Hz for different steps (1 to 13).

3.5 Parametric Experimental Study

The performance of the proposed device can be controlled by several parameters.
Taking an appropriate choice of each parameter can improve the effectiveness of the BD
device. In spite of this fact, herein, three parameters were selected as indicated in Table

3.1 which are:

e Height of the device (solid bars)
e Diameter of the solid bars

e Number of the solid bars

Consequently, by considering the above parameters the related aspect ratios, i.e. height
to diameter (h/d) and height to bars numbers (h/N) were discussed in this study.
Therefore, the raw data taken from the laboratory tests were analyzed to estimate the

following parameters.

=  Maximum and minimum shear force, Puax and Ppin

* Yield displacement, dy, that is the value where dissipation starts.
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= Cumulative displacement, defined as the summation of the absolute displacement
value of the device under cyclic loading up to the failure point, which can be

calculated as:

Oum = ZQ&-M‘“ ) (3.2)

1

+ ‘5iMin

N
=0

* Ductility, u, defined as the peak displacement to the yield displacement:

H=0,,/0, (3.3)
» Cumulative displacement ductility , defined as:

Hem = O [0, (3.4
= Effective stiffness, K¢, defined as:

Ky = |Prsx = Poin] /1O = O (3-5)

» Equivalent viscous damping ratio expressed in terms of the elastic strain energy
(Es):

fzi(ED/Es) (3.6)
4

The dissipated energy (Ep) in each cycle is the area covered by the hysteresis loop (see
Figure 3.14). For a certain lateral load, the harvested energy, Ep, is governed by many
factors such as maximum displacement, frequency content of loading, yielding force and
duration. Nevertheless, in ordinary circumstances, it can be considered to be controlled
by peak displacement and the yield force. This inference is reliant on this hypothesis that
the cumulative ductility, pcym = Ep/ (Py(Sy), and the ductility, u, are approximately
related as poym = 4(u — 1) (Akiyama, 1985). Consequently, the energy dissipated per

cycle can be calculated as:
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Ep = e (Py5y )=4(u- 1)(Py5y) (3.7)

E,=4(5,./5,-1)P,5,) (3.8)

When the ductility is adequately high, i.e., p —1 = u, dissipated energy can be

approximated as

E,=4(6,./5,)P5,) G-9)

max

and can also be expressed in the following form from Equation (3.8):

E,=4,,-5,)P (3.10)

max y) iy

When the ductility is much larger than 1 (dmax is remarkably larger than dy), the

dissipated energy can finally be expressed (see Equation (3.10)) as:

ED =4( y5max) (311)

Figure 3.14: Typical hysteresis curve of a steel material per a complete cycle
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3.5.1 Height Effect (Case 1)
To investigate the height effect of the solid bars on the overall BD performance, four
different heights of the solid bars were selected as listed below and the device specimens

were tested under these circumstances.

e BD-H70,h=70 mm
e BD-H100, h=100 mm
e BD-H130,h =130 mm

e BD-H160, h = 160 mm

All four tested specimens were tested and exhibited a stable behavior. The solid bars
acted with double curvature deformation under the cyclic displacement tests as expected.
The force—displacement hysteretic curves acquired from the experiments are shown
through Figures 3.15 to 3.18. Positive indication in the figures refers to upward
displacement and load. All devices yielded at relatively small displacement, particularly
BD-H70 at 0.25 mm, and revealed very stable hysteresis behavior with a smooth change
from elastic to inelastic regime. The displacement response of the specimens was
generally smaller than the applied displacement. This was because of small elastic
deformation. Specimen BD-H70 with the minimum h/d ratio, endured the highest load
capacity while specimen BD-H160 with the maximum h/d ratio, endured the lowest. On
the average, the cracking for BD-H70, BD-H100, BD-H130 and BD-H160 occurred after
22, 28, 31 and 37 cycles of loading, respectively (see Table 3.3). With a fine
approximation, the specimens sustained four more displacement cycles after formation of
cracks. The location of cracks formation and their growth was similar in the four tested
specimens. The test was stopped for BD-H100 (the first specimen) after almost all solid
bars entirely broke and the resistance of the specimen was considerably decreased as

shown in Figure 3.16(a). For other three specimens, the cyclic loading were discontinued
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after a few rows of the bars had fully fractured and the resistance was also considerably
reduced as shown in Figures 3.15(a), 3.17(a) and 3.18(a). The eight structural bolts
connecting the specimens to the loading plates showed a satisfactory performance. No

sign of distortion was observed on the bolts and attached plates, at the end of the tests.

3.5.1.1 Shear forces and displacements

The maximum force (PBy,,) and the minimum force (P,,;,) as well as the yield
displacements (8,,) and the peak displacements (8,,,4,) Were taken from the experiments
as demonstrated in Figures 3.15(a), 3.16(a), 3.17(a) and 3.18(a) for BD-H70, BD-H100,
BD-H130 and BD-H160, respectively. The middle section of the cycles shows sliding
zones in which load has relatively incremental values. By enlarging the cyclic
displacement, the length of these zones was increased. This behavior would be predicted
by increasing the h/d ratio under such conditions. The central parts of the cycles exhibited
regions of sliding where the force (P) had comparatively constant values. The length of
these regions increased when the number of cycles increased up to the value of about 10
to 15 mm. In this case (Case 1), the sliding regions of the obtained hysteresis loops were
corrected in the load-displacement curve and plotted in Figures 3.15(b), 3.16(b), 3.17(b)
and 3.18(b), respectively. This was done for better presentation of the maximum values
of force and displacement as well as to show the rotundity of the hysteresis loop at the
end of the tests in order to monitoring dissipated energy. An approximate bi-linear
configuration of the tested specimens can be observed through the corrected figures
considering h/d ratios. In addition to these, the minimum forces were on an average less
than 3% smaller than the maximum forces because of the so-called Bauschinger effect.
Altogether, BD-H160, with the highest h/d ratio, tripped the lengthiest displacement
before failure. Figure 3.19 shows the strength degradation as soon as the cracks (damage)

gradually developed owing to stress concentration at the ends of the solid bars.
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Figure 3.18: Hysteresis behavior of the specimen BD-H160

Figure 3.19: Crack formation at the end of the solid bars

3.5.1.2 Effective stiffness and ductility

Yielding dampers are normally categorized as displacement-dependent damping
devices. Herein, the device specimens worked in a different fashion as h/d ratio was
changed. In other words, the effective stiffness decreased when the h/d ratio was

increased. As described earlier, since the devices endured more displacement as h/d ratio
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increased, the stiffness of the devices decreased. Figure 3.20 shows the changes of
effective stiffness verses h/d ratio. From the figure, the correlation between effective
stiffness and considered ratio can be computed as:

K.rr = 559 (h/d)~237! (3.12)

In which the determination coefficient, R> = 0.9986 . This means that, the proposed

Equation (3.12) can nicely estimate the effective stiffness based on the h/d ratio.

Keff (kN/mm)

h/d

Figure 3.20: Variation of the effective stiffness verses h/d ratio

Figure 3.21 presents the normalized strength (Ppqy/P,) versus ductility (8pmayx/6y).
The tested specimens exhibited an excellent ductility ratio (from 24 to 69) and strength
(from 37 to 103 kN) under cyclic loading. This showed that, the strength of the device
had improvement of 66 kN from the BD-H160 specimen (37 kN) to BD-H70 specimen
(103 kN). These parameters of metallic dampers are generally very important for
earthquake resistance capacity. It is noteworthy that, ductility ratio is reliant on the history

of applied displacement, thus, it fluctuates once the displacement history was reformed.
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Under the cyclic test, a ductility ration near to 69 was achieved for BD-H70 when the test

was stopped. It was even anticipated a greater ductility than this could possibility be

achieved. Table 3.3 summarizes the performance of the device specimens inferred from

the experimental tests.

15

= 10

a

~

x ..

© :_-_‘_-—: -----

£ 5 ohe T -

e

(V]

o

S 0

(' 5

3

£ 5 e £

5 ---1-oT =

5 BD-H70

210 — T ====- BD-H100
- - = BD-H130
— — BD-H160

-15
-80 -60 -40 -20 0 20 40 60 80

Ductility (6max/8y)

Figure 3.21: Envelope curves of the specimens under applied cyclic loading

Table 3.3: Summary of experimental results, height effect (units: kN, mm)

Specimen k,, O, exp . P o P N,
BD-H70 20.66 0.25 17.37 8.10 102.66 22
BD-H100 7.10 0.50 27.39 8.74 64.84 28
BD-H130 3.23 0.99 3441 5.64 47.78 31
BD-H160 1.73 1.76 47.95 5.40 37.36 37
Specimen Seum 1 Heum ke, E, En S (%)
BD-H70 742 69 2204 5.6 4508 33492 42
BD-H100 1343 55 2082 2.3 5480 53017 50
BD-H130 1757 35 1392 1.33 5229 52827 51
BD-H160 2849 24 1319 0.77 5658 68166 51

87



3.5.1.3 Loss factor (viscous damping ratio)

Hysteretic energy dissipation by metals is commonly considered as rate-independent
(independent of loading velocity). For practical applications, energy dissipation capacity
is predominantly expressed as equivalent viscous damping ratio or loss factor. This
damping ratio corresponds to a single degree of freedom oscillator with an effective or
equivalent stiffness. Figure 3.22(a) presents the variation of equivalent damping ratio
with effective stiffness normalized by the initial elastic stiffness for each individual
specimen. Increasing the effective stiffness indicated lower inelastic deformation, and
therefore, a lower damping ratio, as it is obvious from the figure. Figure 3.22(b) gives an
overall performance trend of the device showing an average relationship between
equivalent damping ratio and normalized stiffness considering the trends of all four
specimens, where each point represents a feasible stiffness and equivalent damping ratio
of the proposed device. The corresponding formula is given by Equation (3.13),
accordingly. This confirmed that the bar damper devices were efficient in harvesting
seismic energy satisfactorily despite being simple and economical (manufacturing cost
only about USD 45; excluding installation and the supporting structure) with a light

weight; 17 to 18 kg (see Table 3.1).
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Figure 3.22: Variation of equivalent damping ratio with normalized effective
stiffness of the damper device specimens
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Figure 3.22: Variation of equivalent damping ratio with normalized effective
stiffness of the damper device specimens (continued)

& =—0.202(kers/keq) + 0.4 (3.13)

3.5.1.4 Energy dissipation

For BD-H70 to BD-H160, the energy dissipation started at the second cycle with §,,=
0.25 mm, 8,= 0.5, §,= 0.99 and &,= 1.76 mm, respectively. Figure 3.23 presents the
variation of dissipated energy versus numbers of cycles. In the initial stages (first three
steps) in which small plastic deformation occurred, energy dissipation varied slowly.
With increasing inelastic deformation, energy dissipation increased exponentially. The
absorbed energy of the proposed bar dampers ranged from 4508 to 5658 kN.mm in the
last cycle, i.e., at failure stage. It is worth noting that, each step included three cycles as
stated earlier. For instance, the cyclic dissipated energy in the last step for BD-H70 was
calculated as 4508 times three that equals to 13524 kN.mm. The BD-H160 specimen with

the highest h/d ratio exhibited largest energy dissipation. Figure 3.24 shows the changes
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of total absorbed energy versus cumulative displacement. Experimental tests showed that,
the total amount of dissipated energy was 68166 kN.mm in specimen BD-H160. This was
approximately 29% higher than the energy dissipated taken from BD-H100 and BD-H130
and two times larger than that dissipated obtained from BD-H70. These differences were
associated with different h/d ratios of the devices. The devices had cumulative
displacement capacities of 742 mm, 1343 mm, 1757 mm and 2849 mm, which was very
attractive. It was evident from the figure that, energy dissipation capacity was strongly
related to the aspect ratio of the device. In the figure, the curves had different slopes which
denote the effectiveness of the dampers to dissipate energy. The results confirmed that
the proposed damper was able to dissipate significant amounts of energy (from 33 x 10°
kN.mm to 68 x 10> kN.mm). It is possible to design the device based on the preferred
amount of energy dissipation which can be measured by means of numerical studies such
as FE analysis. The given hysteresis behavior showed that the device is reasonably

applicable to absorb and dissipate input energy.
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Figure 3.23: Variation of cyclic dissipated energy with number of cycles
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Figure 3.24: Cumulative energy dissipation in the proposed damper specimens

3.5.2 Diameter Effect (Case 2)
To examine the bars diameter effect on the BD performance, four different diameters
of the solid bars, as listed below and presented in Figure 3.8, were considered. The BD

with bar diameter d = 10 mm was similar to BD-H100 in case 1 under height consideration

(see Table 3.1).

e BD-D§,d=8 mm
e BD-D10=BD-H100,d =10 mm
e BD-DI2,d=12mm

e BD-D14,d =14 mm

The BD specimens were tested considering diameter variation of solid bars. The device
specimens showed stable behavior with similar double curvature deformation under the
applied cyclic displacement. The force—displacement hysteretic performance of the
specimens attained from the experiments can be observed through Figures 3.25 to 3.27.

Similar to previous stage (the height effect), positive indication in the figures refers to
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upward displacement and load. The diameter effect of the solid bars on BD performance
showed that, the size of the bars had significant effect on BD yielding, in which the yield
displacements were relatively smaller compare to the Case 1 (the height effect). These
were 0.735 mm, 0.5 mm and 0.49 mm for BD-D8, BD-D12 and BD-D14, respectively.

In contrast, the yield forces were relatively greater compared with Case 1.

The specimen BD-D14 with the minimum h/d ratio (= 7.14), endured the highest load
while specimen BD-D8 with the maximum h/d ratio (= 12.5), endured the lowest.
Strength degradation occurred as cracks (damages) slowly developed owing to stress
absorption at the ends of the solid bars (see Figure 3.28). The location of crack formation
and growth was similar in all the specimens under diameter effect consideration. Apart
from the BD-D10 specimen that was similar to BD-H100 which was discussed in Section
3.5.1, for the other three specimens, the cyclic loading were discontinued after a few rows
of the bars had fully fractured and the resistance was considerably reduced as shown in
Figures 3.25(a), 3.26(a) and 3.27(a). Once again, the attached structural bolts to the
loading plates showed a satisfactory performance. No indication of deformation was seen
for the used bolts at the end of the tests. Table 3.4 shows the numbers of cycles undergone

by the specimens considering bars diameter effect.

3.5.2.1 Shear forces and displacements

The maximum force (P4, ) and the minimum force (P,,;;,) as well as the maximum
displacements (8,4, ) Were taken from the experiments and presented as the hysteresis
curves in Figures 3.25(a), 3.26(a) and 3.27(a) for BD-D§, BD-DI12 and BD-D14
specimens, respectively. Similar to the previous case (Case 1), the middle section of the
cycles shows sliding zones in which the load was relatively increasing. Increase in the
cyclic movement enlarges the length of the zone as expected. The hysteresis loops in the

last step (step 13) were extracted for each specimen and plotted in Figures 3.25(b), 3.26(b)
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and 3.27(b). Unlike Figures 3.15(b), 3.16(b), 3.17(b) and 3.18(b) with sliding regions.

These regions were corrected for clarification, while the maximum and minimum force

as well as the maximum and minimum displacement of the specimens can clearly be

monitored. It was noted that, there was a small difference percentage (about 4%) between

the minimum and maximum forces, which was due to the Bauschinger effect as discussed

in Case 1. Due to the strain hardening phenomenon, the maximum strengths (B, ) were

unstably greater than the yield strengths obtained from the experiments (Py.,,) for each

individual specimen. The BD-D8 specimen, with the highest h/d ratio (= 12.5), tripped

the lengthiest displacement before failure.
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Figure 3.25: Hysteresis behavior of the specimen BD-D§
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Figure 3.28: Crack formation at the end of the solid bars

3.5.2.2 Effective stiffness and ductility
As mentioned before, the device behaved differently as h/d ratio was changed. In this
case and like to Case 1, the effective stiffness decreased when the h/d ratio was increased.

Figure 3.29 depicts the effective stiffness verses h/d ratio when the bars diameter effect
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was deliberated. From this figure, the correlation between effective stiffness and

considered ratio was calculated and stated as the following equation:

Kerr = 7660(h/d)~33%3 (3.14)

In which the determination coefficient, R? = 0.98 . This means that, the Equation

(3.12) can nicely estimate the effective stiffness based on the h/d ratio.

Keff (kN/mm)
D

h/d

Figure 3.29: Variation of the effective stiffness versus h/d ratio

Figure 3.30 presents the normalized strength (Ppqy/P,) versus ductility (8pmayx/6y).
The tested specimens demonstrate an excellent ductility from 37 to 54.78, as shown in
the Figure 3.30, and strength from 33 to 154 kN, as presented in the previous figures,
under cyclic loading. This shows that, the strength of the device has a difference of 121
kN from the BD-D8 specimen to BD-D14 specimen. Under applied cyclic displacement,
ductility ratio of 55 was observed for BD-D10 when the test was stopped. This ratio for
BD-DS8, BD-D12 and BD-D14 was 37, 45 and 46, respectively. As it can be seen from
the figure, the specimen with smaller bar diameter exhibits a less ductility with less
strength. The trend got inversed as the h/d ratio was decreased from 12.5 for BD-DS to

10, 8.3 and 7.14 for BD-D10, BD-D12 and BD-D14, respectively. Moreover, the
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normalized force axis showed that there was a progressive increase of the device strength

form BD-D8 to BD-D14. Table 3.4 summarizes the main performance of the device

specimens inferred from the experimental tests.
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Figure 3.30: Envelope curves of the specimens under applied cyclic loading
considering bars diameter effect

Table 3.4 shows that, the specimens endured lesser under applied cyclic load and failed

sooner compared to Case 1, however, BD-D8 with bar diameter size of 8 mm showed a

good stability up to cycle 28. The maximum number of cycles in Case 1 was recorded as

37 for BD-H160 and 28 for BD-D8 and BD-D10 in Case 2. This showed that, changes in

bars diameter had inverse result in terms of the device endurance considering number of

cycles.
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Table 3.4: Summary of experimental results, bars diameter effect (units: kN, mm)

Specimen k,, O P P N,
BD-D8 2.9 27.44 3.95 33.44 28
BD-D10 7.10 27.39 8.74 64.84 28
BD-D12 14.66 22.47 12.85 120.53 27
BD-D14 27.15 22.43 17.1 154.01 27
Specimen S, U Lo k., E, E,, 4 (%)
BD-D8 1343 37 1416 1 2850 30489 48
BD-D10 1343 55 2082 2.3 5480 53017 50
BD-D12 1013 45 1532 5.1 6570 48090 40
BD-D14 1013 46 1563 6.7 9241 68805 43

3.5.2.3 Loss factor (viscous damping ratio)

Figure 3.31(a) displays the variation of the equivalent damping ratio versus the

effective stiffness normalized by the initial elastic stiffness for each individual specimen

considering diameter changes of the bars. It was observed that, larger diameter size

increased the effective stiffness with lower inelastic deformation, which led to lower

damping ratio. Figure 3.31(b) gives an overall trend of the device performance showing

an average relationship between equivalent damping ratio and normalized stiffness

considering the trends of all four specimens (refer to Figure 3.31(a)). The corresponding

formula was presented by Equation (3.15), accordingly. It was approved that the

specimens were noticeably capable of dissipating input energy.
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& =—0.2055(kesr/keq) + 0.367 (3.15)



3.5.24 Energy dissipation

Similar to Case 1, the energy dissipation for BD-D8 to BD-D14 started at the second
cycle with 8,,= 0.735 mm, 6,= 0.5, §,= 0.5 and 6,,= 0.49 mm, respectively. Figure 3.32
presents the variation of energy dissipated with number of cycles. In the initial stages
(first five steps) in which small plastic deformation occurred, energy dissipation changed
gently. The energy dissipation developed exponentially when inelastic deformation
increased. In the last cycle, the dissipated energy of the specimens varied from 2850 to
9241 kN.mm at failure point for BD-D8 and BD-D14, respectively. The BD-D14
specimen with lowest h/d ratio exhibited largest energy dissipation (unlike Case 1 for
BD-H160 with highest h/d ratio). Figure 3.32 shows the variation of cumulative absorbed
energy versus cumulative displacement. Experimental tests exhibited that, the cumulative
dissipated energy was 68805 kN.mm for the specimen BD-D14. This was approximately
1.3 times greater than the energy absorbed by BD-D10 and BD-D12 and 2.36 times larger
than that one dissipated by BD-DS8. It can be seen from the figure that, cumulative
displacements for BD-D8 to BD-D14 were pretty lesser considering bars diameter effect
in compare to the effect of bars height in Case 1. For instance, the maximum cumulative
displacement was related to specimens BD-D8 with about 1343 mm, whereas, the
maximum cumulative displacement in Case 1 was for BD-H160 with 2849 mm; more
than two times bigger. These showed the effects of diameter changes in dissipating input
energy compared to the bars height effects in Case 1. Although, the cumulative
displacements for the specimens in this case (Case 2) was smaller than those obtained in
Case 1, but the values were still remarkable. This means that, BD-D8 with 1343 mm, BD-
D12 and BD-D14 with 1013 mm endured continues displacements. The results shown in
Figure 3.33 confirmed the efficiency of the device specimens for dissipating substantial

energy amount from 30489 kN.mm for BD-DS8 to 68805 kN.mm for BD-D14.

99



30000

- BD-D8
£ /
5 25000 | BD-D10 /
Z - . = BD-D12 /
o — —BD-D14
& 20000 /
w
g
< 15000
[0}
=]
3
10000
2
>
8 5000
Q
[ =
w

0

0 5 10 15 20 25 30

No. of cycle (Nc)

Figure 3.32: Variation of cyclic dissipated energy with number of cycles

80,000
BD-D8
70,000 ----. BD-D10 y”
— —BD-D14 ) _
50,000

40,000
30,000
20,000

10,000

Cum. energy dissipated (kN.mm)

0 200 400 600 800 1,000 1,200 1,400
Cum. displacement (mm)

Figure 3.33: Cumulative energy dissipation in the proposed damper specimens

353 Bars Number Effect (Case 3)
The effect of height and diameter of the solid bars on the damper performance was

studied in Case 1 and Case 2. In this section to investigate the effect of the bars numbers
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on the BD performance, four different scenarios were also considered as mentioned below

(see also Figure 3.9).

e BD-N20,N=20
e BD-N24 =BD-H100, N =24
e BD-N28, N =28

e BD-N32,N=32

The specimen with 24 number of bars, i.e. BD-N24, was similar to BD-H100 specimen
in Case 1 and BD-D10 specimen in Case 2 under the height and dimeter consideration,
respectively. Similar to Case 1 and Case 2, the specimens were experimentally tested and
they demonstrated acceptable performance. Instead of considering h/d ratio used in
previous cases, h/N ratio (height/number of bars) was taken into consideration in this
case. Figures 3.34, 3.35 and 3.36 illustrate the hysteretic loop obtained from the
specimens under cyclic displacement test. Unlike Case 1 and Case 2, in this case the
specimens yielded with the same values, i.e., 0.49 mm, with very stable hysteresis
behavior where a smooth transformation can be seen from elastic to inelastic regime.
Based on the obtained displacements from four specimens under bars number
consideration, it was confirmed that the bars number does not have a noticeable effect on

yield displacement.

The h/N ratio for BD-N20, BD-N24, BD-N28 and BD-N32 was 5, 4.17, 3.57 and
3.125, respectively (see Table 3.1). The specimen BD-N32 with the minimum h/N ratio,
undergone the highest load while the specimen BD-N20 with the maximum h/N ratio,
endured the lowest. Strength degradation arose as cracks (damages) progressively
developed due to stress absorption at both ends of the solid bars (see Figure 3.37). In
general, the BD-N20, BD-N28 and BD-N32 were failed in cycles 26, 26, 24 of loading,

respectively. Also, there was not a principled trend for the device at the failure point
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considering number of cycles; however, the location of cracks formation was similar to
the tested specimens in Case 1 and Case 2. The structural bolts that attached the specimens

to the loading plates also showed an adequate performance as seen in the previous cases.

3.5.3.1 Shear forces and displacements

The maximum force (By,,) and the minimum force (P,,;,) as well as the yield
displacements (8,,) and the peak displacements (8,,4,) Were taken from the experiments
and illustrated in the form of hysteresis curves in Figures 3.34(a), 3.35(a), and 3.36(a) for
BD-N20, BD-N28, and BD-N32, respectively. As discussed in Case 1 and Case 2, the
middle section of the cycles showed sliding zones where the load had relatively
incremented. By enlarging the cyclic displacement, the length of this zone was increased.
This behavior would be predicted by decreasing the h/N ratio from BD-N20 to BD-N32.
The last hysteresis curves obtained from the last step (step 13) including their sliding
regions were extracted and plotted in Figures 3.34(b), 3.35(b), and 3.36(b). This was
shown for better exhibition of the maximum forces and displacements as well as to show
the fatness of the hysteresis loop at the end of the tests. Due to the strain hardening
phenomenon, the maximum strengths (P,,,) were unstably greater than the yield

strengths obtained from the experiments (Pyey;p) for each individual specimen.
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Figure 3.34: Hysteresis behavior of the specimen BD-N20
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Figure 3.36: Hysteresis behavior of the specimen BD-N32

Figure 3.37: Crack formation at the end of the solid bars
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3.5.3.2 Effective stiffness and ductility

The effective stiffness decreased when the h/N ratio was increased. Similar to the
previous cases, the device worked differently as h/N ratio was altered. Figure 3.38
illustrates the effective stiffness verses h/N ratio under bars numbers effect, in which
h=100 mm that is the height of the benchmark specimen (BD-N24). The corresponding

equation associated with the effective stiffness and h/N ratios can be proposed as follows:

Keff - 86-816(h/N)_261 (3.16)

In which the determination coefficient was R? = 0.92 . This means that, the proposed

Equation (3.12) can nicely estimate the effective stiffness based on the h/N ratio.

Keff (kN/mm)

h/N

Figure 3.38: Variation of the effective stiffness versus h/N ratio

Figure 3.39 presents the normalized strength (Bj,,/P,) versus ductility ratio
(Omax/8y). The tested specimens showed outstanding ductility from 45.7 to 54.78 for

BD-N32 and BD-N24, respectively. For strength, the values were obtained from 58 to 89

kN under cyclic loading from BD-N20 to BD-N32. In comparison to Case 1 and Case 2,
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the strength values of the specimens were much closer to each other for this case. This
showed that, under bars number effect consideration the variance of the strength in Case
1 from BD-H70 to BD-H160 was 66 kN and in Case 2 from BD-D8 to BD-D14 was 121
kN. Nonetheless, the strength variance in this case (Case 3) from BD-N20 to BD-N32
was only 31 kN. It can be concluded from the tests that, changes in the bars number of
the device do not have a significant effect on the performance of the proposed damper
compared to the bars height and bars diameter effects. In addition, under the applied
cyclic load, a ductility of 55 was achieved for BD-N24 when the test was stopped,
whereas, this was approximately 46 for BD-N20, BD-N28 and BD-N32. Investigation of
the device ductility in different cases shows that, bars diameter has the most effect with
the value of 110 for BD-D8, followed by the bars height and the bar number with the
value of 69 and 55 for BD-H70 and BD-N24, respectively. Table 3.5 summarizes the

main performance of the device specimens inferred from the experimental tests.
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Figure 3.39: Envelope curves of the specimens under applied cyclic loading
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Table 3.5: Summary of experimental results, bars number effect (units: kN, mm)

Specimen k,, S exp O P P N,
BD-N20 5.90 0.49 22.50 6.25 58.10 26
BD-N24 7.10 0.50 27.39 8.74 64.84 28
BD-N28 8.25 0.49 22.50 8.80 79.20 26
BD-N32 9.42 0.49 22.43 9.87 88.90 26
Specimen &, u Hewm Ko E, 2 < (%)
BD-N20 1014 46 1564 1.3 2790 21306 50
BD-N24 1343 55 2082 2.3 5480 53017 50
BD-N28 1014 46 1564 2.5 4933 40346 41
BD-N32 744 45 1125 5 4340 27984 45

3.5.3.3 Loss factor (viscous damping ratio)

Figure 3.40(a) shows the variation of equivalent damping ratio versus the effective
stiffness normalized by the initial elastic stiffness for each individual specimen. It is
shown in the figure that, the equivalent damping ratio had indirect relationship with the
normalized stiffness such that the increase of the normalized stiffness led less damping
ratio. This was because that, increasing the effective stiffness implied lower inelastic

deformation, and therefore, a lower damping ratio.

Figure 3.40(b) presents a general performance tendency of the device showing an
average relationship between equivalent damping ratio and normalized stiffness
considering the trends of all four specimens in which bars numbers effect was taken into
account. In the figure, each point represents a feasible stiffness and equivalent damping
ratio of the device specimens obtained from Figure 3.40(a). As a result, the corresponding
formula was proposed as Equation (3.17), accordingly. Based on the results presented in
Figures 3.40 (a) and 3.40(b), the device specimens were appropriately able to harvest

energy due to applied external loads, despite this fact that, the bar damper is a simple and
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economical device. As mentioned before, manufacturing of the device cost only about

USD 45 with a light weight; 17 to 18 kg (see Table 3.1).
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& = —0.572(kess/keq) + 0.487 (3.17)

3.5.3.4 Energy dissipation

Figure 3.41 shows the variation of the energy dissipation versus number of tripped
cycles. In the initial stages in which small plastic deformation occurred, energy
dissipation varied slowly, up to cycle 13, for all the specimens. Similar to Case 1 and
Case 2, with increasing inelastic deformation, energy dissipation upturns exponentially.
The absorbed energy of the bar damper specimens ranged from 2790 to 5480 kN.mm in
the last cycle (each three cycles equals to one step). It can also be seen from Figure 3.41
that the maximum tripped cycle under bars numbers effect (the present case) and bars
diameter consideration (Case 2) was 28, while, under the bars height consideration (Case
1) the maximum continues cycle was 37. This means that, the height parameter had the

most effect on dissipating input energy.

Figure 3.42 shows the changes of the cumulative absorbed energy versus cumulative
displacement for each specimen. Experimental tests showed that, the total amount of
dissipated energy was 53017 kN.mm for the specimen BD-N24. This was approximately
28% lesser than the total energy dissipated by BD-H160 in Case 1 with 68166 kN.mm
and 30% smaller than the total energy dissipated by BD-D14 in Case 2 with 68805
kN.mm. Although, these values were remarkably smaller than that obtained from Case 1
for BD-H160 specimen with 2849 mm, but it should be noted that and regardless of these
comparisons, the obtained values of the cumulative absorbed energy and displacement

for all tested specimens were noticeable.

The results obtained from this case confirmed that, the proposed damper was able to
dissipate significant amounts of energy (from 21306 kN.mm to 53017 kN.mm) just by
changing the bars numbers. It shows the possibility to design the damper device for

different level of earthquake magnitudes based on the preferred amount of energy
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dissipation, which can be measured by means of several numerical studies. In short, given
the hysteresis behavior makes the device applicable to be utilized as a reasonable energy
absorber. Finally, an overall view of the hysteretic performance of the proposed device
for each of investigated parameters, i.e. Case 1, Case 2 and Case 3, is presented in Figures

3.43, 3.44 and 3.45, respectively.

18000
S BD-N20
€ 16000 ____. e i
Z 14000 - - - BD-N28 W4
~ ’ . ’I
- — —=BD- /

g 12000 BD-N32 £
-
(7]
@ 10000
o
© 8000
-
S
g 6000
-]
S 4000
oy
g 2000
uJ -

()

0 5 10 15 20 25 30

No. of cycle (Nc)

Figure 3.41: Variation of cyclic dissipated energy with number of cycles
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Figure 3.42: Cumulative energy dissipation in the proposed damper specimens
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Figure 3.44: Overall view of the device performance considering the bars diameter
effect for BD-D§, BD-D10, BD-D12 and BD-D14 specimens
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Figure 3.45: Overall view of the device performance considering bars numbers
effect for BD-N20, BD-N24, BD-N28 and BD-N32 specimen

3.6 Summary and Conclusions

A new yielding damper, called bar damper (BD), was proposed and tested considering
different parameters, i.e. height (Case 1), diameter (Case 2) and numbers (Case 3) of the
solid bars. In order to verify the performance of the BD, four specimens for each
aforementioned parameter were fabricated and tested under cyclic displacement test; a
total of twelve specimens. The proposed devices are quite simple and economical to
fabricate and install. Based on the obtained results from experiments, the device
specimens exhibited an early energy dissipation due to early plasticity. The experiments
showed that BDs were very efficient in energy dissipation, with equivalent viscous
damping ratio ranging from 40%, under diameter effect consideration, to 51%, under
height effect consideration. The damper also tolerated more than 2849 mm of cumulative

displacement, and exhibited very ductile performance. Such high cumulative

111



displacements indicated good performance of the proposed devices in terms of their
robustness against fatigue loading. It should be noted that, the slenderness ratio of these
devices was a crucial design variable in Case 1 and Case 2. This was controlling both the
effective stiffness and energy dissipation capacity. Lack of local buckling of the solid bars
and general buckling in the plates was another advantage of the proposed damper device.
Apart from the energy dissipation results, the device specimens exhibited satisfactory
performance in terms of maintaining strength and stiffness. It can also be concluded from
the experiments that, the bars height parameter has the most effect on dissipating input
energy and ductility; however, the bars diameter parameter governed the strength and
stiffness capacity. Besides, based on the obtained displacements from four specimens
under bars number effect, it was confirmed that the bars number does not have effect on
yield displacement of the proposed device. In general, the obtained values of cumulative

absorbed energy and displacement for all tested specimens were noticeable.
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CHAPTER 4: THEORETICAL APPROACH AND FINITE ELEMENT
ANALYSIS OF BAR DAMPER

4.1 Introduction

In the previous chapter, description and concept of the BD device was discussed in
detail. Also, test setup of the device along with its loading protocol was intensely
presented. In this chapter, theoretical equations of the device were proposed based on the
experimental results considering its mechanical mechanism. The values in terms of yield
force and yield displacement obtained from the equations were compared to those taken
from experimental results to validate the study. Furthermore, a detailed FE analysis was
conducted to verify the BD performance. To aid the aim, the benchmark device specimen,
i.e,. BD-H100 that was similar to BD-D10 and BD-N24, as shown in the previous chapter,
was selected. For FE modelling, the steel elements were modeled using an eight-node
linear brick solid element with reduced integration and hourglass control. The inelastic
behavior of these elements was considered using the Von Mises yield criterion. The
device was modeled when large displacement effects was also taken into consideration.
Finally, a simplified bi-linear model of the BD device was proposed to enhance its design

and its ease of use for engineers in building and bridge structures.

4.2 Design of the BD

When the BD is subjected to horizontal in-plane force, bending moment and shear
force occur simultaneously in the solid bars. However, in cases where the height-to-
diameter ratio of the solid bars (which was defined as the aspect ratio) becomes larger,
the behavior of the damper was governed by flexure. Herein, the flexure-dominant BD
specimen with an aspect ratio of 10 was considered (diameter d = 10 mm and height h =
100 mm) as the benchmark specimen. When the solid bars ends were restrained (fully-

welded), horizontal force applied was distributed uniformly for each solid bar.
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In order to design the device, the bars were assumed to be fixed at the top and bottom,
where they were connected to the plates. In general, the damper mechanical behavior is a
double curvature deformation when subjected to relative lateral displacement between the
top and bottom plates. This action is illustrated in Figure 4.1(a) and Figure 4.1 (b). The
yielding and subsequent formation of plastic hinges occurs at the two ends of the bars.
The main design variables were the diameter (d), the height (%), and the number of bars
used in the device. With a proper material model and the assumed plastic mechanism
(elastic perfectly plastic steel material behavior), the design variables and strength

parameters such as yield force (P,) can be estimated, as explained in the subsequent

sections.
(a) distribution of elastic bending (b) lateral deformation
moment
(¢) Deformed model (d) Bilinear mode

Figure 4.1: Dissipative performance of typical flexible steel solid bar
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4.2.1 Plastic Mechanism of the BD
To analyze the plastic mechanism of the device, the following proposed adopted with

reference to Figure 4.1(c).

The second moment of area (/) of each circular bar is computed as:

I=mi*/64 (4.1)

With n rows of the bars, the elastic stiffness (ke,4) of the device is given by:

k,, =nx(12E1/h°) (4.2)

€,

Which, upon substitution of Equation (4.1) becomes:

k,, =nx[0.1875 x(Exd*/n*)| (4.3)

In which 7 is the number of rows of the bars, herein is 6, perpendicular to the load
direction (see Figure 4.1(b)) and d is the diameter of the bars (10 mm) for the benchmark
specimen that is BD-H100/BD-D10/BD-N24. The plastic moment of the bars is given by:

M =c,d’/6
g g / 4.4)
where oy, is the yield stress of the material of the bar. Once the displacement is large
enough, the bars, upon yielding, form plastic hinges at both ends with a certain angle of
rotation, @p. According to Figure 4.1(b) the corresponding plastic displacement of the
device is related to the plastic rotation (6p) by the following equation.
0, =hxtan @
: ! (4.5)

) tand ~6@ . .
For small rotation, ?"F which results in
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5, =hx0,
(4.6)

By considering an elastic perfectly plastic material behavior and based on energy
conservation, the following equation can be formulated to estimate the yield strength P,

of the device.

PS,=2nM 0, (4.7)

Substituting Equation (4.6) into Equation (4.7) gives

P, =(2nM, /1) (4.8)

Substituting for the yield moment, the following equation can be derived.

P =nx (O'yd3 /3h) (4.9)

y

Therefore the yield displacement can be computed as:

5, = %(gyhz /d) (4.10)

where ¢, is the yield strain of the bar material and is given by o,,/E, with E being the

Young’s modulus of elasticity.

4.2.2 Inelastic Modelling of the BD

This section presents the inelastic modelling of the metallic bar damper device
considering the behavior of each individual bar. The deformed steel bars and the
subsequent force-displacement relation are shown in Figure 4.1(c) and Figure 4.1(d),
respectively. In Figure 4.1(c), d is the diameter of a steel bar and 4 is the clear height; P
is the reaction force and Ph/2 is the moment. The horizontal displacement is denoted by
0. Figure 4.1(d) demonstrates the force-displacement relationship for a single bar of the

bar damper device that has a preliminary linear elastic behavior followed with a curved
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plastic behavior. §, and P, are the displacement and the force at onset of yielding. The
bi-linear model is a simplification of the real behavior. The force and displacement at the

formation of plastic hinges are denoted by P, and §,,, respectively.

4.3 Finite Element (FE) Model
4.3.1 FE Geometry of the Damper

For geometric modeling of the device, reduced-integration elements were utilized, in
which the elements perform one lower integration point in each direction. For such
elements, using the reduced integration causes a numerical problem called hour-glassing.
To explain this problem, a linear reduced-integration element subjected to bending
moment, M, due to applied lateral force, P, was considered. The steel elements were
modeled as 3D8R elements, which are eight-node quadrilateral reduced integration solid
elements. Figure 4.2 illustrates an expected deformation mode for the BD device
according to the BD design discussed in Chapter 3. The FE model of the device and its

deformed shape under lateral loading are shown in Figure 4.3 and Figure 4.4, respectively.

a) before deformation b) after deformation

Figure 4.2: performance mechanism of the BD under applied force
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Figure 4.3: BD Model in ABAQUS

Figure 4.4: BD Deformed shape under Von Mises stress (MPa)

4.3.2 FE Analysis of Steel Deformation using Constitutive Model
A constitutive model of steel material subjected to cyclic loading was adopted and
implemented by ABAQUS (ABAQUS, Inc., 2016). The back stress equation of the

material model for steel in the software is expressed:

o= ; y—k(l—e‘“”’) (4.11)

=~

in which « is the back stress; shows the yield surface displacement, £/ represents

the equivalent plastic strain (PEEQ). C, and y, stand for model parameters in which
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k =1,2,3 and the ultimate kinematic hardening stress is defined by ZC" 7 . In this
study, A570 steel grade was selected and the coupon tests were performed in accordance
with ASTME8M-00 standard (ASTM E8M-00., 2002). The results of the stress-strain
relationship curve obtained from the tensile test have been presented earlier in Table 3.2
and Figure 3.10. In the analysis of FE model, the calculated average of yield stress was
341.2 MPa. Poisson's ratio and Young's modulus were 0.3 and 2.01 x 10° MPa,
respectively. Consequently, the related C, and y, were specified according to the
obtained stress-strain relation curve from the tests. The details of the numerical analysis

considering C, and y, parameters are therefore indicated in Table 4.1. The obtained

stress-strain curve from the coupon test results and numerical validation are depicted in
Figure 4.5, accordingly. As this figure shows, the results from the numerical analysis and
that obtained from the coupon test were well agreed. This approved the effect of material
model as well as the numerical parameters’ accuracy in the present investigation. Hence,
in the FE modeling, the properties of the steel grade A570 was used for the damper

elements, i.e., solid bars, top and bottom plates.

Table 4.1: Material parameters considered in FE model

Ci (MPa) C> (MPa) Cs (MPa) Y1 Y2 V3
8000 15000 3500 270 148 105
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Figure 4.5: Coupon test of steel versus numerical model

Furthermore, for modeling of the steel materials, it was assumed that the material
behavior is isotropic and inelastic. Both material and geometry nonlinearities were
deliberated in the FE analysis. The BD plates (middle plates) attached to both support and
loading plates by means of contact interaction considering normal behavior, hard contact
and penalty friction. The experimental test setup (see Figures 3.10 and 3.11) was
simulated and its FE discretization with an eight-node linear brick solid element, reduced

integration and hourglass control (C3D8R) was implemented.

4.3.3 Stress-strain Curve for Steel Elements

An idealized stress-strain relation curve of steel materials under tension is presented
in Figure 4.6. A similar curve from the coupon test, as discussed in Chapter 3, was
obtained. The stress in the steel is gained from the applied load to the initial cross-
sectional area. This stress is usually called as the nominal or engineering stress which was
taken from the coupon test. In the same manner, the strain was taken as the total
elongation per initial length of the testing steel under the same test. Similar to the stress,

the obtained strain is called the nominal or engineering strain. The nominal stress-strain
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relationship curve is proportionate up to the yielding point and the steel acts linearly
elastic in this zone (point O to A). The stress-strain ratio in the elastic portion is identified
as Young’s modulus or modulus of elasticity (£), which is obtained by dividing the stress
over the strain in a certain point; approximately equals to 2 x 10°> MPa for structural steels.
After the yielding point, there is no significant increase in the stress (almost constant),
whereas, an increment of 15 to 20 percent compared to the maximum elastic strain is
occurred on strain axis. This elongation of the strain is identified as yield plateau in the
steel stress-strain relation curve. By increasing the load, the stress again starts to increase
with the strain. However, this stress increase is much lesser than the preliminary elastic
stress. This phenomenon is recognized as the strain hardening (from point C). Afterward,
the stress increase goes on up to its maximum value known as ultimate stress (strength)
or tensile stress (strength). After the ultimate stress, steel material loses strength due to
the strain increment and it falls off till the rapture happens. The stress-strain relation curve
obtained from the coupon tests was utilized in this study and already shown in Chapter 3,

Figure 3.10.

Figure 4.6: Stress-strain relationship curve for steel materials
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4.3.4 Von Mises Yield Stress Criterion

In this study, the Von Mises yield stress was used for FE analysis of the damper device
to monitor the yield strength of the steel materials including solid bars and their attached
plates, loading plate, support plate and bolts. The Von Mises stress, also known as the
octahedral shear stress, is a criterion utilized to define the yield or fracture statement of a
material under tensile loading. The von Mises stress is commonly utilized for metals or
ductile materials, e.g. steel, copper, zinc, etc. The von Mises yield criterion expresses the
material yield limit under tension force such that, if the Von Mises stress of the material
is smaller than the yield stress of that material, thus, the material does not yield. In the

event of plane stress, the envelope of the stress is plotted as an ellipse (see Figure 4.7).

For the Von Mises Criterion, the following expression can be written:

Fiy = (V3)(Fy) (4.18)
in which, F,, and F;,, are the yield tensile and shear stress, respectively. Similarly, the

following equation can be given for a linear material behavior at the failure level:

Fru = (V3)(Fr) (4.19)
in which, F;,, and F;,, are the ultimate tensile and shear stress, respectively. The Von
Mises criteria are deliberated largely illustrative for ductile materials, where the

correlations between F,, /Fy,, and Fy, /F;,, are significantly close for almost any type of

analysis.
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Figure 4.7: Von Mises and Maximum Principal stresses criteria

It is noted that, the maximum distortion energy criterion initiated from the materials,
in particular ductile materials, works in a different way once the experiments developed
from uniaxial stress to biaxial stress tests. It is observed that, the resistance stresses are
much bigger than those of corresponding uniaxial tests. Hence, the criteria engaging a

complete stress tensor have been considered.
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The uniaxial yield stress can be obtained in terms of the three principal stresses as:

O'y2 = A[(O', —0'11)2 +(O'H —0',,,)2 +(O'1H -0, )2] (4.20)

where o,, o, and o, are the tensile or compressive stresses that act in the three
principal directions and o, is the yield stress. The principal stresses act in the three

mutually perpendicular planes that have zero shear stress. The Von Mises yield surface
assumes that the yielding is independent of the equivalent stress. Figure 4.7 demonstrates

the Von Mises criterion in 2D and 3D form.

4.3.5 Modeling Inelastic Behavior of Steel

An accurate FE modelling method was utilized by means of ABAQUS software in
order to considering the inelastic behavior of the steel elements in the present study. To
model the plasticity, true stress and true strain must be used instead of the nominal stress

and strain, in which the nominal strain is defined as:

I-1, 1 (4.21)

Accordingly, the true strain, €, can be obtained from:

&= lnli =In(l+¢,,,) (4.22)

0
Assuming the incompressibility of the material, its volume remains constant.
l,A, =14 (4.23)

So, the actual area, A, is calculated from:

- A(ﬂ (4.24)

By knowing the true stress equation as:
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F (4.25)
o=—
A

and by substituting the actual area in the true stress, the nominal stress is defined as

_FI (4.26)

( lj (4.27)
o = Gnom —

and by considering the relation between the true strain and nominal strain, for the final

relation of the true stress and nominal stress is determined as

O =0 ,m (1 + € om ) (428)

The true strain calculated from the aforementioned equations is a combination of
elastic strain and plastic strain. Accordingly, the plastic strain can be obtained from the

following equation:

(4.29)

In which ¢, and &, are the plastic strain and the true elastic strain, respectively. ¢,

represents the true total strain. ¢ and E are also the true stress and modulus of elasticity,
respectively. In the coupon test, the nominal stress-strain relation curve was obtained and
according to the equations above, the true stress and true strain values as well as the plastic
strain for steel elements in ABAQUS were obtained, accordingly. These are tabulated in

Table 4.2 and plotted in Figure 4.8.
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Table 4.2: True and plastic stress-strain values for steel elements used in FE model

Nominal Nominal Stress True Strain True Stress Plastic
Strain (MPa) (MPa) Strain
0.0179487 342.0785134 0.017789524 348.218378 0
0.0198718 351.5807241 0.019676933 358.5672659 0.017936
0.0314103 389.5895668 0.030927089 401.826692 0.028976
0.0384615 410.9687375 0.037740291 426.7752116 0.035669
0.0512821 439.4753695 0.050010467 | 462.0125894 0.047768
0.0673077 467.9820016 0.065139309 | 499.4807938 0.062715
0.111538 513.1172345 0.105744642 570.3493046 0.102976
0.176923 534.4974764 0.162903406 | 629.0623734 0.15985
0.226282 534.4974764 0.203987 655.4446343 0.200805
0.233333 530.556 0.20972 654.3522231 0.206544

To model the steel hardening, the isotropic hardening model was used. This model

assumes that the center of the yield surface remains stationary in the stress space however

the size of the yield surface changes uniformly in all directions such that the yield stress

varies according to the plastic strains. This model is suitable for dynamic problems with

large deformations.
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Figure 4.8: Stress-strain relation curves used in ABAQUS for steel elements

4.3.6 Hysteretic Loop of Steel Material

Cyclic loading behavior is strictly correlated with the history of plastic loading and it
is progressively developed through the cyclic loading test (Dong & Zhang, 1993). It
should be noted that, steel hysteresis loop has a direct relationship with applied loading
history. It is accepted that, a hysteresis loop of steel material is categorized into three
sections, namely skeleton curve, loading and reloading (softening) curves. The skeleton
curve of a hysteresis loop is straightly reflect the response changes under monotonic and
cyclic loading. In this regard, Equation (4.30) was proposed by Ramberg and Osgood
(NACA-TN-902, 1943) which is related to a skeleton curve model, in which the model is
commonly accepted for steel materials under cyclic loading tests. Therefore, the
parameters of this model were used as pivotal parameters to express the FE analysis of

the steel materials in this study.
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1
As [ Ae, s Ag, _Ao N Ao |7 (4.30)
2 2 2E | 2K’

Ag is the total strain amplitude and, A¢,and Ag, are the elastic and plastic strain

amplitude, respectively. Ao is the stable stress, whereas, K'and 7"are the cyclic strength

hardening factor and cyclic strain hardening index, respectively. The strain and stress may
be adjusted using Equation (4.31) to see the steel yield strength trace as well as to obtain

a perfect hardening relationship.

:-5.]2] @)

in which, & =¢/¢,and 6 =o/o, . K is the cyclic hardening factor of regularization
and 7 1s the proportional coefficient. It is proved after cyclic loading, the steel ductility

declines considerably. In other words, low cycle fatigue causes the weakening and

accumulative damage before resulting structural damage.

Four stages are usually considered for steel materials hysteresis criteria include loading
curve, unloading curve, reloading direction and reloading curve. These stages of steel

hysteretic criteria are expressed below in details.

1. In the first stage, the steel loading passes through the monotonic loading curve
with both uniaxial tension and compression.

2. In the second stage, the steel unloading curve passes through the elastic line. In
this stage, the initial elastic modulus (£j) is similar to unloading stiffness.

3. In the third stage, the steel reloading curve goes back to the preceding peak point
of the same direction. This hypothesis is posed owing to the test phenomenon.

This simplified method has proposed by Légeron et al. (Légeron et. al., 2005) and
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it is extensively utilized in consideration of constitutive models which is known

as ‘‘peak-orientation model’’.
4. In the fourth stage, the steel reloading curve slope is set between the tangent and

unloading stiffness which is from the onset point, i.e. ¢,and o, to the end point,
ie. ¢,and o,, on the g-axis from the hysteretic curve by means of ‘‘peak-
orientation criteria’’. d, and d,, as demonstrated in Figure 4.9, are expressed in
Equations (4.32) and (4.33).
d =(e-¢))E, (4.32)
d,=(c-¢,\E,~E,) (4.33)
in which, ¢,is the strain on ¢-axis at the start point, £ and FE, are modulus of

elasticity and tangent stiffness, respectively.

The proportional coefficient (77) depends upon the boundary conditions; (0 << 1).

Hence, based on the above analysis, every stress point can be defined for unloading

condition in the hysteresis curve as expressed in Equation (4.34) and (4.35).

0:d1_77d2:(5_50)E5_U(E_SOXES_Ek)"‘O'o (4.34)
_o,-0,
E, _—é‘p Y (4.35)

where o, is the first point stress and &, is the first point strain. o, and ¢, are the end

point stress and strain, respectively. By taking the above expressions, the basic procedure
of an incremental step for generating steel material hysteretic loop in ABAQUS software

can be presented in Figure 4.10, where ¢and & are the elastic and yield strain,

respectively.
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Figure 4.9: Reloading criteria for a steel hysteresis curve (Yongjiu et al., 2011)

Figure 4.10: Incremental procedure of a hysteretic loop for each element in
ABAQUS (Yongjiu et al., 2011)
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4.4 Comparison of Experimental, Theoretical and FE Results

In general, metallic damper devices dissipate energy through plastic deformation.

Since damage is inevitable after yielding, it is necessary to design the dampers in such a

way that they remain elastic under service loads. In this regard, an accurate estimation of

yield strengths is crucial. The obtained values from the proposed formulas show that,

yield force of the devices was reasonably well estimated by the theoretical models, shown

as P, (Theoretical yield force). It is worth mentioning that, because of the strain hardening

phenomenon the maximum strengths (B,,,) were unstably greater than the yield

strengths obtained from the experiments (P,¢xp) for each individual specimen. The results

of experimental (all specimens) and FE results (benchmark specimen only) were

compared to the theoretical values as indicated in Table 4.3, Table 4.4 and Table 4.5

considering height, diameter and number of solid bars, respectively.

Table 4.3: Experimental, theoretical and FE results, height effect (units: kN, mm)

Specimen k. 6, 6, O P P, Py PI/P,
BD-H70 20.66 0.28 0.25 - 9.74 8.10 - 1.20
BD-H100/BD-D10/BD-N24 710 0.56 0.50 0.52 6.82 874 9.46 0.78
BD-H130 323 096 0.99 - 5.25 5.64 - 0.93
BD-H160 1.73 145 1.76 - 426 540 - 0.79

Table 4.4: Experimental, theoretical and FE results, diameter effect (units: kN, mm)

Specimen k,, 5}, 5yexp Sy FE P, P o Py pg P, / P o
BD-D8 290 071 0.73 - 3.50 3.95 - 0.88
BD-H100/BD-D10/BD-N24 710 0.56 0.50 0.52 6.82 874 946 0.78
BD-D12 14.66 047 0.50 - 11.79 12.85 - 0.92
BD-D14 27.15 041 0.49 - 18.72 17.10 - 1.09
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Table 4.5: Experimental, theoretical and FE results, number effect (units: kN, mm)

Specimen kg O, O, Oyr P, P Pyre PP,
BD-N20 590 0.56 0.50 - 5.68 6.25 - 0.91
BD-H100=BD-D10=BD-N24 710 0.56 0.50 0.52 6.82 8.74 9.46 0.78
BD-N28 825 0.56 049 - 7.96 8.80 - 0.90
BD-N32 9.42 0.56 0.48 - 9.10 9.87 - 0.92

As it can be observed from the tables, prediction of yield displacement was
satisfactory. In general, the yield force was slightly underestimated by the theoretical
model, hence the design was expected to be conservative. However, this was not the case
for BD-H160 and BD-D14, where the theoretical model slightly overestimated the yield

force.

For FE model and analysis, the BD-H100 specimen with a height of 100 mm and 24
numbers of solid bars was selected. Specimens BD-H100, BD-D10 and BD-N24 had
similar characteristics. Therefore, these specimens were chosen as the benchmark one.
Verification of the proposed theoretical equations was made with the experimental results
of all BD specimens. Further verification of proposed equations was also carried out
through the FE analysis for the benchmark model. Specifications of Section 4.3 were used
to carry out the FE model. Figure 4.11 shows the FE model of the benchmark specimen
considering the entire experimental test setup including loading and support plates as well
as the attached bolts. Figure 4.12 displays the discretization of the BD specimen with its

all related parts in the FE model, accordingly.
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Figure 4.11: Model of test setup in ABAQUS for the FE analysis

(a) Solid bar (b) BD (¢) bolt and nut

Figure 4.12: FEM of the BD including bolts, stiffeners, support and loading plates
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(d) Support plate (e) Loading plate

(f) FE discretization of the entire test setup in ABAQUS

Figure 4.12: FE model of the BD including bolts, stiffeners, support and loading
plates (continued)

Figure 4.13 shows the hysteresis loop of the benchmark specimen obtained from the
experimental test and FE analysis. Referring to Table 3.3 in Chapter 3, BD-H100
specimen was failed at cycle 28 in step 9 under the experimental test. It was observed

from the table that, the maximum strength and displacement for BD-H100 specimen were
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64.84 kN and 27.39 mm, respectively. These values were compared to the FE analysis
and a good agreement was found between experimental and FE results, in which the
maximum strength and displacement in the FE analysis were 66.58 kN and 27.17 mm,
respectively. Figure 4.14 and Figure 4.15 show the deformed shape of the specimen at
the end of the test in experimental study and FE analysis, respectively. It can be seen from
Figure 4.15 that, the Von Mises stress values for solid bars in FE analysis exceeded the
ultimate stress (fracture statement) which was 532.35 MPa obtained from the coupon test.
This stress infringement occurred at both ends of the solid bars after deformation, which
represents the cracks (damage). No fracture statement was observed for other parts under

the test.
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Figure 4.13: Hysteresis loops for the benchmark specimen under cyclic loading for
experimental and FE model
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Figure 4.14: Overall deformation of benchmark specimen under applied cyclic
loading

©) d)

Figure 4.15: Distribution of Von Mises stress on (a) whole model, (b) solid bars, (¢)
damper plates and (d) bolts and nuts under cyclic deformation (unit: MPa)
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4.5 Bi-linear Model

To utilize the proposed BD device as a yielding damper in building and bridge
structures, a streamlined nonlinear spring model of the device can be proposed to be
implemented in those structural analysis and design software like CSi products, e.g.
ETABS, SAP2000 and CSiBridge where they have the facilities to use such spring
models. In other words, for a simplified model, the yield displacement and force as well
as the initial stiffness were the key parameters, which need to be determined. To this end,
the load—displacement curve was estimated with a bi-linear model from the hysteresis
loop obtained from the experimental and FE studies. To tune the bi-linear curve with the
experimental and numerical results, several device specimens may be chosen. Therefore,
the correlation between the stiffness and strength of the devices considering investigated
parameters can be obtained. Based on the obtained hysteresis behavior results from
experimental and FE studies, the bi-linear model of the BD-H100 specimen, which was
similar to BD-D10 and BD-N24 specimens, was given and illustrated in Figure 4.16. To
present a clear trend of the proposed bi-linear model given in Figure 4.16(a) and its
zoomed view is also shown in Figure 4.16(b). This simplified bi-linear model can be
employed in modeling of the performance of bar dampers utilized as passive yielding
damper devices. Based on this figure, the yield force and displacement were
approximated as 9.10 kN and 0.54 mm for the benchmark specimen, respectively. This
bi-linear model was obtained from the benchmark specimen with its unique geometry.
Thus, the result obtained for this model might be different when using other device
specimens or other BD-type devices with different geometry, material, bars size, bars

arrangement, etc.
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Figure 4.16: Proposed bi-linear model for benchmark specimen a) overall view and
b) zoomed view

A detailed explanation of the proposed bi-linear model for the BD device is given in
Figure 4.17. In this figure, « is the dimensionless parameter known as stiffness ratio with

a value less than one. Also, x is the ductility parameter which is expressed as a ratio of
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the maximum displacement (d , ord ) with respect to the yield displacement (d,, ) of

max
the damper device. Strength reductions are commonly defined from the elastic strength,

P, , using reduction factor, R, . Thus, ductility demand, 4, in an inelastic range is applied

on structural elements. Ductility is measured as a structural deformation capacity (range

fromd to d ) before the rapture, when the structure reaches to its yield strength, P,. The

strength reduction is because of nonlinear hysteretic behavior of the system. Therefore,

the component of R is determined as:

P
Ry=o-=—= (4.36)
P, d .

Figure 4.17: Theoretical background of the bi-linear model for BD dampers

4.6 Summary and Conclusions
The experimental tests for the proposed bar damper were carried out and discussed in

Chapter 3. In this chapter, it was attempted to propose the theoretical formulas of the
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device and validate them by comparing them with the experiments and a FE analysis. For
this purpose, the theoretical equations of the damper device were derived based on its
plastic mechanism. Later on, a full-scale FE model of the benchmark specimen, i.e. BD-
H100, BD-D10, BD-N24, consists of loading and support plates was modeled and
analyzed. The steel elements were modeled using an eight-node linear brick solid element
with reduced integration and hourglass control. The inelastic behavior of these elements
was considered through Von Mises yield criterion. To have the real performance of the
device, geometric and material nonlinearities of the steel elements were taken into
account considering large displacement effect. As a result, the FE analysis was compared
and validated with the experimental results and a notable agreement was found between
the results. According to the experimental and FE analyses, a simplified bi-linear model
of the BD device was proposed to enhance the practical use of the device for structural
engineers in order to implement the device in design of building and bridge structures.
Based on the obtained results from the experiments, FE results and derived equations, it
was shown that the performance of the device can acceptably be predicted through the
proposed equations, in which the predicted yield force and displacement taken from the

equations were well-agreed with the experimental and FE results.

140



CHAPTER 5: PERFORMANCE ASSESSMENT OF STRUCTURAL FRAMES
WITH BAR DAMPER

5.1 Introduction

Rigid structural frames are widely considered in the construction of buildings and
bridges in seismically active zones (Apostolakis & Dargush, 2009; Chou et al., 2016;
Meng et al., 2019; Tafsirojjaman et al., 2019). As a result, these systems are frequently
used in the seismic resistant design of structures. Nevertheless, unwarranted deformation
owing to the loss of stiffness and strength restricts the efficiency of the system. This is
because of the ruptures of welds in the beam-column connection under severe ground
motions. Substantial stress absorption by the welds leading to early brittle failure (notable

strength and stiffness reduction), results in performance loss (Silwal et al., 2015).

Semi-rigid frames are also typically assembled with bolted connections and used for
the beam-column connections. This system of construction shows suitable ductility when
exposed to dynamic loadings. The adequate deformation capability significantly
decreases the chance of brittle failure in the connections, although, extreme ductility due
to the loss of stiffness and energy dissipation capacity in the bolts keep on structural
distress. Therefore, design alteration for beam-column connections to keep structural
strength, stiffness and energy dissipation is vitally needed (Briones & Llera, 2014;
Domenico & Ricciardi, 2019; Dougka et al., 2014; Franco et al., 2010; B. Qu et al., 2019;

Ranaei & Aghakouchak, 2019; Ras & Boumechra, 2016; Soong & Spencer Jr, 2002).

The present study concentrates on performance improvement of such structural frames
by incorporating semi-rigid frames equipped with the BD device in the beam-column
corner connections. To aid the aim, a bar damper (BD) device, as introduced and verified
in the previous chapters, was used to improve the performance of structural frames. To

this end, a BD specimen was made with its real form considering the full scale.
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SolidWorks program was used for preparing accurate details and drawing in order to
manufacture the BD device using laser-cut technique. Figures 5.1 and 5.2 show the
detailed dimensions and rendered view of the BD device, respectively. The BD device
was placed at the location of beam-column connection in the prepared frame as shown in
Figure 5.3. To evaluate the performance of the BD device, a quasi-static cyclic loading
was applied to the bare frame and the frame equipped with the dampers. Two BD devices
were attached to the beam-column connection at each side of the frame to facilitate the
design. It was observed that, the BD devices simply deformed under the applied load and
they started to dissipate energy as soon as the bars yielding began at early stage of the
frame bending. Test results obtained from the bare frame and the one equipped with the
BD was compared to each other in terms of strength, stiffness, deformation capacity and
harvested energy to assess the efficiency of the design proposal and to justify the
possibility of using BD-type devices in design of engineering structures exposed to

vibration or dynamic loads.

Figure 5.1: Detailed dimensions of the BD installed to in the test frame (units: mm)
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Figure 5.2: Rendered view of the BD

Figure 5.3: Proposed design of the frame equipped with the BD
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5.2 Primary Assessment using Pushover Analysis

In order to investigate the effect of BD on the frame responses for the experimental
assessment, a preliminary pushover analysis on rigid and semi-rigid frames without
damper and a semi-rigid frame with dampers was performed by means of numerical
analysis. General purpose Finite Element Software, ABAQUS (Abaqus Inc., 2014), was
employed for modeling and analysis of the frames. It should be noted that, the detail of
the FE model is described in section 5.5. H175x175x7.5 and H150x150x7 sections were
used as columns and beams, respectively for all the three frames. To show the ease of use
of the BD device in a structure, two similar BD devices consisting of 25 number of solid
bars with 130 mm height and 10 mm diameter were selected and deployed in a semi-rigid
frame to evaluate its effect on the response enhancement of frame structures subjected to
lateral loading. For the pushover analysis, all of the frames were subjected to a
progressively increasing lateral displacement control loading up to 5% drift ratio of the

frames, which was 100 mm.

Figure 5.4 shows the stress distribution of all the frames under applied pushover load.
It can be seen from the figure that, in the rigid and semi-rigid frames the critical stress
occurred at the beam-column connection (panel zone) as well as the column base.
Utilizing the BD devices in the semi-rigid frame showed a favorable effect on distribution
of these concentrated stresses to other regions of the test frame, as expected. A
comparison of the load-displacement curves of the analyzed frames was shown in Figure
5.5. This figure shows that, the strength performance of the frame equipped with BD
devices was remarkably improved as compared to the rigid and semi-rigid frames. The
maximum load of the rigid and semi-rigid frames was 243 kN and 234 kN, respectively,
while for the semi-rigid frame with BD devices it was 290 kN. Consequently, the

feasibility of using the BD device in design of frame structures was justified. Moreover,
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it is important to mention that, the BD design can be effectively changed to achieve a

substantial seismic performance as required.

b)

Figure 5.4: Stress concentration in a) moment frame b) semi-rigid frame (unit: MPa)
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¢)

Figure 5.4: Stress concentration in ¢) semi-rigid frame with BD devices (unit: MPa)
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Figure 5.5: Comparison of load-displacement curve for moment frame (MF), semi-

rigid frame and semi-rigid frame with BD
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53 Experimental Study
53.1 Test Specimens

To assess the efficiency of the proposed BD device in overall seismic performance of
the semi-rigid frames, two semi-rigid frames were designed and fabricated for testing at
where one of the semi-rigid frame was equipped with BD devices installed at its beam-
column connections. The bare semi-rigid frame and semi-rigid frame with BD devices
were utilized in order to make a comparison and examine the performance improvement
of the frame where the BD were implemented in design of structural frames. Therefore,
the test frames were fabricated with the frame height of 1610 mm and span of 2215 mm.
The columns and beams sections of the frames were H175x175x7.5 and H150x150x7,
respectively. This combination was used to meet the strong-column weak-beam concept.
To attain the semi-rigid connections in the frames, the beam was connected to both the
columns by angle sections. Thus, in each side of the beam two equal leg angle sections
1.e. L120x120x12, sitting on the top and bottom of the beam flange, was used to connect
the beam to columns by four number of 15 mm diameters bolts. Two other web angle
sections, i.e. L80x100x12, were also bolted to both sides of the beam web using 20 mm
diameter bolts. The other legs of these angle sections were connected to the columns’
flange to fulfil the shear connection between the columns and beam considering a 5 mm
gap. An assembaly attachment was mountaned to the side of the frames to accumalate the
actuator head for applying the push and pull loads. The materials used for columns, beams
and BD devices were all made of ASTM A570 with nominal yield strenght of 341 Mpa
(see Chapter 3, Table 3.2). Structrual blots garde 8.8 for all the connections. Figures 5.6
and 5.7 illustrate the detailing of the designed test frames with and without damper

devices.
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a) Test frames and its related sections (front view)

b) Detail M ¢) Section A-A

Figure 5.6: Details of the test frames
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Figure 5.6: Details of the test frames (continued)
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h) Section F-F 1) Detail G

j)  Section H-H

Figure 5.6: Details of the test frames (continued)

a) Frame with BD b) Detail A

Figure 5.7: Frame with BD device

5.3.2 Test Setup and Loading
Test frames were designed in such a way that, the columns were pinned to a stiffened

plate at their base, where one of the columns was attached to a hydraulic actuator, MTS
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Flex test 60 machine, with S00kN capacity sustained by a reaction column. The frame
test setup is illustrated in Figure 5.8 and Figure 5.9 for the bare frame and the frame with
BD devices, respectively. The quasi-static cyclic loading was applied to both the test
frames. The cyclic load was designed considering an incremental displacement continued
up to 85 mm, as shown in Figure 5.10. As shown in the figure, the cyclic loading protocol
included six steps where each step comprised of three cycles. Therefore, a total number
of 18 cycles was designed to displace the test frames up to 85 mm. The quasi-static cyclic
test in accordance with FEMA-461 (FEMA, 2007) was performed on the test frames.
Since the span of the tested frames was not large, thus, prior to install any lateral support
instrument for out-of-plane movement control, a FE analysis was carried out to measure
this effect. It was observed from the FE analysis that, the percentage of difference for the
frame with and without lateral support was 4% only. Therefore, the lateral support was
ignored for testing the frames. The obtained structural response for the tested frames can
also be utilized as records to conduct further assessment of dynamic response of a SDOF

or MDOF frames, as desired.

Figure 5.8: Details of the test setup (bare frame)
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Figure 5.9: Test setup of the frame with BD

Figure 5.10: Designed cyclic loading
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54 Experimental Results
5.4.1 Failure Mechanisms

For moment frames, failure often occurs at the connecting flanges of beams or
columns. This happens due to flange yielding following by local buckling once the story
drift is enlarged under lateral loading (Hsu & Halim, 2017). For a semi-rigid structural
frame subjected to the lateral force, failure was initiated at the connected angles. In this
study, yielding was primarily observed at the angles bolted to the beam and columns in
the semi-rigid frame as shown in Figure 5.11. Progressive plastic deformation of the
connected angles caused fracture once the frame drift was increased. Although, the failure
pattern of the tested semi-rigid frame with BD devices was commenced with the BD
devices yielding but followed with the angles yielding as demonstrated in Figure 5.12.
This figure displays that, the solid bars of the BD were the first components which were
deformed. The yield zone of the BD devices proceeded at both ends of the bars which

were fixed to the top and bottom plates as shown in Figure 5.13.

It 1s worth mentioning from the experiments that, no buckling nor deformation was
observed in the plates attached to the BD devices, throughout the testing. This means that,
the plates were relatively stiffer than the bars and the BD performance governed by the
bars deformation. From this aspect it was assessed that, the BD device had an acceptable

stability under the cycles of large deformations.

Figure 5.11: Failure pattern of the angles in the bare semi-rigid frame (zoom view)
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Figure 5.12: Failure pattern of the semi-rigid frame with BD devices (overall view
and zoom view)

Figure 5.13: Yield zone of the bars

54.2 Deformation Capacity

The force-displacement hysteresis curves of both frames from the experiment are
presented in Figure 5.14. The hysteresis loops of the semi-rigid frame with BD devices
followed the pattern of the bare semi-rigid frame. However, the area under the hysteresis

curves of the semi-rigid frame with BD devices was larger than the semi-rigid frame. This
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indicates that the BD devices caused stiffness enlargement of the semi-rigid frame. This
is because the BD added stiffness to the frame. This additional stiffness affects the natural
vibration period of the structure before and after yielding of the devices. Consequently,
the BD effect on the acceleration response must be taken into consideration in designing
MDOF structures. Moreover, the expected effect in case of multi-story frames should also
be discussed. For both the frames, a slight pinching effect was demonstrated in the first
few cycles of force-displacement hysteresis curves. A smooth transition from the elastic
to plastic state was observed in both the frames. Furthermore, the hysteresis curves of the
frames shown the Bauschinger effect and kinematic hardening of the steel material while
the plastic strength was increased gradually in each cycle without any sign of stiffness
degradation. The bare frame and frame with BD devices showed a stable hysteretic
response throughout the loading scheme. The maximum load of the frames was recorded
at the last cycle of loading, however, it was not the ultimate load bearing of the frames
due to limitation of the actuator head movement. It was observed from the experiments
that, the semi-rigid frame with and without BD exhibited no structural failure, however,
failure occurred for the angles of the connections. The replacement of the angles with
simple sections at the beam-column connections significantly cut down the expenses as
long as structural retrofitting is concerned, but it is difficult for a rigid frame to replace or
rehabilitate the structural members subjected to dynamic loadings. This failure is
generally followed by ongoing plastic deformation cumulated in the beams. When the
deformation capacity is of importance, utilizing of rigid connections or rigid frame is
unfeasible. For the semi-rigid test frame equipped with BD devices, the deformation trend
was analogous to that of the semi-rigid frame with no BD devices. The BD devices
showed stable action while providing continuous support to the test frame up to the
inelastic level. Moreover, sufficient resistance capability of the BD devices efficiently

increased the frame strength. In other words, the BD devices with its deformability could
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inhibit structural members to approach yield point under the applied displacement;
resulted in improving the frame performance. It should be noted that the ductility of the
frames cannot be calculated as none of the frames reached to their ultimate bearing

capacity due to the actuator head movement limitation.
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Figure 5.14: Hysteresis loops obtained from the experimental test frames with and
without BD device

5.4.3 Stiffness and Strength

Figure 5.15 shows the strength of the frames in positive cycles with respect to the
applied displacement for both semi-rigid frames with and without BD devices. Strength
of the frame with BD devices was larger than the bare frame in both elastic and inelastic
zones. The figure also demonstrates that, the BD devices significantly improved the
structure strength of the frame. For instance, the yield strength of the bare frame was 222

kN which was increased to 276 kN in the frame with the BD devices. Meanwhile, the
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maximum strength of the semi-rigid frame equipped with the BD devices was 375 kN
which is much greater than 295 kN of the frame without dampers, showing 27%
enhancement. Similarly, Figure 5.16 depicts the effective stiffness versus applied
displacement for the tested frames. Stiffness of the frames were gradually decreased as
the displacement increased. Nonetheless, the stiffness of the frame with BDs were larger
than the bare frame throughout the loadings scheme. As it can be observed from the
figure, the initial stiffness of the frame increased by 23.1 % when the BD devices utilized
in the semi-rigid frame. The effective stiffness of the frame with BD devices was about
24.3% higher than the frame without dampers at the end of loading protocol. It should be
noted that, the BD configuration including arrangement of the solid bars, diameter and
height of the solid bars and even the selected materials of the solid bars and attached
plates can have a significant impact on the overall performance of structures, i.e. strength,
stiffness, ductility and energy dissipation. Some of these effects were examined, and

briefly discussed in the previous chapters.
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Figure 5.15: Force-displacement relationship for the tested frames
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Figure 5.16: Normalized stiffness versus displacement for the tested frames

5.4.4 Energy Dissipation

Energy dissipation capability of the frames was assessed through the hysteresis curves
obtained from the test. Figure 5.17 illustrates the cumulative dissipated energy over the
total displacement of the semi-rigid frames with and without BD devices loaded to the
maximum displacement. At a glance the comparison demonstrated that, a remarkable
enhancement in dissipating energy was attained when the BD devices were implemented
in the semi-rigid frame. The cumulative dissipated energy of the bare frame linearly
increased until the end of the loading scheme. The semi-rigid frame with BD devices also
exhibited similar energy dissipation behavior, however, the cumulative dissipated energy
dissipation enlarged more significantly at each increment of the displacement loading. At
the first cumulative displacement, the cumulative dissipated energy of the semi-rigid
frame with BD devices was about two times higher than the bare frame. As the cumulative
displacement increased, the dissipated energy of the frame with BD devices remarkably
raised until the end of the test as compared with the semi-rigid frame. The total dissipated
energy of the frame with BD devices was 228081 kNmm while it was only 180197 kNmm

for the bare semi-rigid frame at the cumulative displacement of 3624 mm. This shows an
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overall dissipation capability of the semi-rigid frame increased by 27% after
implementation of the BD devices at the end of testing. It should be noted that, with an
increase of the damper height and bars diameter, energy dissipation capacity may improve

efficiently.

Figure 5.18 shows the comparison of cyclic energy dissipation over the applied cycles
of load for the semi-rigid frame with and without BD devices. It can be seen from the
figure that, the bare frame dissipated more energy in all cycles of displacement loading.
The energy dissipation of the frame with BD devices was 90% higher than the semi-rigid
frame in first 3 cycles of loading. In second 3 cycles of loading the energy dissipation of
frame with BD devices improved by 32%. Similarly, the energy dissipation of the semi-
rigid frame with BD devices in fourth and fifth steps was 21% and 24% higher than the
semi-rigid frame, respectively. In the last step of cyclic loading the energy dissipation of
the frame with and without BD devices was 93840 kNmm and 75480 kNmm,

respectively; showing a 24% improvement after implementation of the dampers.
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Figure 5.17: Cumulative energy dissipation versus cumulative displacement
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Figure 5.18: Cyclic energy dissipation versus number of undergone cycles

Figure 5.19 shows the strength capacity versus the total energy dissipation for semi-
rigid frames with and without BD devices. It can be observed from this comparisons that,
the frame performance with the BD devices was remarkably enhanced in terms of strength
and energy dissipation capacity. The strength of both frames increased linear over the
cumulative dissipated energy in the first step of loading. Thereafter the frames dissipated
the energy gradually as the strength increased. The strength and cumulative dissipated
energy of the frame with BD device were improved 27%, respectively. It can surely be
predicted that, the other BD parameters such as diameter, height and number. Further, the
overall behavior of the frame equipped with the proposed BD devices was compared with
the frame without BD device. The comparison including dissipated energy, deformation,
strength and stiffness of both tested frames is presented in Figure 5.20. As shown from
this figure, a superior performance of the frame equipped with the proposed device was
attained. Higher performance can even be achieved when a suitable BD device is adopted
taking the most appropriate parameters into consideration. These appearances can

confirm the usability of the proposed BD device for engineering design applications. It is
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noted from the evaluation of tested frames that, stiffness and strength of the semi-rigid
frame equipped with BD devices were generally more than that of the frame with no
damper device. Consequently, the period of vibration for frames with proposed damper
may be shortened and result in further seismic action. As a result, a feasible solution to
this matter is to provide a gap between the beam-column joint as implemented in this
study for application of BD devices. Therefore, one of the advantages of using BD is
controlling of the system stiffness (about 23%), whereas, the system strength can be

significantly enhanced (about 27%), as shown in Figure 5.20.

Strength (kN)

—{l— Semi-rigid frame_EXP.
— & - Semi-rigid frame with BD_EXP.

0 40000 80000 120000 160000 200000 240000
Cum. energy dissipated (kN.mm)

Figure 5.19: Dissipated energy and strength relationship for tested frames
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Figure 5.20: Improved performance of the frame with BD devices
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5.5 Finite Element Analysis of the Frames under Cyclic Loading

FE modeling of the tested semi-rigid frames was carried out in order to make
comparison with the experimental results. The FE modeling of the frames is shown in
Figure 5.21. ABAQUS software was used to model the frames where the described
specifications of the elements as discussed in Section 4.3. Furthermore, a pinned-support
was defined at the base of the columns to represent the boundary condition of the columns
as designed for the experimental test. The cyclic displacement load was applied to the
right column as demonstrated in Figure 5.21(a). The same loading scheme of the
experimental test was used in the FE analysis. By assuming that the bolts had negligible
energy dissipation during the testing due to their higher stiffness than the plate angles and
BD devices, the tie constrain was used to connect the frame elements i.e. angles well as
the BD parts to the main frame. The tie constrain integrates the frame as a whole and
enables the load transfer between the frame elements. It should be noted that material and
geometry nonlinearities were deliberated in the FE analysis. The beam and columns were
meshed coarsely while the steel angles, stiffeners and BD devices were finely meshed.

The detail of FE mesh discretization of the frames is shown in Figure 5.21(b).
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b)

Figure 5.21: FE discretization of the semi-rigid modeled frames; a) the FE criteria

and b) the FE discretization

Figure 5.22 shows the Von Mises stress propagation of the analyzed frames. As it is
shown in the figure, a significant stress reduction was observed for the semi-rigid frame
with BD devices, especially at the panel zones and columns base as displayed in Figures
5.22(a) and 5.22(b). It was because, the stress concentration occurred at the end sides of
the solid bars. In contrast, the frame without BD devices reached the yield stress at the

aforementioned regions. This phenomenon confirmed the favorable effect of the proposed
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damper device on mitigation of stresses of frame structures subjected to cyclic or dynamic
loads. Furthermore, a comparison of deformed shape between the FE model and the
experimental test for the semi-rigid frame with the BD device at the beam-column
connection at the last cycle of loading is shown in Figure 5.23. The figure illustrates that
the deformation of the FE model is well matched with the experimental deformation of
the semi-rigid frame with BD devices. Under such deformation, the stress was equally
propagated in entire the frame due to the effect of the BD devices on the frame. This
simply means that, another advantage of using BD device is to increase plastic capacity
of the entire frame section in order to contribute in the hysteresis performance of the

frame with no sign of instability.

The hysteresis behavior of the FE models was also obtained and compared to those
obtained from the experimental tests as shown in Figures 5.24 and 5.25 for semi-rigid
frame without and with BD devices, respectively. As these figures demonstrated, the
maximum positive and negative load values of the FE analysis were fairly closed to the
experimental results at the last cyclic of displacement loading. Furthermore, the hysteresis
curves obtained from the FE models showed a good agreement with the results from the
experiments. To avoid repetition, no further discussions were made to extract the effective
stiffness, strength, energy dissipation, and deformation capacity parameters from the FE

hysteresis loops.
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b)

Figure 5.22: Von Mises stress contour of the semi-rigid frame a) without BD
devices and b) with BD devices (unit: MPa)
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Figure 5.23: Comparison of deformed shape between FE model and experimental
test of the semi-rigid frame equipped with BD devices
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Figure 5.24: Comparison of hysteresis loops between experimental test and FE
model for semi-rigid frame without BD devices
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Figure 5.25: Comparison of hysteresis loops between experimental test and FE

model for semi-rigid frame with BD devices

Eventually, to have satisfactory structural design under seismic actions, the structures
must have substantial energy dissipation capacity, adequate strength as well as a good
deformation capacity. To satisfactorily assess the effectiveness of the proposed BD device
in enhancements of the structural performance, the aforementioned parameters were
obtained from the experimental tests. Moreover, the FE analysis of the frames with and
without BD devices was developed and investigated. It was shown from both the
experimental and the FE results that, the proposed device can remarkably enhance the

performance of the frame structures under cyclic loading.
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5.6 Summary and Conclusions

This chapter investigated the performance improvement of a structural frame equipped
with the BD devices under cyclic loadings. Initially, a preliminary performance
assessment of the structural frames with and without BD devices was performed under
the pushover loading by using FE analysis. It was observed from this analysis that, the
stress concentration was in the panel zone and base of the columns of the frames without
BD devices, which was unfavorable. On the contrary, the stresses were ideally propagated
in the entire semi-rigid frame when the BD devices were utilized. Furthermore, the semi-
rigid frames with and without BD devices were experimentally tested under a sequence
of cyclic displacement loading. The failure mechanism of the frame with BD devices
initiated and propagated in the device which prevented the failure of the connection angle
plates. The BD devices demonstrated stable behavior and improved the hysteresis
performance of the semi-rigid frame. Further comparisons of the test frames illustrated
that, satisfactory improvements was achieved in terms of deformation capacity, strength,
stiffness and dissipated energy for the test frame with BD devices. It was also noted that,
the strength of the semi-rigid frame with BD devices was enhanced by 25%, while the
stiffness was increased around 23%. This was desirable to control the stiffness of the
system by adjusting the damper parameters. An overall energy dissipation of the semi-
rigid frame improved by 27% when the BD devices used. In addition, the three-
dimensional FE model of the tested semi-rigid frames was developed and analysis. The
FE models were subjected to the same loading protocol of the test to demonstrate the
accuracy of the study. It was shown that the FE analysis results were well-agreed with the
results obtained from experimental tests and can be used for future studies. It was shown
from both the experimental and the FE analysis results that, the proposed device can

remarkably enhance the performance of the frame structures under dynamic loading.
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CHAPTER 6: CONCLUSIONS

6.1 Summary of the Research

A new structural passive vibration control system, called bar damper (BD), was
proposed for protecting buildings and bridges subjected to dynamic loads. The device was
made of a number of solid bars sandwiched between two steel plates, one at the top and
one at the bottom. The top and bottom plates can be welded or bolted to the adjacent
plates to connect the device to the structure. Depending on the design of the plates, a
specific number of bolt holes can be drilled in the plates to attach the BD device to the
target structural member. Energy dissipation by the BD device was achieved mainly
through the inelastic cyclic flexural deformation of the bars. The proposed device was
primarily meant to be installed at beam-column joints. Nevertheless, it can be installed in
several configurations and can even be utilized as a base isolation system due to its design

flexibility.

The efficiency of the BD device was evaluated experimentally, theoretically and
numerically. To this end, the study was carried out in two main stages: 1) assessment of
the proposed damper device under displacement-controlled cyclic loading and ii)
performance assessment of a semi-rigid structural frame equipped with the proposed
damper device under applied cyclic loading. To achieve the aim in the first stage, twelve
device specimens were prepared considering different parameters to assess the behavior
of the device individually. The parameters were height, diameter and number of solid
bars. To assess the height effect, the solid bars were designed with heights of 70 mm, 100
mm, 130 mm and 160 mm, and with diameter and number of 10 mm and 24, respectively.
To evaluate the diameter effect, the solid bars were designed with diameters of 8§ mm, 10
mm, 12 mm and 14 mm, and with height and number of 100 mm and 24, respectively.
Next, the bar number effect was assessed for solid bars designed in 20, 24, 28 and 32,

with height and diameter of 100 mm and 10 mm, respectively. It is noted that among all
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three considered parameters, the common device specimen was the one with 24 solid bars,
bars height of 100 mm and bars diameter of 10 mm. As a result, this specimen (BD-H100
or BD-D10 or BD-N24) was selected for implementation in the FE analysis. In order to
carry out FE modelling of the device, the steel elements were modeled as eight-node
quadrilateral reduced integration solid elements. To observe the real performance of the
device, the steel elements’ geometrical and material nonlinearities were also considered
in the FE analysis. The von Mises yield criterion was utilized to take the inelastic
deformation of the solid bars into consideration. The theoretical equations of the BD
device were also derived based on its plastic mechanism and they were compared to the
experiments and FE results. In the second stage, the proposed BD devices were installed
in a semi-rigid frame and experimentally tested under quasi-static cyclic loading. The
performance of the frame with a BD device was compared to a similar frame without a

BD device. FE models of each frame were developed and analyzed under cyclic loading.

6.2 Conclusions
According to the abovementioned investigations and results obtained from the
parametric experimental study as well as FE analyses, the following conclusions can be

drawn:

1. A passive structural vibration control system called a bar damper (BD) was
proposed and developed in the present study. The proposed BD device is simple,
light in weight, cost-effective and easy to build with effective energy dissipation
capability in a planar direction owing to its unique geometry. The device can also
be made of other passive materials like aluminum, zinc, lead or a combination of
dissipative materials. It can even be made from the aforementioned material

waste.
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2. The BD device performance was assessed experimentally under quasi-static
cyclic displacement loading through three considered parameters; the height,
diameter and number of the solid bars. The experimental test of the BD specimens
showed that the height of the solid bars has the most effect on input energy
dissipation and ductility, but the diameter parameter governed the strength and
stiffness capacity. Although the changes in the bars number did not affect the yield
displacement, but this showed noticeable capacity in cumulative energy
dissipation and cumulative displacement.

3. Theoretical formulas of the BD device were derived based on its plasticity
mechanism. The proposed formulas were then compared with the experimental
and FE analysis results. It was shown that the proposed equations can predict the
device performance acceptably, as the predicted yield force and displacement
obtained with the equations were in suitable agreement with the experimental and
FE results. The FE analysis results were also compared to the experimental tests
and good agreement was observed. A simplified bi-linear model of the BD device
was also proposed in order to enhance its practical use by structural engineers for
implementation in structure design.

4. The performance of the proposed BD device was evaluated in a structural frame
through the experimental test. Additionally, FE models of the frames were also
developed to monitor the frames’ behavior. It was shown that the FE results were
well-agreed with the results obtained from the experiments. According to the
results, the frame without BD device absorbed high stresses at the panel zone and
base of the columns. However, the stresses were propagated optimally in the entire
frame when BD devices were installed. Furthermore, compared to the bare frame

(no BD device installed) the tested frame equipped with BD devices exhibited
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6.3

finer performance with stable hysteretic behavior and satisfactory improvement

in strength, deformation capacity and dissipated energy.

Recommendations for Future Research
The performance of the steel BD device specimens was evaluated using steel
materials in this study. It is recommended to build the device using other suitable
damping materials such as aluminum, copper, lead, zinc and brass or a
combination of these materials to increase the energy dissipation capacity and
decrease the cost of the device.
The BD device has potential to be installed in different locations of structures as
shown. In the present study, the BD device was examined at the beam-column
connection location. Therefore, further study can be done to investigate the
optimal location of the device in order to achieve the maximum capacity of the
device to improve the seismic performance of structures.
The BD devices can be tested under unidirectional or bidirectional motions using
shaking tables to investigate the device performance in elastic and plastic zone
under transient loading.
The proposed BD device can be designed in several forms and combined with
many other available damper devices in the market. Ability to design the device
as a base isolation system or a hybrid vibration control system can be considered
as another feasible design phase.
Installing the BD devices in structural frames will add stiffness to the structure.
This affects the natural vibration period of the structure before and after yielding
of the devices. As a result, the BD effect on the acceleration response must be
taken into consideration. Moreover, the expected effect in case of multi-story

frames should also be discussed.
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