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Abstract

ABSTRACT

Adaptive seismic negative stiffness device (ASNSD), as one of the effective seismic
protection devices, has been proposed, investigated, and applied to preserve structures
in both mechanical and civil fields. It can provide an effective seismic isolation effect
through negative stiffness when it is mostly needed, which contributes to a significant
reduction in acceleration. Besides, constantly changing stiffness endows it with the
capacity to work equivalently as a smart base isolator and avoid the resonance problem.
To mitigate the large displacement response across the ASNSD level accompanying
the reduction of lateral stiffness, an ASNSD generally is designed to work with passive
linear viscous dampers. Although supplementary damping is beneficial for improving
energy dissipation capacity and suppressing the resonance response, it underpins the
drawback of degrading the vibration isolation effect during the high-frequency region
and amplifying acceleration. Besides, despite the variable stiffness property of the
ASNSD, it still works in a passive control way, which cannot adequately adapt to a
wider earthquake range. Moreover, the property of the ASNSD is geometrically
achieved through mechanisms, which cannot achieve the desired seismic isolation and
suppression performance simultaneously without comprehensively optimising the
structural parameter combination. In addition, there is a lack of published investigations
concerning the influence of enormous vertical seismic load associating with excessive
lateral displacement on the structural stability of the ASNSD members’ interlayer slips.
Consequently, this thesis aims to address the above challenges that traditional base
isolation devices have undergone with the achievements of novel modified ASNSD

with different adaptabilities to contribute new knowledge to the seismic protection

field.

Firstly, the principle of negative stiffness on vibration isolation is analysed to better
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Abstract

comprehend the fundamentals of the ASNSD. Then, the beneficial effects of nonlinear
damping and nonlinear stiffness on vibration isolation are investigated, which
contributes to achieving a modified ASNSD with open-loop control (ASNSD-OC). It
has the ability to generate both negative stiffness and nonlinear damping in the
horizontal direction through a linkage mechanism configuring linear springs and linear
viscous dampers. The dynamic characteristics of a single degree of freedom (SDOF)
system with such a device are analysed and formulated using the Harmonic Balance
Method, with a special focus on its amplitude-frequency response (AFR) and
transmissibility. The system with damping nonlinearity as a function of displacement
and velocity is proven to have attractive advantages over that with linear damping. It
has the capacity to reduce transmissibility during the resonance region without
increasing it in the high-frequency region. The effect of ASNSD-OC with nonlinear
damping on suppressing displacement and acceleration responses is numerically
verified under different sinusoidal excitations and earthquakes. It can achieve
additional displacement and acceleration reductions under scaled earthquakes,
especially intensive earthquakes, compared with the scenario only featuring linear

damping.

Secondly, controllable damping is then introduced to the ASNSD to improve its
adaptability and robustness to various earthquake events. The developed innovative
ASNSD with feedback control (ASNSD-FC) integrates both negative stiffness and
controllable damping characteristics to realise real-time controllable property. The
force-displacement relationship of the controllable ASNSD-FC is derived as the
forward model to present its nonlinear and hysteresis properties. Three representative
control algorithms, i.e. Linear Quadratic Regular (LQR) control, He> control, and
Sliding Mode (SM) control are utilised to develop controllers to attain the optimal
control force for the controllable ASNSD-FC. Based on the Takagi-Sugeno-Kang
(TSK) fuzzy inference system optimised by Non-Dominated Sorted Genetic

Algorithm-II (NSGA-II), a novel non-parametric inverse model is proposed
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accordingly to obtain input current according to the required control force and real-time
system responses. To demonstrate the feasibility and efficiency of the controllable
ASNSD-FC for structural seismic protection, a numerical case study is conducted on a
three-storey building model with the controllable ASNSD-FC installed on its first floor.
Four scaled benchmark earthquakes are employed as excitations and ten evaluation
criteria are adopted to quantitatively assess the performance for the case study.
Numerical results indicate the proposed controllable ASNSD-FC can significantly
improve vibration control performance on all evaluation criteria simultaneously in

comparison with uncontrolled and conventional passive controlled systems.

Thirdly, to enhance the vibration isolation capacity of the ASNSD, it is innovatively
implemented to multiple storeys of a building to develop an adaptive seismic negative
stiffness system (ASNSS). It can achieve vibration isolation along the building height.
Following that, to improve the performance of the ASNSS to reach its full potential on
both seismic isolation and suppression, a comprehensive multi-objective optimisation
with nonlinearity is conducted to obtain the optimal structural parameter combination
of the ASNSD. Based on the parametric analysis, 6 optimisation variables and 1
constraint are determined accordingly. Four objective functions are also defined by
considering the two adverse requirements simultaneously, i.e. enhancing vibration
isolation and improving vibration suppression. Then, the complex nonlinear
optimisation problem is adequately addressed by the modified NSGA-II with dynamic
crowding distance (DCD) algorithm. To verify and evaluate the feasibility and
effectiveness of the proposed optimisation approach and system, a numerical case study
is conducted based on a five-storey benchmark building model subjected to six different
earthquakes. The results demonstrated that the optimised ASNSS can effectively
address the trade-off between vibration isolation and vibration suppression to achieve

desirable seismic protection performance.

Last but not least, the quasi-zero stiffness (QZS) vibration isolator is adopted as a

potential candidate for mitigating the impact of the vertical seismic load associating
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with the excessive lateral displacement on structural stability across the ASNSD level.
To illustrate its capacity to isolate the vertical load applied on the ASNSD, this thesis
provides an in-depth analysis of the static and dynamic characteristics of a typical QZS
vibration isolator. During this process, the importance of conducting design
optimisation to compromise the contradiction between obtaining small maximum AFR
and achieving low transmissibility and resonance frequency is determined. Genetic
algorithm (GA) 1s employed to minimise the objective function so that the optimal
stiffness ratios for different conditions are obtained. The general design guidelines and
recommendations are provided and discussed. Moreover, the features and
characteristics of four types of QZS vibration isolators with different negative
stiffness elements are comparatively analysed, in terms of their effective stiffness

region and transmissibility.
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Introduction

CHAPTER 1.

INTRODUCTION

1.1 MOTIVATION AND GAP OF KNOWLEDGE IN THIS RESEARCH

Earthquakes constitute one of the world’s most destructive natural disasters and throughout
history, they have caused massive damage, heavy casualties, and enormous material loss in
terms of infrastructure, buildings, etc. Except for these direct damages, other accompanied
disasters such as fire, flood, toxic gas leakage, and tsunamis often occur after earthquakes. One
of the worst earthquakes that happened in Kobe with magnitude-7.2, Japan on January 17,
1995, killed more than 6,000 people, caused nearly 400,000 buildings to collapse, and finally
resulted in a direct economic loss of $50 billion. The direct economic loss of the devastating
earthquake with a magnitude-8.0 which occurred in Sichuan, China on May 12, 2008, reached
$122 billion. It killed nearly 90,000 people and most of them were buried by collapsed
buildings. In 2011, another serious earthquake with magnitude-9.0 hit the coast of Japan, which
led to about 16,000 people's deaths and more than 2,600 missing. Following the earthquake, a
severe tsunami was triggered. Over 8,000 people lost their lives during the Nepal earthquake

in 2015 and the avalanche on Mount Everest occurred after the earthquake.

It is worth noticing from these devastating episodes that many thousands of deaths were caused
by widespread collapsing buildings instead of the earthquake itself (Lewis 2005). Due to the
unpreventable and uncontrollable characteristics of earthquakes, improving the seismic
performance of building structures is of vital importance for reducing the loss of human lives

and property. Over the past few decades, researchers and engineers have pursued great efforts
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in these regards. Various methods have been proposed and applied gradually, for instance,
strengthening, adding energy dissipation devices, weakening and damping, attaching base
isolators, etc (Pall et al. 1980; Reinhorn et al. 2005; Viti et al. 2006; Pasala et al. 2012; Basu et
al. 2014; Li et al. 2016). Of these methods, installing the nonlinear negative stiffness vibration
isolation device (NSVID) that belongs to smart passive control device, is one of the great
potential candidates for the vibration protection approaches and technologies in both

mechanical and civil fields.

Among these traditional seismic protection methods, adding retaining walls, frames, and braces
or utilising high strength materials to directly increase the stiffness to reinforce a structure can
decrease its displacement response, while the acceleration response is also magnified (Li et al.
2016). It is not economical to increase the stiffness of a structure infinitely. Similarly, the
approach proposed by Reinhorn et al. (2005) and Viti et al. (2006), namely weakening and
damping, can attenuate the acceleration and inter-storey drift of a structure at the same time.
However, since it reduces the stiffness of the entire structure to a low value by disconnecting
the frames or walls, the structure will yield early, which can result in permanent deformation.
The principle of a base isolator is to insert a soft layer with a low lateral stiffness between the
base and superstructure. It can mitigate the seismic energy transmitted from the ground motion
to the superstructure, hence reducing its responses. Nevertheless, due to wide frequency range
of earthquakes, it cannot completely avoid the occurrence of resonance especially under low
and ultralow frequency range, which is smaller than the fundamental frequency of a standard
isolation system. Most importantly, the implementation of the above passively controlled
methods adds potential risk to the entire system since their parameters are predesigned for
certain excitations and their properties cannot adapt in a timely way to different earthquake

excitations, especially unknown attacks.

NSVID can effectively address the above drawbacks with the nonlinear force-displacement
characteristic, which means its stiffness can constantly change between positive, negative, and
zero according to its displacement. Different from positive stiffness, the negative stiffness force

of'a NSVID can assist its displacement instead of resisting it, which contributes to a significant
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reduction in acceleration if used properly. If the displacement exceeds a threshold, the NSVID
will move to the stiffening region with considerable positive stiffness, which enables the
structure to move back to its stable position. The variable stiffness endows it with the capacity
to work equivalently as a smart base isolator to isolate the superstructure from hazardous
ground motion, reduce seismic energy transfer, and subsequently protect the structure from
seismic destruction. Most importantly, employing the NSVID ensures that the fundamental
frequency of the entire structural system always varies from the predominant frequency of

earthquake, hence the resonance issue can be avoided.

The negative stiffness of the NSVID is realised through mechanisms with sophisticated
geometry designs. The core elements utilised for generating negative stiffness can be generally
categorised into energy storage elements (spring and pre-buckled beam etc.), magnetic
elements, geometrically nonlinear structures, as well as composite structures and metamaterials
(L1 et al. 2020). A great number of NSVIDs for vertical vibration isolation, usually named as
quasi-zero-stiffness (QZS) vibration isolators or high-static & low-dynamic vibration isolators,
have been proposed and investigated (Carrella et al. 2007b; Huang et al. 2014; Gao & Chen
2015; Zhou et al. 2015; Shi et al. 2016; Shi & Zhu 2017). The NSVIDs have also attracted a
great deal of interest in the seismic protection of civil structures (Iemura et al. 2008; Toyooka
et al. 2015; Sun et al. 2017b; Cain et al. 2020). In this thesis, to differentiate them, NSVIDs
that can provide negative stiffness in the horizontal direction for seismic protection of civil

structures are defined as adaptive seismic negative stiffness devices (ASNSDs).

To the best of the author’s knowledge, the existing research results of ASNSDs are
substantially less than that of the QZS vibration isolators. As one of few ASNSDs designed for
seismic protection, the device proposed by Nagarajaiah and his co-workers (Sarlis et al. 2011)
is the most attractive and recognised ASNSD. It can trigger negative stiffness when its
displacement is larger than a predefined value to mitigate the acceleration of the structure. The
large displacement induced by negative stiffness is eased by supplementary linear viscous
dampers mounted in parallel. Sarlis et al. (2012) provided the force-displacement and stiffness-

displacement characteristics of the ASNSD in detail. Following that, Pasala et al. (2014)
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employed the ASNSD to a single degree of freedom (SDOF) building to verify its seismic
protection effect. The effectiveness of the ASNSD on the seismic protection of the bridge was
numerically and experimentally verified by Attary et al. (2013). The results showed that the
peak base shear of the bridge was significantly reduced and the peak displacement was

suppressed by the parallel-connected viscous damper.

However, despite the significant advantages of the representative ASNSD in structural seismic
protection, some challenges remain to be overcome to improve its performance and fully
exploit its potential. Firstly, the same intractable problem as the conventional base isolator
remains, 1.e. relatively large displacement across the ASNSD level, because the negative
stiffness element further prompts the displacement to eliminate the excitation force. Therefore,
the ASNSD is designed to work with supplemental passive linear viscous dampers to suppress
the large displacement response and structural shear. However, adding damping into the base
isolation system is at the expense of encouraging acceleration response and inter-storey drift
(Kelly 1999). Besides, from the perspective of transmissibility, a large damping ratio is
favourable under the resonance region, while it becomes harmful during the high-frequency

region.

To address the foregoing contradiction, nonlinear damping can be a potential solution.
Researchers have verified that the nonlinear damping force that is proportional to the cube or
square of velocity can show more advantages than the linear damping force for a linear system
(Jing & Lang 2009; Lang et al. 2009). Ravindra & Mallik (1994) investigated the effect of
system damping nonlinearity that is a function of velocity, which can not only mitigate peak
transmissibility and unstable region but also decrease the transmissibility during high-
frequency region under force excitation. Tang & Brennan (2013) compared the vibration
isolation effects of two QZS vibration isolators with nonlinear damping realised by horizontal
placed linear viscous dampers and vertical inherent nonlinear damper respectively. Both were
proved to be more desirable than the linear system under force excitation, while the former

performed more effectively than the latter under displacement excitation.

It is reasonable to believe that introducing geometrically damping nonlinearity into ASNSD to
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realise both lateral negative stiffness and nonlinear damping can overcome the above problem
faced by the conventional ASNSD with linear damping and accomplish more superior seismic
protection effects. However, so far, research concentrating on the mechanism and practical
design of such a device has barely been investigated. To realise ASNSD with nonlinear
damping and demonstrate its feasibility and efficiency on vibration control, several obstacles
need to be overcome in this research. The design of the configuration to achieve nonlinear
damping with a function of velocity and displacement should be addressed first. Then, its
mechanical property, i.e. nonlinear force-displacement relationship needs to be derived and
analysed. Most importantly, investigating the influence of nonlinear damping associating with
nonlinear stiffness on the dynamic characteristics of the ASNSD including amplitude-

frequency response (AFR) and transmissibility is another challenge.

Secondly, although the stiffness of the passively controlled ASNSD can vary with its
displacement, its entire force-displacement relationship is fixed once designed. Due to the
complex frequency contents and magnitudes of earthquakes, it cannot fully adapt to a wide
variety of earthquake episodes and achieve a desirable vibration control effect. This issue will
degrade the performance, reduce the effectiveness, and constrain the application of the
ASNSD. Considering that nonlinear damping plays an important role, to significantly improve
the adaptability and robustness of the conventional ASNSD, the controllable nonlinear damper
that has been investigated and applied for other occasions can inspire. The advantages of
controllable damping on traditional vibration control designs and technologies have been
investigated. For example, Johnson et al. (1998), Spencer et al. (2000), and Yoshioka et al.
(2002) introduced the smart dampers (magnetorheological (MR) fluid damper) to a passive
base isolator to improve the device’s adaptability to different earthquakes. By controlling the
clamping force with the electromagnetic field, Agrawal & Yang (2000) proposed a controllable
friction damper for the seismic protection of buildings and results showed that it can achieve
an obvious reduction in the peak drift. Kim et al. (2006) did an experimental investigation on
a hybrid base isolation system consisting of friction pendulum bearings and MR damper, which

showed that the system was highly robust to various earthquake excitations. Nagarajaiah et al.
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(2009) induced MR damper controlled by the Lyapunov control strategy to a base-isolated

bridge and achieved a significant base displacement suppression outcome.

Although the real-time feedback controllable property based on system responses will enable
the ASNSD to be highly adjustable and effective to variable seismic events, this to date has not
been investigated. In developing the novel ASNSD with high controllability and adaptability,
the following critical problems have to be dealt with. First of all, an accurate and efficient
forward model is required to describe the complicated nonlinear relationships between the
force generated by the controllable ASNSD, input current, and system responses. Based on that
premise, different controllers are needed to attain the desirable control force to minimise
system responses based on the real-time feedbacks accordingly. Since the required control
force cannot be taken as the direct input to command the controllable ASNSD, an accurate and
compact inverse model should be designed to calculate the required current according to the
optimal control force and system responses. However, due to the highly nonlinear and
hysteretic characteristics of the controllable ASNSD, it is not easy to attain the parametric
inverse model directly. For this reason, a non-parametric model based on the advanced fuzzy

logical system is of great interest.

Furthermore, to maintain the stability and vibration suppression, it is impractical to design the
ASNSD with zero stiffness through the entire excursion. Thus, one-level ASNSD cannot
completely isolate the building structure from the excitations, especially strong earthquakes,
which leads to the remaining seismic energy transmitted to the above floors. By comparison,
the floors above the ASNSD will perform as a rigid body that amplifies the responses. Thus,
establishing an adaptive seismic negative stiffness system (ASNSS) by mounting the ASNSD
on multiple storeys of a building can be a desirable solution. It will enhance the vibration
isolation over the height of the building structure step by step. Pasala et al. (2012) proved that
the peak base shear, peak inter-storey drift, and peak acceleration of an ASNSS were
significantly reduced by comparison with the scenario with only one ASNSD. Nagarajaiah &
Sen (2020) investigated the desirable location of placing the ASNSD along building height.

Nevertheless, it is not a straightforward task to apply the ASNSD to establish the ASNSS.
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There is a trade-off between effective vibration isolation and favourable vibration suppression
since they are two adverse requirements. Besides, as stated previously, the constantly varying
stiffness of the ASNSD is achieved in a passive way. Its properties are determined by the
stiffness and pre-compression force of its springs, as well as the distances between different
joint points, etc. Hence, many factors decide the seismic protection effects of the ASNSS is

favourable or not.

Therefore, the structural parameters of the ASNSD should be perfectly predesigned and
optimised based on its applied occasion, e.g. the characteristics of the building structure and
excitations, etc. Qu et al. (2017) conducted an investigation to obtain the optimal number of
the ASNSD on multi-storey buildings but ignored the device’s nonlinear characteristic. They
innovatively changed the optimisation question into a static feedback controller design
problem. Mathew et al. conducted a single parameter optimisation on three parameters of the
ASNSD, including stiffness ratio, pre-compressed force, and damping coefficient (Mathew et
al. 2015; Mathew & Jangid 2018). These three parameters were optimised one by one
separately with the peak structural displacement and acceleration responses as evaluation
criteria. However, the properties and performance of the ASNSD and ASNSS are decided by
not only the structural parameters individually but also their coupling effects. Consequently,
conducting a comprehensive optimisation that takes into account the relevant structural
parameters, coupling effects between them, vibration isolation and vibration suppression
effects, as well as the characteristics of earthquakes simultaneously is another important

research topic for the ASNSD.

Finally, traditional structural seismic protection takes the horizontal earthquake as the
excitation by default and has achieved favourable results. Nevertheless, a large number of
earthquake records have indicated that the vertical shaking component of a seismic excitation
can be in the same order and exceed the commonly assumed 2/3 times of the magnitude of the
horizontal excitation. It has caused damage to a lot of building structures (Papazoglou &
Elnashai 1996; Elgamal & He 2004). For instance, the vertical-to-horizontal peak acceleration

ratio of the Kalamata earthquake in Greece on 13 September 1986 was as high as 1.26 (Elnashai
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et al. 1989). As one of the most devastating earthquakes, the peak vertical acceleration of the
Northridge earthquake was 1.18g which was much larger than its horizontal acceleration. Its
vertical-to-horizontal peak acceleration ratio reached 1.79 (Norton et al. 1994). The peak
vertical acceleration of the Kobe earthquake, in Japan, was 0.322g that amounted to 121% of
the horizontal acceleration (Tokimatsu & Asaka 1998). The vertical acceleration of an
earthquake can reach or exceed 1g in a high earthquake intensity zone which cannot be ignored.
A strong vertical seismic acceleration can greatly increase the axial load applied on the ASNSD,

which can be twice the gravity.

As aforementioned, the decrease of lateral stiffness across the ASNSD level leads to a relatively
large displacement, which is the safeguard of effective vibration isolation. When the enormous
vertical load associates with the excessive lateral displacement, the integrated rotational
moment could seriously threaten the structural stability across the ASNSD level. In this regard,
their integration impact deserves to be explored and a potential solution should be provided
accordingly. Due to the relatively large displacement is unavoidable, adopting a vibration
isolator to mitigate the vertical load applied on the ASNSD is capable of addressing this
challenge. However, it requires the capacity to achieve effective vibration isolation while
maintaining sufficient load-carrying capacity to the superstructure, which is contradictory for
a linear vibration isolator. Therefore, the QZS vibration isolator designed with high-static &
low-dynamic stiffness property is a potential candidate. The effect of adopting the QZS
vibration isolator to diminish the vertical seismic load exerted on the isolation level should be
investigated. Besides, although plenty of QZS vibration isolators have been proposed and
investigated individually, research on general design guidelines has barely been published.
Also, the advantages and disadvantages of different types of QZS vibration isolators should be

comparatively analysed.

1.2 OBJECTIVE OF THE PRESENT RESEARCH

The main objective of this research is to propose reliable and oriented solutions to fill the
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aforementioned research gaps faced by the conventional ASNSD as well as other traditional
base isolators to significantly improve seismic protection performance. To cope with the
problem that high damping can help suppress the resonance response while being undesirable
during the high-frequency range, the impact of linear and nonlinear damping on the ASNSD
will be investigated. To further improve the adaptability and robustness of the ASNSD to adapt
well to various earthquakes, introducing controllable damping to the ASNSD should be studied
to develop a controllable ASNSD with feedback control (ASNSD-FC). Accordingly, the
accurate forward model, inverse model, and controllers need to be designed to make the real-
time controllable property possible. To enhance seismic protection performance, an ASNSS
will be developed to achieve effective vibration isolation along the building height. Following
that, to solve the trade-off between vibration isolation and vibration suppression, a
comprehensive multi-objective optimisation will be conducted to obtain the optimal structural
parameter combination of the ASNSD. Finally, the influence of vertical load associating with
excessive lateral displacement on the structural stability of the ASNSD will be investigated.

Then a potential strategy will be proposed and explored.
The specific objectives of this research are as follows:

e To derive non-dimensional expressions of the nonlinear force-displacement
relationship of the ASNSD for describing and analysing the influence of structural

parameters, as well as their coupling effects on the properties of the ASNSD.

e To investigate the effect of linear and nonlinear damping on the static and dynamic
characteristics of the ASNSD in the form of proposing an ASNSD with open-loop
control (ASNSD-OC) to simultaneously realise lateral negative stiffness and nonlinear

damping.

e To introduce the controllable property to the ASNSD so that a novel controllable

ASNSD-FC to improve its controllability, adaptability, and robustness can be devised.

e To design different controllers for the ASNSD-FC to calculate the optimal control force

to realise favourable real-time vibration control effects.
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To design an accurate and compact non-parametric inverse model to predict the input
current for the controllable ASNSD-OC based on the required control force and system

responscs.

To attach the ASNSD on every floor of a building structure to establish an ASNSS to

achieve multi-storey vibration isolation.

To conduct multi-objective optimisation for attaining the optimal structural parameter
combination of the ASNSD to improve the performance of the ASNSS on seismic

isolation and suppression.

To analyse the impact of the vertical earthquake load combined with excessive
displacement across the isolation level on the structural stability of the ASNSD

members’ interlayer slips.

To investigate the properties of the QZS vibration isolator and its capacity to diminish

the enormous vertical load, for the purpose of resolving system instability.

To provide general design guidelines for designing an optimal QZS vibration isolator
and comparatively analyse the pros and cons of different types of QZS vibration

isolators.

1.3 ORGANISATION OF THIS THESIS

This thesis is structured into seven chapters. The backgrounds, motivation, research gaps, and

objectives of this research are outlined in this chapter, i.e. Chapter 1. The following chapters

are explained below.

Chapter 2 presents a comprehensive literature review on the existing research results related to

this research topic. It starts with the fundamentals of the NSVIDs, e.g. concept, realisation, and

characteristics. Following that, it pays attention to the classification of the NSVIDs and

summarises the features and advantages of each device type. Besides, the applications of the

NSVIDs in mechanical and civil engineering are also reported. Moreover, the state-of-the-art

10
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features of three vibration control strategies, including passive control, active control, and
semi-active control are presented. Finally, based on the literature review, important conclusions
are made and research gaps are identified which will be investigated and addressed in the

subsequent four chapters.

Chapter 3 starts with the principle of negative stiffness on vibration isolation and the
fundamentals of the ASNSD. Following that, it devises a method, i.e. adopting nonlinear
damping, to address the contradictory effects of high damping on the resonance and high-
frequency regions with an achievement of a modified ASNSD-OC. The configuration and
nonlinear force characteristics of the ASNSD-OC, including nonlinear elastic force and
nonlinear damping force are analysed first. Furthermore, the effectiveness of nonlinear
damping integrated with nonlinear stiffness on the dynamic characteristics of systems,
including AFR and transmissibility, are mathematically analysed. Moreover, the advantages of
the ASNSD-OC with nonlinear damping over linear damping are numerically verified under

both sinusoidal excitations and earthquakes.

Chapter 4 introduces the controllable property to the ASNSD to develop a controllable
ASNSD-FC with high adaptability and robustness. Its properties can be adjusted in real-time
based on the system responses. A brief introduction of the magnetorheological (MR) damper
including the properties of MR fluid, its models and applications is given at the beginning of
this chapter. The realisation of the controllable ASNSD-FC is demonstrated by installing it on
a three-storey building model. Then, a forward model is derived to generate the nonlinear
hysteresis control force for future states based on the current and system responses. A novel
non-parametric inverse model is developed based on a fuzzy logic system for predicting the
input current according to the system responses and required control force. Most importantly,
three classic control algorithms are adopted to develop the controllers so that the optimal
control force can be calculated in real-time for the controllable ASNSD-FC. To verify and
evaluate the capacity and efficiency of the controllable ASNSD-FC with three different
controllers, a numerical investigation is conducted and results are compared with the

uncontrolled and passive control systems.

11
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Chapter 5 conducts a comprehensive multi-objective optimisation on the structural parameters
of the ASNSD to improve the performance of the ASNSS on seismic protection. The system
description of the ASNSS that can realise vibration isolation over the height of the building is
presented first. Based on the parametric analysis of the ASNSD, the optimisation variables and
constraint are determined accordingly. Then, the objective functions are defined by considering
both vibration isolation and vibration suppression. After that, the modified non-dominated
sorting genetic algorithm type II (NSGA-II) with dynamic crowding distance (DCD) is
employed to address the multi-parameter and multi-objective nonlinear optimisation problem.
A case study is given based on a five-storey benchmark building model to demonstrate the

advantages of the proposed optimisation method and ASNSS.

Chapter 6 investigates the influence of vertical seismic load integrating with excessive lateral
displacement on the structural stability across the ASNSD level. QZS vibration isolator is then
utilised as the potential solution to mitigate the enormous vertical load applied on the ASNSD
to avoid system instability. The explicit formulae and corresponding parameter analysis of the
force-displacement relationship, AFR, and force transmissibility of the QZS vibration isolator
are obtained and discussed. Besides, to improve the vibration control effect and attain general
design guidelines for the QZS vibration isolator, an optimisation of its stiffness ratio is
conducted. Moreover, the characteristics and features of four different types of QZS vibration
isolators are analysed and compared based on their effective stiffness region and

transmissibility.

Chapter 7 summarises the conclusions and remarkable findings obtained in each chapter.
Furthermore, some other studies that are not covered in this thesis but valuable are highly

recommended to be completed in the future.
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CHAPTER 7.

CONCLUSIONS AND FUTURE RESEARCH

This research makes contributions to address the challenges faced by conventional base
isolation systems in the form of developing novel ASNSD based on nonlinear damping and
semi-active control technic to realise superior seismic protection for civil structures. To have
an in-depth understanding of the ASNAD, this thesis started with a comprehensive literature
review and the research gaps were identified. The principle of negative stiffness on vibration
isolation and the fundamentals of the prototype ASNSD were theoretically analysed.
Subsequently, the novel modified ASNSDs with different adaptabilities that feature nonlinear
damping and controllable properties were developed. Following that, a series of theoretical
investigations and numerical verifications were conducted to demonstrate and evaluate the
feasibility and effectiveness of the proposed modified ASNSDs. Furthermore, to improve the
seismic protection performance of the ASNSS, a comprehensive multi-objective optimisation
was done to obtain the optimal structural parameters of the ASNSD. Moreover, this research
innovatively adopted the QZS vibration isolator as a potential resolution to mitigate the impact
of vertical load associating with excessive lateral displacement on the structural stability across
the ASNSD level. The major conclusions of this thesis are summarised and presented below.

Some suggestions for future research are also proposed and given in the following sections.

7.1 RESEARCH CONCLUSION

e In Chapter 3, the modified ASNSD-OC was proposed to investigate the effect of damping
on vibration isolation. The non-dimensional elastic force-displacement relationship and

damping force-displacement/velocity relationship of the proposed ASNSD-OC were
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derived. It could achieve negative stiffness and nonlinear damping in the horizontal
direction by configuring springs and linear viscous dampers. The nonlinear damping term
was verified to be a function of structural parameters, displacement, and velocity, which
meant the contribution of the nonlinear damping force became significant with
displacement increasing. That is a favourable property for a vibration isolation device since

it can suppress large deformation to avoid overturning of the building structure.

The AFR function and displacement transmissibility function of the ASNSD-OC were
derived utilising the Harmonic Balance Method. Compared with linear damping, it was
confirmed that the damping nonlinearity had attractive advantages in largely reducing
transmissibility around the resonance region without increasing that in the high-frequency
region. Besides, the nonlinear damping was demonstrated to be capable of diminishing the
probability of unstable phenomenon by eliminating the unstable region and improving the
threshold excitation amplitude. The performance of the ASNSD-OC on suppressing
displacement and acceleration was numerically verified under different sinusoidal and
earthquake excitations with different intensities. Compared with the system only featuring
linear damping, the proposed ASNSD-OC with nonlinear damping could achieve
additional displacement and acceleration reductions under all excitations, especially
intensive sinusoidal excitations and earthquakes with large deformation or shear velocity

involved.

In Chapter 4, the highly adaptive controllable ASNSD-FC was developed which was
realised with the integration of ASNSD and controllable damper (MR damper). It could
achieve negative stiffness and controllable damping effects simultaneously. The skeleton
curve of its control force was decided by the ASNSD and the MR damper determined its
energy dissipation capacity. The classical and commonly used Bouc-Wen model was
employed as the forward model of the controllable ASNSD-FC to calculate the required
control force based on the real-time system responses and input current. Considering the
complicated hysteresis characteristics of the controllable ASNSD-FC, a novel non-

parametric inverse model was designed based on the TSK fuzzy system optimised by
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NSGA-II with input selection to predict the required current for the forward model. It
required 6 inputs, i.e. x(t — 1), x(t), v(t), F(t —2), F(t — 1), and F(t), which could

accurately grasp the hysteresis behaviour of the controllable ASNSD-FC.

In Chapter 4, three controllers, including the LQR controller, Hoo controller, and SM
controller, were employed to attain the appropriate control force for the controllable
ASNSD-FC to attenuate all the system responses to desirable ranges. A numerical case
study was carried out on a three-storey building model to demonstrate the capacity of the
ASNSD-FC on structural seismic protection. Four scaled earthquakes were employed as
the excitations and ten evaluation criteria were defined to quantitatively evaluate the
performance of the proposed ASNSD-FC. It was verified that the controllable ASNSD-FC
could significantly improve the vibration control effect by largely diminishing all the
evaluation criteria simultaneously in comparison with the uncontrolled building and the
building with the conventional ASNSD. Among the three controllers, the controllable
ASNSD-FC with SM controller was proved to be more superior in mitigating the structure
shear and first-floor acceleration. Besides, the controllable ASNSD-FC with LQR
controller required the least energy, while the ASNSD with SM controller consumed more

current.

In Chapter 5, an ASNSS was proposed to enhance the vibration isolation by implementing
the ASNSD on multiple storeys of a building structure, which could isolate seismic energy
along the height of the building step by step. Following that, the nonlinear multi-objective
optimisation was conducted on the structural parameters of the ASNSD to improve the
performance of the ASNSS on seismic protection. In the optimisation problem, 6 non-
dimensional structural parameters were determined as the optimisation variables and one
was utilised as the constraint. Four comprehensive objective functions were defined with
two adverse requirements considered, i.e. vibration isolation and vibration suppression.
The NSGA-II with DCD algorithm was implemented to address the nonlinear optimisation
problem. Based on the attained Pareto front results, the optimal structural parameter

combination for the five-storey ASNSS was obtained as [os cer ce2 x ¥ q] = [0.287 6.286
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2.017 1.029 3.886 0.134]. The numerical case study demonstrated that the vibration
suppression effect of the optimised ASNSS was more superior than the system with
dampers attached to each floor. In the meantime, it presented better vibration isolation
performance than the ASNSS without optimisation. Therefore, the optimised ASNSS could
effectively balance the contradiction to realise desirable vibration isolation and vibration

suppression performance simultaneously.

e In Chapter 6, the QZS vibration isolator was innovatively applied to mitigate the impact of
enormous vertical load combining with the excessive lateral displacement on the structural
stability across the ASNSD level. The nonlinear force-displacement and stiffness-
displacement relationships of the compact QZS vibration isolator were analysed with a new
derived formulation. The supporting force fluctuation rate and effective stiffness region
were defined to assess its static property. The recommended ranges of stiffness ratio aqgzs
was 0.35~2.00 and the corresponding ranges of incline ratio fqzs was 0.45~1.33. The
results implied that the QZS vibration isolator could significantly decrease the vertical load
applied on the ASNSD, hence being able to effectively improve the structural stability. To
achieve the above results, its dynamic characteristics optimisation was done to direct the
design of the QZS vibration isolator. With GA, optimal stiffness ratios for different
scenarios with various working conditions were attained. A small stiffness ratio was
beneficial for the scenario with displacement limitation. In contrast, strong oblique springs
were favourable for the situation with a large damping ratio and large excitation amplitude.
Moreover, based on their effective stiffness and force transmissibility, the advantages and
drawbacks of different types of QZS vibration isolators were analysed, compared, and

evaluated at the end of Chapter 6.

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH

e In this thesis, the feasibility and efficiency of the proposed ASNSD-FC with controllable

property on seismic protection have been theoretically and numerically investigated and
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verified. To further demonstrate its seismic isolation and suppression effects for building
structure, the experimental investigation of the proposed ASNSD-FC implemented to a
three-storey building model is under preparation. However, due to the deep and continuing
impact of COVID-19, it is regrettable that the experimental investigation has been delayed.
It will involve the design and fabrication of the ASNSD, the installation and calibration of
the MR dampers and sensors, as well as the settings of the data acquisition system. Due to
the complexity of the mechanical structure of the controllable ASNSD-FC, its main
component has been fabricated via 3D printing as shown in Figure 7.1, the configuration
parameters of which were designed based on the results in Chapter 6. As Figure 7.2 depicts,

the force-displacement relationships of all the springs were tested in Instron E10000.

Figure 7.1 The photo of the ASNSD Figure 7.2 The spring testing

To achieve the desirable seismic protection effect, three controllers for the controllable
ASNSD-FC have been developed for realising controllable property. The working process
of these three controllers is to obtain the required optimal control force first. Then, the force
and the system responses are delivered to the inverse model to predict the current to drive
the device. In order to simplify the process, a novel control algorithm that can attain the
current directly is preferred to be proposed.

In most published research on the seismic protection of structure, the earthquake load is
178
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always independently applied to the structural principle axis. However, the seismic waves
generated by the vibration source spread in all directions. Generally, it is impossible to
restrict the direction of an earthquake following the principle axis of structures and there
will be a deviation angle between them. Considering the force provided by the ASNSD is
limited to a particular plane, a multi-direction ASNSD should be designed and its seismic

protection performance will be investigated in future research.
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A.4 THE EXPRESSIONS AND EQUATIONS OF THE REPRESENTATIVE QZS

VIBRATION ISOLATORS

Table A.1 The expressions and equations of the representative devices
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Note: The definitionof parameters can be found in the references given in Table 6.1.

203



	Title Page
	Certificate of Original Authorship
	Acknowledgement
	List of Publications Related to This Thesis
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Abstract
	Chapter 1. Introduction
	1.1 Motivation and gap of knowledge in this research
	1.2 Objective of the present research
	1.3 Organisation of this thesis

	Chapter 2. Literature Review
	2.1 Introduction and background
	2.2 Fundamentals of NSVIDs
	2.2.1 Concept of negative stiffness
	2.2.2 Realisation of NSVIDs
	2.2.3 Characteristics of NSVIDs

	2.3 Classification of NSVIDs
	2.3.1 NSVIDs using springs
	2.3.2 NSVIDs using pre-buckled beams
	2.3.3 NSVIDs using magnetism
	2.3.4 NSVIDs using geometrically nonlinear structure
	2.3.5 NSVIDs using composite structures and metamaterials

	2.4 Applications of NSVIDs
	2.4.1 Mechanical engineering
	2.4.2 Civil engineering

	2.5 Vibration control strategies
	2.5.1 Passive control strategy
	2.5.2 Active control strategy
	2.5.3 Semi-active control strategy

	2.6 Summary and research gaps

	Chapter 3. Investigate the Impact of Damping on the Performance of ASNSD
	3.1 Chapter outline and background
	3.2 The fundamentals of the ASNSD
	3.2.1 The principle of negative stiffness on vibration isolation
	3.2.2 Nonlinear force-displacement relationship of the ASNSD

	3.3 System description of the ASNSD-OC
	3.4 Static property of the ASNSD-OC
	3.4.1 Nonlinear elastic force-displacement relationship
	3.4.2 Nonlinear damping force-displacement & velocity relationship

	3.5 Dynamic characteristics of the ASNSD-OC
	3.5.1 The simplified force-displacement and force-displacement & velocity relationship
	3.5.2 Transmissibility without nonlinear damping force - scenario 1
	3.5.3 Transmissibility with nonlinear damping force - scenario 2
	3.5.4 Unstable phenomenon

	3.6 Performance evaluation of the ASNSD-OC
	3.6.1 Sinusoidal excitation
	3.6.2 Earthquake excitations
	3.6.3 Time history responses

	3.7 Summary

	Chapter 4. Study the Controllable Damping to Improve the Performance of ASNSD
	4.1 Chapter outline and background
	4.2 System description of the highly adaptive controllable ASNSD-FC
	4.2.1 Controllable damping
	4.2.2 A brief introduction of MR damper
	4.2.3 The mathematical equations of the controllable ASNSD-FC

	4.3 Controller design
	4.3.1 Linear quadratic regulator (LQR) controller
	4.3.2 H∞ controller
	4.3.3 Sliding mode (SM) controller

	4.4 Case study: three-storey building model with the ASNSD-FC
	4.4.1 Parameter identification
	4.4.2 Inverse model for the ASNSD-FC
	4.4.3 Evaluation criteria

	4.5 Responses investigation and discussion
	4.6 Summary

	Chapter 5. Improve the Performance of ASNSS for Seismic Protection Utilising Multi-objective Optimisation
	5.1 Chapter outline and background
	5.2 System description of the ASNSS
	5.2.1 Dynamic equation of the ASNSS
	5.2.2 Mathematical modelling of the ASNSD

	5.3 Multi-objective optimisation based on NSGA-II with DCD algorithm
	5.3.1 Optimisation problem statements
	5.3.2 Modified NSGA-II with DCD algorithm based optimisation problem description

	5.4 Numerical case study and results discussion
	5.4.1 Five-storey benchmark building model
	5.4.2 Excitations and evaluation criteria
	5.4.3 The number of ASNSDs
	5.4.4 Results and discussion

	5.5 Summary

	Chapter 6. Consider Vertical Load on the Structural Stability of ASNSD
	6.1 Chapter outline and background
	6.2 The effect of vertical load on the stability of the ASNSD
	6.3 Fundamentals of QZS vibration isolator
	6.3.1 Non-dimensional force
	6.3.2 Non-dimensional stiffness
	6.3.3 Supporting force fluctuation rate and effective stiffness region
	6.3.4 Approximate and simplified force and stiffness

	6.4 Dynamic characteristics of QZS vibration isolation system
	6.4.1 Amplitude-frequency response
	6.4.2 Transmissibility
	6.4.3 Time history results of vertical load mitigation

	6.5 Dynamic characteristics optimisation of QZS vibration isolator
	6.5.1 Optimisation requirements and objective function
	6.5.2 Optimisation method and results

	6.6 Comparative analysis between four types of QZSVIs
	6.6.1 Effective stiffness region
	6.6.2 Dynamic characteristics

	6.7 Summary

	Chapter 7. Conclusions and Future Research
	7.1 Research conclusion
	7.2 Recommendations for future research

	Reference
	Appendix
	A.1 The time history results of ASNSD-OC under different earthquakes
	A.2 The currents and time history results of ASNSD-FC under different earthquakes
	A.3 The time history results of ASNSS with and without optimisation under different earthquakes
	A.4 The expressions and equations of the representative QZS vibration isolators




