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Abstract

This PhD research project focuses on the multi-hazard evaluation of long-span bridges and
the development of novel solutions to improve the effectiveness of structural control
schemes. In particular, the study investigates seismic response mitigation using passive
devices such as tuned mass dampers and lead rubber bearings. The research aims to examine
the response of both uncontrolled and passively controlled long-span bridges, specifically
suspension and cable-stayed types, subjected to near-fault earthquake excitations and strong
wind forces. A key objective is to quantify the probabilities of exceeding various
performance limit states and to establish fragility functions for these structures under
combined seismic and wind hazards. The project further explores the feasibility and
efficiency of passive control systems in reducing structural fragility.

These objectives are motivated by several core research questions. First, due to their
considerable length and inherent flexibility, suspension and cable-stayed bridges are
especially vulnerable to long-period and impulsive motions characteristic of near-fault
earthquakes. The study seeks to understand the extent to which near-fault effects
compromise the safety of such bridges and whether their fragility under these conditions is
significantly greater than under ordinary ground motions. It also evaluates the effectiveness
and practicality of using passive control devices, such as tuned mass dampers, to mitigate
this fragility. In addition, the research addresses how the combined effects of stochastic wind
and seismic loads can be integrated into fragility analysis and the implications for design
practice.

To investigate these questions, detailed finite element models were developed using
SAP2000, MATLAB, and OpenSees. The models include a three-span concrete bridge,
multiple five-span concrete bridges, a 300-meter span cable-stayed bridge in Iceland (Olfus4
River), and a 1500-meter span suspension bridge in China (Runyang River). Wind forces
were simulated using stochastic processes based on the spectral representation method, while
seismic input was derived from real ground motion records from past earthquakes. A novel
simulation methodology was also implemented to generate over 55,000 pulse-type near-fault
ground motions for comprehensive evaluation of their effects.

The findings indicate that well-optimized passive control systems can significantly reduce
structural responses under both seismic and wind loading. Fragility analyses confirm the
effectiveness of tuned mass dampers in decreasing structural vulnerability and, in certain
cases, enhancing pier moment capacity, particularly when vertical seismic components are
considered. The study also identifies bridge bearings as critical elements influencing overall
seismic performance, underscoring the importance of post-earthquake inspection and design
strategies that facilitate their replacement. Given Iceland’s proximity to active fault lines,
the results highlight the importance of accounting for near-fault effects in the seismic design
and long-term resilience of critical infrastructure.
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1 Introduction

Bridges are fundamental to the functioning of modern societies, facilitating connectivity and
supporting economic and social activity. Long-span bridges (LSBs), in particular, serve as
vital links across wide rivers, deep valleys, and coastal inlets, often situated in regions
subject to diverse and challenging environmental conditions. While their elegant forms and
structural efficiency enable them to span considerable distances, these same characteristics
make them especially vulnerable to dynamic loads. Among the many hazards that civil
infrastructure may face, earthquakes and strong wind events stand out as particularly
disruptive, each capable of inducing significant structural responses. Moreover, these
hazards may interact in complex ways, potentially compounding the risks to structural
stability, functionality, and long-term serviceability.

Traditional engineering approaches have predominantly treated hazards as isolated events.
However, growing research indicates that this perspective may not adequately reflect the
complex risk landscape that structures face in real-world conditions. For instance, long-span
bridges located near active fault zones are particularly vulnerable to near-fault ground
motions, which are characterized by high-energy pulses and abrupt velocity changes. These
impulsive motions, especially when accompanied by strong vertical components, have been
shown to trigger failure mechanisms that are often overlooked in conventional seismic
design frameworks. At the same time, structures optimized primarily for seismic resistance
may exhibit diminished performance under prolonged wind loading, highlighting critical
trade-offs inherent in traditional single-hazard design strategies.

Motivated by these considerations, this dissertation examines the behavior of long-span
bridges under multi-hazard conditions and investigates effective strategies for reducing their
vulnerability. Particular emphasis is placed on developing realistic modeling approaches that
capture the complex interaction between hazards such as strong winds and near-fault seismic
events. The study highlights the critical role of control technologies, specifically passive
devices such as Tuned Mass Dampers (TMDs) and Lead Rubber Bearings (LRBs), in
enhancing structural performance under dynamic loading conditions. Through a
combination of numerical simulations, representative case studies, and optimization
techniques, the research explores both the susceptibility of long-span bridges to extreme
events and the potential for improving their resilience. Ultimately, this work aims to advance
the design of infrastructure capable of maintaining reliable performance amidst complex and
uncertain hazard scenarios.

1.1 Objectives and Scope of Research

The primary objective of this research is to advance understanding of the behavior of long-
span bridges (LSBs) under the combined influence of multiple hazards, with particular
emphasis on seismic and wind-induced loads. Due to their inherent flexibility and extended
spans, LSBs are especially susceptible to dynamic excitation. Among the various hazards,
near-fault ground motions pose a critical threat, often characterized by intense velocity



pulses and abrupt force reversals that can severely impact structural performance. Similarly,
wind-induced forces, though different in origin, can excite comparable vibration modes,
compounding the dynamic demands on these structures. This study investigates how such
hazards affect bridge performance and explores practical strategies for mitigating
vulnerability through passive control mechanisms.

A central focus is placed on assessing the response of various bridge types, including cable-
stayed, suspension, and multi-span concrete bridges, to near-fault earthquakes and strong
wind events. Detailed numerical models are developed to simulate the dynamic responses of
these structures under realistic loading scenarios, incorporating both horizontal and vertical
seismic components as well as stochastically generated wind fields. The research constructs
fragility functions to quantify the probability of damage or failure across varying hazard
intensities. These functions offer a probabilistic framework essential for performance-based
design and risk-informed decision-making.

Beyond response analysis, the study evaluates the effectiveness of passive control
devices,specifically Tuned Mass Dampers (TMDs) and Lead Rubber Bearings (LRBs), in
enhancing structural resilience. Comparative simulations between controlled and
uncontrolled bridge models are used to assess the potential of these devices to reduce
displacements and accelerations during extreme events. Case studies based on real-world
structures, including a long-span cable-stayed bridge in Iceland and a suspension bridge in
China, are used to validate the models and demonstrate practical relevance.

The research integrates structural modeling, hazard simulation, fragility assessment, and
control system evaluation to provide comprehensive and actionable insights. Its findings aim
to inform engineers, researchers, and infrastructure planners engaged in the design of safer
and more resilient bridges, especially in regions where seismic activity and high winds
present significant design challenges. More broadly, this work contributes to the
advancement of performance-based engineering and multi-hazard risk assessment for
critical infrastructure.

1.2 Dissertation organization

This dissertation is structured around the four key issues outlined earlier. The core findings
of the research have been disseminated through publications in peer-reviewed journals
within the fields of earthquake engineering and engineering seismology. These journal
articles, along with a submitted manuscript and several conference papers, are included as
self-contained sections in the appendices. The first three chapters of the dissertation provide
the necessary background for these contributions, including literature reviews relevant to the
addressed challenges and practical applications that contextualize the findings. Below is a
list of the associated scientific papers.

1.2.1 Scientific papers

Paper 1: Jami, M., Rupakhety, R., Elias, S., Bessason, B., & Snabjornsson, J. T. (2022).
Recent Advancement in Assessment and Control of Structures under Multi-Hazard. Applied
Sciences, 12(10), 5118.



Paper 2: Jami, M., Rupakhety, R., Bessason, B., & Snabjornsson, J. T. (2023). Multimode
Vibration Control Strategies of LSBs Subjected to Multi-hazard: A Case Study of the
Runyang Suspension Bridge. Journal of Vibration Engineering & Technologies, 1-14.

Paper 3: Jami, M., Rupakhety, R., Elias, Domenico, D., (2025). Reliability of Bridges Under
Near-Fault Pulse-Type Ground Motions with Vertical Component Consideration.
STRUCTURES-D-25-02305R 1.

Paper 4: Jami, M., Rupakhety, R., Bessason, B., & Snabjornsson, J. T. (2025). Fragility of
long-span bridges to near-fault pulse-like ground motions. (Manuscript in preparation).

Paper 5: Jami, M., Rupakhety, R., Elias, Olafsson S. (2020). Seismic Response Mitigation
of Bridges with Tuned Mass Dampers. 17th World Conference on Earthquake Engineering
(17WCEE), Japan.

Paper 6: Jami, M., Rupakhety, R., Elias, Domenico, D., Falsone G., Ricciardi G. (2021). Are
bridges safe under near-fault pulse-type ground motions considering the vertical
component?. 1st European Conference of the European Association on Quality Control of
Bridges and Structures EUROSTRUCT 2021.

Paper 7: Jami M., and Rupakhety R. (2022). Multi-Hazard Consideration in Control of
Structures with Low Fundamental Frequency (Long-Span Bridges & Tall Buildings). 3rd
European conference on earthquake engineering and seismology, Sep 4-9.2022.

Paper 8: Jami M., and Rupakhety R. (2025). The Impact of Near-Fault Ground Motion
Pulses on Long-Span Bridges and Mitigation Strategies. The 19th World Conference on
Seismic Isolation, Energy Dissipation and Active Vibration Control of Structures, Sep 15-
19, 2025.

1.2.2 Dissertation chapters

Chapter 1

This chapter provides an overview of the dissertation, outlining its structure and the key
issues it addresses.

Chapter 2

Chapter 2 establishes the essential background for the research by introducing fundamental
concepts in multi-hazard risk assessment and emphasizing the need for integrated
approaches to enhance bridge resilience. It explains how hazards, exposure, and
vulnerability interact, thereby laying the foundation for the challenges tackled in this study.
Additionally, the chapter offers concise summaries of the four scientific papers that form the
core contributions of the dissertation, presenting an overview of their methodologies and
principal findings to prepare the reader for the detailed analyses in the subsequent chapters.

Chapter 3

Chapter 3 synthesizes the key results of the research, discusses the assumptions and
limitations encountered, and outlines recommendations for future work. It reflects on the
broader insights obtained from the investigation into the multi-hazard resilience of bridge
structures and examines how the proposed strategies advance performance-based design



principles. This chapter also identifies potential avenues for further research to address
emerging challenges and enhance the long-term safety and sustainability of critical
infrastructure.



2 Background and summary of
appended papers

This chapter provides background information on hazard vulnerability and risk within the
context of multi-hazard assessment and performance enhancement for long-span bridges
(LSBs). It begins with an introduction to the fundamental components of risk, including
hazard, exposure, and vulnerability, and explains their relevance to LSBs. Following this,
the chapter presents a summary of the research papers that form the core contributions of the
dissertation, highlighting their methodologies, key findings, and their role in addressing the
challenges outlined in this study.

2.1 Introduction

Civil infrastructure, such as bridges, roads, and buildings, is exposed to various hazards
throughout its lifespan. Among these, earthquakes and strong winds are major risks to public
safety and comfort. With rapid urban expansion, structures are becoming larger and more
complex, making them more vulnerable to these natural hazards. As a result, understanding
and evaluating the impact of natural events on infrastructure has become a crucial field of
research. Statistics presented in Jami et al. (2022) underscore the significant effects that
natural disasters have had over the past 25 years, including economic damage, casualties,
and widespread disruptions to populations.

Natural events affect structures in numerous ways. While it is rare for multiple hazards to
occur simultaneously, certain events can trigger secondary hazards or amplify their
destructive potential. For example, earthquakes often lead to secondary hazards such as fires
or landslides (Ravankhah et al., 2017).

Throughout the lifespan of any infrastructure, it is likely to encounter different types of
hazards, each requiring specific safety measures. A design optimized to withstand just one
hazard may not offer sufficient protection against others, highlighting the need for multi-
hazard mapping that considers the interactions between various threats (Jami et al., 2022).

Infrastructures such as dams, tunnels, bridges, and highways are essential for modern life.
While assessing multi-hazard risks can be complex, it is vital for ensuring that these
infrastructures remain safe and operational after disasters (Ettouney et al., 2005; Garcia,
2010). Several studies have explored this issue. For instance, Ettouney and Alampalli (2016)
examined the effects of multiple hazards on infrastructure performance and costs, while
Ardebili (2017) and Bodda (2018) analyzed the resilience of floodwalls and dams under
multi-hazard conditions.

Risk assessment in civil engineering combines hazard analysis, exposure, and vulnerability
to estimate the likelihood and impact of adverse events on infrastructure. This chapter
compiles significant published research on multi-hazard risk assessment, summarizing key
findings and insights. The following sections discuss essential background concepts of risk:



hazards, exposure, and vulnerability. This review was originally based on the keywords
"Risk assessment" and "Multi-hazard" and was published in Recent Advancements in
Assessment and Control of Structures under Multi-Hazard. For further details, refer to
Appendix A, Jami et al. (2022).

2.2 Risk

Risks associated with natural disasters can result in significant loss of life, economic
downturns, and environmental damage. In a broader context, risk refers to the uncertainty
surrounding the potential consequences of a particular event or action. While risk can be
linked to various fields such as business, finance, or insurance, in the context of engineering,
it is closely associated with structural vulnerability, hazard, and physical exposure. In the
following sections, the roles of each of these risk components, hazard, exposure, and
vulnerability, are briefly reviewed, as they form the foundation for assessing the risk posed
to infrastructure by natural disasters. By understanding how these elements interact,
engineers can better predict and mitigate the potential impacts of various hazards on
structures.

2.2.1 Hazard and multi-hazard definition

The term "hazard" typically refers to any event or process that has the potential to cause
harm to people, property, or the environment. According to Ettouney and Alampalli (2017),
"hazard is any external or internal process or event that might degrade the performance of
the system at hand." The United Nations General Assembly (UNGA, 2017) defines a hazard
as "a process, phenomenon, or human activity that may cause loss of life, injury, or other
health impacts, property damage, social and economic disruption, or environmental
degradation."

While these definitions encompass various types of hazards, this study focuses on those that
have the potential to impact the performance of civil engineering structures. Of the three
components that constitute disaster risk, hazard, exposure, and vulnerability, hazard is the
one most often beyond human control. However, a proper understanding of the intensity,
frequency, and spatiotemporal distribution of hazards can significantly help reduce the
associated disaster risk. Thanks to advancements in data collection, sensing technologies,
and modelling tools, our ability to predict and understand the effects of hazards on
infrastructure has improved dramatically.

Hazards can be categorized in many ways, based on their nature and consequences. Broadly,
hazards can be classified into two major categories:

1. Natural Hazards: These are classified based on their origin into subcategories such
as atmospheric, shallow Earth processes, hydrological, biophysical, and geophysical
hazards (for further details, see Jami et al., 2022).

2. Man-made Hazards: These include events like fires and explosions.

In addition to these categories, certain slow processes, such as corrosion, fatigue, and aging,
can also affect the performance of structures over time and should be considered in a multi-



hazard framework. These processes may amplify the impacts of other hazards and need to
be addressed accordingly.

The principle of retrofitting structures to withstand multiple hazards over their lifespan is
well-established in civil engineering and is reflected in standards and design codes. These
codes often incorporate the impact of multiple hazards through the concept of load
combinations. However, it remains a question whether these load combinations sufficiently
account for multi-hazard interactions. In response, Jami et al. (2022) provide a definition of
multi-hazard: "Multi-hazard generally refers to a scenario where two or more hazards
interact through structural performance. A multi-hazard interaction, for example, can impact
risk due to a hazard when a decision regarding structural exposure and vulnerability to the
frequency, location, and amplitude of another hazard is made. For example, a change in
design wind load and/or structural capacity can impact structural vulnerability to earthquake
forces. Multi-hazard interactions may result in common or conflicting design solutions. For
example, provision of structural ductility is beneficial for both blast and seismic loads."

In classifying multi-hazard risks, Jami et al. (2022) reviewed various studies and concluded
by categorizing the consequences of multi-hazard risks into three groups:

1. Based on hazard occurrence: Focuses on how the timing and occurrence of
multiple hazards influence risk.

2. Based on influence on design parameter selection: Investigates how different
hazards may affect the selection of design parameters.

3. Based on influence on fragility and risk: Examines how the interaction of multiple
hazards affects the fragility and overall risk of a structure.

These categories provide a comprehensive framework for understanding and addressing the
complexities of multi-hazard risks in infrastructure design and assessment.

2.2.2 Exposure, multi-hazard mapping and planning

In the context of multi-hazard assessment, “Exposure” refers to the degree to which
infrastructures, buildings, or people are at risk from different hazards, either sequentially or
simultaneously. The United Nations Office for Disaster Risk Reduction (UNDRR) defines
exposure as “the situation of people, infrastructure, housing, production capacities, and other
tangible human assets located in hazard-prone areas.”

As noted earlier, exposure is a key determinant of risk, and while it is largely influenced by
external factors, it can be mitigated to some extent through better planning and strategy
development. Improving exposure management requires enhancing emergency response
capabilities and strengthening the resilience of structures to withstand various hazards.

A critical first step in reducing exposure is identifying hazards and mapping their spatial
distributions. While significant progress has been made in mapping individual hazards,
multi-hazard mapping remains a complex challenge. This is due to the variety of hazards
involved, each characterized by different measures of amplitude, frequency, physical
phenomena, and impacts on structures (Jami et al., 2022). The difficulty of combining these



diverse hazard types into a single map lies in the need to account for their interactions and
compounded effects.

Several studies have explored multi-hazard mapping approaches. Barua et al. (2016)
presented a multi-hazard map for Bangladesh, which combined various natural hazards,
including floods, tornadoes, cyclones, and earthquakes, based on a database of historical
disaster data. The study also considered a weighting scheme for combining these hazards,
acknowledging their differing impacts.

Similarly, Pourghasemi et al. (2020) and Pourghasemi et al. (2019) developed multi-hazard
maps for the Fars province and the western region of Iran. These studies focused on hazards
such as landslides, floods, and fires. Using historical data, they trained machine learning
algorithms to predict hazard distributions. The importance of multi-hazard mapping in these
studies was emphasized through their incorporation of watershed management, sustainable
development, and land-use planning considerations.

In addition to machine learning and statistical methods, an alternative approach proposed by
Bathrellos et al. (2017) involves the use of the Analytical Hierarchy Process (AHP) for multi-
hazard mapping in moderately small regions. Rather than relying purely on statistical data,
this approach identifies the relationship between hazards and influencing factors, offering a
framework for decision-making. Multi-hazard maps developed using the AHP method can
be found in studies by Khatakho et al. (2021), Bathrellos et al. (2017), and Karaman (2015),
demonstrating the versatility and utility of this approach for integrating various hazard types.

The integration of multi-hazard mapping and planning into infrastructure development and
risk management is essential for enhancing resilience and minimizing exposure to potential
disasters. By understanding hazard distributions and their interactions, decision-makers can
better allocate resources, design safer structures, and implement more effective mitigation
measures.

2.2.3 Vulnerability

Vulnerability refers to the inherent characteristics of structures that make them susceptible
to damage from hazards (Jami et al., 2022). According to the United Nations General
Assembly (UNGA, 2017), vulnerability is the conditions determined by physical, social,
economic, and environmental factors that increase the susceptibility of individuals,
communities, assets, or systems to the effects of hazards. In risk assessment, vulnerability is
one of the most manageable factors through human intervention, making it a critical target
for mitigation efforts. Reducing vulnerability, therefore, plays a central role in minimizing
overall risk.

However, assessing the vulnerability of civil engineering structures, especially against a
single hazard like earthquakes, can be complex and involves significant uncertainties
(Bessason et al., 2022; Thorvaldsdottir et al., 2021; Ferreira et al., 2021). In the case of multi-
hazard scenarios, overall vulnerability may differ from vulnerability to individual hazards,
which adds another layer of complexity to risk assessments. This complexity arises from
various factors, including wvariations in structural materials, design, environmental
conditions, hazard exposure, usage, age, and maintenance.



The study of structural vulnerability to multiple hazards is an evolving research field.
Vulnerability is often represented using fragility or vulnerability curves, which provide a
probabilistic estimate of the likelihood that certain damage thresholds will be exceeded,
given a specific hazard intensity. On a broader scale, vulnerability classification relies on
general information about structures, their function, and their exposure to hazards, a method
commonly used for buildings. For example, Nassirpour et al. (2018) applied this approach
to rank school infrastructure in the Philippines, considering risks from flood, wind, and
earthquakes.

Schwarz et al. (2018) developed a methodology for assessing building vulnerability under
both single and multiple hazards by incorporating principles from the European
Macroseismic Scale 1998 (EMS-98, Griinthal et al., 1998). Their methodology included
vulnerability tables for hazards like wind, flood, and earthquakes, and established a
framework for developing multi-dimensional vulnerability models. These models were
applied in several cities in Germany, highlighting the practical application of multi-hazard
assessments.

Real-world applications of multi-hazard assessments also contribute significantly to this
field. For instance, Gautam and Dong (2018) examined the structural damage caused by the
2015 Gorkha Earthquake and the 2017 Chhatiune Khola flash flood in central Nepal. Ayala
et al. (2006) proposed a conceptual model for evaluating the vulnerability of historic
buildings, focusing on English parish churches as a case study. Julia and Ferreira (2021)
provided a comprehensive review of single and multi-hazard vulnerability and risk in
historic urban areas, demonstrating how multi-hazard risk analysis can help preserve cultural
heritage.

These studies underscore the importance of understanding and evaluating vulnerability in
multi-hazard contexts, as the interaction of various hazards can have cumulative and
compounded effects on infrastructure. Through the development of vulnerability models and
multi-hazard assessments, the resilience of structures can be better evaluated, and more
effective strategies for risk reduction can be implemented.

2.3 Summary of appended papers

2.3.1 Paper 1, Recent advancement in assessment and control of
structures under multi-hazard.

This paper presents a comprehensive review of recent advancements in the multi-hazard
assessment and control of civil engineering structures. Drawing from over 260 peer-
reviewed studies and technical reports, the literature has been thematically organized based
on structure type (e.g., bridges, buildings, wind turbines) and the types of hazards
considered.

For this research, an extensive search was carried out across major scholarly databases using
keywords such as “multi-hazard,” “vibration control,” “seismic fragility,” and “life-cycle
assessment.” The studies were further classified by structural systems and performance
goals, resulting in a rich overview of both theoretical developments and practical
applications in the field. Two main themes emerge from this synthesis: assessment and



control. The assessment theme covers topics such as hazard mapping, structural fragility,
life-cycle cost evaluation, and performance reliability under different hazard combinations.
The control theme focuses on technologies used to reduce vibrations and enhance structural
resilience, ranging from traditional passive systems, such as base isolators and TMDs, to
emerging hybrid and semi-active control solutions. Each approach is discussed in terms of
its effectiveness against various hazards, cost implications, and adaptability to existing
structures.

One of the major insights from this review is that evaluating hazards independently is no
longer sufficient for reliable design. Structures often undergo cumulative damage, where one
hazard weakens the system, increasing its vulnerability to subsequent events. For example,
an earthquake can induce minor damage that compromises a bridge’s ability to withstand
wind, flooding, or traffic loads that follow. Despite this, many existing control systems and
retrofit strategies are still designed with a single hazard in mind, which can lead to
unintended consequences when multiple hazards interact.

The review classifies a wide range of hazard combinations relevant to bridges, including:
o Earthquake and Corrosion
o Earthquake and Floods
o Earthquake, Floods, and Ground-Failures
o Earthquake and Scour
o Earthquake, Scour, and Corrosion
e Earthquake, Scour, Corrosion, and Traffic-Load
o Earthquake, Scour, Corrosion, Wind, Traffic-Load and Liquefaction
e Earthquakes, Corrosion, Surge, and Wave
o Earthquakes, Wind, Tsunami, Flood, Surge, and Wave
o Earthquakes, Blast and Fire
e Earthquake and traffic loads
o Earthquake, Traffic-Load, and Deterioration
o Earthquakes and High water
e Wind and traffic Load
e Storm Surge and wave

The review also draws attention to a noticeable gap in current research: most control
solutions and retrofit strategies are still developed with a single hazard in mind. This is
especially problematic for bridges, which are critical lifelines in any infrastructure network.
There is an urgent need for retrofit techniques and control systems specifically designed to
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handle the complex interactions of multiple hazards, whether they act concurrently or
sequentially. By recognizing these challenges and filling these knowledge gaps, engineers
can move closer to designing truly resilient structures capable of withstanding a wide range
of extreme events. To illustrate the broader framework for integrating these insights into
engineering practice, Figure 2.1 presents a flowchart that outlines the sequential steps in
multi-hazard consideration and risk assessment for bridge structures.

S 1. Und dine LSB The dynamic characteristics, how to be exposed to hazards, and vulnerable
tep 1, Understanding § elements are the most important matters that should be sufficiently understood.

CSBs are subject to various hazards, including natural and man-made factors
Step 2, Types of hazards that can compromise their structural integrity and functionality.

Seismic Wind-

Floods Corrosion Traffic- Collisions Human-
forces induced induced and induced
force vibration accidents vibration

Step 3, Multi-hazard Consideration Strategies

Advanced modeling and simulation

To ensure the long-term
functionality of CSB in multi-
hazardous environments,
various strategies are
presented as follows:

Computer simulations and advanced modeling techniques
efficiently predict how the CSBs respond to different hazards. This
aids in optimizing the design to ensure it can withstand extreme

Innovative materials

r— - The use of innovative materials with high resistance to corrosion
Vibration control strategies . . .
and fatigue can extend the lifespan of cable-stayed bridges,

reducing the need for frequent repairs and replacements.
Using control devices to

mitigate the vibration
energy.

Monitoring and maintenance

Regular inspections and maintenance ensure the bridge's resilience
over time.

Step 4, Multi-hazard risk assessment

multi-hazard risk assessment framework contains the following aspects.

Vulnerability This involves evaluating how the structure might respond to various levels of stress
assessment and strain caused by different hazards.
Exposure This involves evaluating how the structure might respond to various levels of stress
assessment and strain caused by different hazards.
. Probability analysis involves estimating the likelihood of different hazards occurring
Probabilistic . L7 . o . . L .
analysis during the bridge's operational lifetime. This analysis helps prioritize which hazards

should receive more attention in the design and risk mitigation processes.

Evaluate the potential consequences of each hazard on the bridge's functionality, user
safety, and overall infrastructure. This assessment considers both immediate and
long-term impacts.

Impact assessment

: This plan includes strategies for prevention, preparedness, response, and recovery,
Risk Management . . . - L
Plan ensuring that the bridge remains resilient and safe throughout its lifecycle.

Figure 2.1. Flowchart to explore the multi-hazard consideration and risk
assessment for bridges.
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Figure 2.1 presents a structured flowchart outlining the essential steps in evaluating multi-
hazard considerations and performing risk assessments for bridge structures. The chart
begins with a foundational understanding of LSBs, emphasizing their dynamic
characteristics, typical vulnerabilities, and exposure to various hazards. This initial step is
critical for identifying which elements of the bridge are most susceptible to failure under
different loading conditions. Next, the chart categorizes the primary types of hazards that
can impact bridges throughout their lifespan. These include natural hazards such as
earthquakes and wind, environmental processes like corrosion and fatigue, operational loads
from traffic, and accidental impacts or collisions. Recognizing the nature and frequency of
these hazards enables engineers to prioritize design and mitigation strategies accordingly.

The third component highlights the implementation of multi-hazard mitigation strategies.
These strategies include advanced numerical modelling to simulate structural response under
multiple hazard scenarios, the use of innovative materials for durability, vibration control
systems to reduce dynamic responses, and proactive maintenance and monitoring protocols
to extend service life. Ultimately, the flowchart presents a comprehensive risk assessment
framework that combines vulnerability and exposure analysis, probabilistic hazard
modelling, and consequence evaluation. This step supports the development of targeted risk
management plans, enabling decision-makers to prepare for, respond to, and recover from
hazardous events more effectively.

This review aims to provide both a foundation for new researchers and a practical resource
for engineers, helping bridge the gap between theory and application in multi-hazard
structural engineering. By identifying what has been done and what still needs to be
addressed, it encourages a shift toward more integrated, future-focused approaches to
safeguarding our built environment.

2.3.2 Paper 2, Multi-mode vibration control strategies of long-
span bridges subjected to multi-hazard: a case study of the
Runyang suspension bridge.

This section presents a detailed summary of the study published by Jami et al. (2023), which
focuses on the Runyang Suspension Bridge (RSB), a long-span bridge in China, used as a
benchmark structure to explore the performance of multi-mode vibration control strategies
under earthquake and wind hazards. The motivation behind the study stems from the fact
that long-span bridges are not only dynamically sensitive due to their size and flexibility but
are also often exposed to multiple types of hazards over their lifespan. The primary objective
of the study was to assess and enhance the bridge's dynamic performance when subjected to
seismic ground motions, stochastic wind fields, and their combined action, utilising TMDs
as the control mechanism.

Methodology and Framework

The study followed a multi-step analytical process illustrated in Figure 3.2, which outlines
the overall methodology for evaluating multi-hazard-induced structural responses and
optimising vibration control schemes. First, a detailed finite element model (FEM) of the
RSB was developed using SAP2000. The model was carefully calibrated using parameters
and validation data from prior studies. Two types of hazard inputs were considered: A set of
seismic ground motions, including near-fault records with pulse-type characteristics, and a
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spatially correlated wind velocity field, generated stochastically to represent realistic
turbulent wind behaviour across the bridge span.

Multi-hazard parameters for Long-span bridge

Sources of Vulnerability of long- Multi-hazard Control
excitation span bridges
) Various procedures have been / \
long-span bridges can be specific geometry of proposed to enhance multi-hazard
exposed different long'slfaﬂtgﬂdges performance of structures Propose of this study

: : makes them

dyntaﬁz :rclf(s)ZiC’SIS 1(iigmg vulnerable to these Vibration control methods are Evalpating the brid d

excitation forces mostly based on tuned motion of valuating the bridge tower an
deck dynamic performece and

multi-performance control

Long-span bridges consist of several . . k
elements, each of which has unique b LWL fous el

auxiliary mass attached to the main o lati P oo i
;/ structure implications of multi-hazard in

J

dynamic characteristics hazard and multl—'
performance control is a

challenging task

The energy emitted from these excitation forces has
different frequency compositions

Figure 2.2. Flowchart for overview of the multi-hazard assessment and control of the
long-span bridge.

The bridge’s response, particularly acceleration and displacement, was studied at both the
tower tops and the mid-span deck, under individual and combined hazard scenarios. Several
TMD configurations were tested, with varying placement and tuning strategies to target
specific vibration modes relevant to different structural components.

Main Findings and Results

The analysis revealed that seismic loads primarily controlled the acceleration response,
especially at the towers, while wind loads had a more significant impact on the displacement
response, particularly at the mid-span deck. These findings highlighted a mode-dependent
and location-specific vulnerability of the bridge to different types of dynamic excitations. In
simple terms, optimizing a vibration control system for one hazard (e.g., earthquakes) could
unintentionally worsen the bridge’s response to another (e.g., wind), unless a multi-
performance objective is adopted.

To address this, a range of TMD configurations were tested: TMDs targeting deck
acceleration (for seismic loads) were found to be ineffective or even detrimental when wind
loads were dominant. Conversely, TMDs tuned for wind-induced displacement did not
reduce seismic-induced accelerations at the towers and could even amplify them. The best
performance was achieved using a multi-mode control strategy, where TMDs were installed
on both the deck and towers, each tuned to different vibration modes. This configuration
reduced both seismic and wind-induced responses without introducing undesirable trade-
offs. The findings demonstrate the importance of integrating hazard characteristics and
structural behaviour into the design of vibration mitigation systems.

An additional scenario was explored to assess how the bridge behaves under the
simultaneous action of wind and earthquake forces. The results, presented in Figure 3.3,
show that the structural response under combined hazards is not simply additive. Instead,

13



interaction effects between the two hazards result in complex response patterns, sometimes
amplifying, and sometimes attenuating, the bridge’s motion compared to individual hazard
scenarios. These findings underscore the nonlinear and coupled nature of structural
responses under multi-hazard conditions, further validating the need for a multi-objective
control approach.

— — —Wind-induced responce

Ground motion responce
————— Wind+Ground motion responce

T (a) Acﬁ)elera ticn Iresponsel

o
w

i
=]

Acceleration (mfsecz]
{=]

Displacement (m)

Time (sec)

Figure 2.3. Mid-span acceleration (a), and displacement (b) response in transverse
direction due to wind-induced force, ground motion (Chi-Chi Taiwan), and their
combination

This case study demonstrates that vibration control of long-span bridges under multi-hazard
conditions requires a carefully tailored, mode-specific strategy. TMDs can be highly
effective, but only when tuned with consideration for both the frequency content of the
hazards and the vibration characteristics of the structural components they are meant to
protect. The multi-performance framework presented in this study provides a practical path
forward for designing resilient bridges that can withstand multiple extreme events
throughout their lifetime.

In conclusion, the study by Jami et al. (2023) offers valuable insights into the complex
interplay between structural dynamics and multiple hazards in long-span bridges. By
demonstrating the limitations of single-objective control systems and highlighting the
benefits of a multi-mode, multi-objective vibration control strategy, the research advances
the state of practice in bridge resilience design. It reinforces the need for integrated hazard-
response frameworks that consider both the spatial distribution and dynamic nature of
hazards, paving the way for safer and more adaptable infrastructure.

It is important to note that the RSB, due to its exceptionally long span and flexible design,
demonstrates a very low natural frequency in the transverse direction. Identification studies
have shown that the fundamental transverse period can range from 16 to 20 seconds (see
Reference 20 in Paper 2). This is largely due to the bridge's suspension system, where lateral
stiffness is governed by cables and hangers that offer minimal resistance. Furthermore, the
tall and slender towers contribute to the overall flexibility. These aspects are reflected in the
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mode shape illustrated in Figure 4 of Paper 2, which accurately depicts the first lateral
vibration mode of the bridge.

2.3.3 Paper 3, Reliability of bridges under near-fault pulse-type
ground motions with vertical component consideration.

The study emphasizes the significance of vertical ground motion, which is often neglected
in traditional seismic design approaches that primarily focus on horizontal motions. The aim
is to highlight how vertical ground motion can significantly impact the performance and
reliability of bridges, especially those located near seismic faults, where ground motion is
more pronounced and complex.

The analysis involves two types of bridges: an ordinary beam bridge, representing a typical
bridge design, and the Runyang Suspension Bridge (RSB), which serves as a benchmark for
long-span bridges. A database of 100 carefully selected near-fault pulse-type ground motions
(NFPTGMs) was used to simulate the seismic loads. These ground motions are known for
their unique characteristics, including large amplitude pulses and long-duration shaking,
which can lead to higher seismic demands on structures.

The study explores the differential effects of vertical and horizontal ground motions on the
dynamic behaviour of both bridge types. It also examines the interaction between these two
components of ground motion, assessing how the inclusion of vertical motion influences the
predicted seismic responses and vulnerability of the bridges. The findings aim to refine
current seismic design practices by emphasizing the need to consider both horizontal and
vertical motions in the assessment of bridge performance under near-fault seismic
conditions.

Analytical Framework and Fragility Method

The analytical framework for evaluating the seismic behaviour of both bridge types involved
a detailed 3D model that accounted for the nonlinearity of materials by incorporating plastic
hinges at key points, such as piers and towers. This approach allows for more accurate
simulation of the bridge's response under seismic loading, as it captures the progression of
damage and potential failure mechanisms.

To develop fragility curves, the researchers followed a systematic process, outlined in Figure
2.4. These curves are crucial for assessing the likelihood that a bridge will reach or exceed
a particular damage state under increasing levels of earthquake intensity. The steps involved
in generating the fragility curves are as follows:

Selection of Ground Motions: A set of ground motions, specifically near-fault pulse-type
ground motions, was selected to represent various seismic scenarios. These motions were
chosen based on their ability to capture the characteristics of strong, pulse-like shaking near
fault zones.

Nonlinear Simulations: For each selected ground motion, nonlinear dynamic simulations
were run to capture the structural response of the bridges. This process involved applying
the ground motions to the 3D model of the bridges, considering the material properties and
plastic hinge behaviour at critical points.
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Damage State Definition: Several damage states were defined, ranging from slight damage
(e.g., cracks in concrete) to complete failure (e.g., collapse). These damage states served as
thresholds for assessing the severity of the bridge's response under different levels of seismic
intensity.

Statistical Fitting: After running the simulations, the collapse probabilities for each damage
state were statistically fitted to produce fragility curves. These curves plot the probability of
reaching or exceeding each damage state as a function of earthquake intensity.

The fragility curves generated in this analysis provide a probabilistic measure of the bridge's
vulnerability to different levels of earthquake shaking. They help engineers assess the
likelihood of various damage states under different seismic scenarios, providing a more
comprehensive understanding of the structural risks posed by vertical and horizontal ground
motions in near-fault regions.

Select a set of
! Scale each Set of GMs (S-GM) based on ;"
NFPTGMs (GM;, |-| IM level (j =1 to n) 1

where i =1 to n)
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From equations (4.4) & (4.5) form the
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tangent stiffness [I? ] for time 7 to ¢ + At

Calculate the AX from equation (4.2) |
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Figure 2.4. Flowchart for fragility analysis of bridge structures.
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To address the challenges posed by vertical ground motion, the study introduced a novel 3D-
Tuned Mass Damper (TMD) system designed specifically to mitigate the adverse effects of
such motion on the bridge’s performance. The 3D-TMD system was conceived to target not
only horizontal vibrations but also the vertical vibrations, which are often overlooked in
traditional seismic designs.

The optimal parameters for the TMD, including damping ratios and tuning frequencies, were
determined through an optimization process using a Genetic Algorithm (GA). This
computational technique is particularly effective for solving complex optimization problems
by simulating the process of natural selection. In this case, the GA was used to efficiently
search for the best TMD parameters that would simultaneously reduce the bridge's overall
vibration and enhance the moment capacity of key structural components, particularly the
piers and towers, under vertical shaking.

The key advantage of this approach lies in its ability to tailor the TMD system for both
horizontal and vertical seismic responses. By optimizing the TMD's tuning and damping
characteristics, the system not only reduced the bridge's vibratory response to seismic events
but also contributed to improving the structural capacity of critical elements under combined
shaking forces. This ensures that the bridge performs better during seismic events that
involve both vertical and horizontal ground motions, which is particularly important in near-
fault regions where vertical motions can be substantial.

This study offers several important insights that challenge common assumptions in seismic
bridge engineering, particularly regarding the effects of near-fault earthquakes with strong
vertical ground motion.

Main Findings and Results

The analysis demonstrated that the vertical component not only significantly contributes to
the overall structural response but also causes a dynamic reduction in moment capacity,
especially in bridge piers and towers. Specifically, the moment capacity of critical bridge
elements was found to decrease by up to 19% when vertical ground motion was included in
the analysis. Furthermore, fragility analysis revealed that the probability of collapse was
notably underestimated in traditional horizontal-only analysis, highlighting the risk of
overestimating structural safety. This means that structures deemed "safe" under
conventional seismic assessments may actually be much more vulnerable in real-world
seismic events.

To address these issues, the research introduced a 3D-Tuned Mass Damper (TMD) system,
optimized to control vibrations in longitudinal, transverse, and vertical directions. Unlike
conventional TMDs, which are typically tuned to lateral motion only, the 3D-TMD was
shown to be highly effective in reducing seismic demand and improving moment capacity.
Specifically, the use of 3D-TMDs resulted in:

e A reduction of up to 68% in peak moment responses for the Runyang Suspension
Bridge (RSB)

e A reduction of up to 61% in moment responses for the beam bridge

e An increase of up to 19% in moment capacity for the RSB's tower columns
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e Anincrease of up to 13% in capacity for the beam bridge’s critical pier

These improvements were particularly significant under near-fault pulse-type ground
motions (NFPTGMs). The 3D-TMD not only reduced the structural response but also
stabilized axial forces, helping the columns resist higher moment demands when vertical
shaking was present.

The results also indicate that the RSB bridge is more fragile in the longitudinal direction,
primarily due to its greater stiffness and associated mass participation in that direction. In
contrast, the transverse direction of the RSB is highly flexible, with a fundamental period of
approximately 20 seconds, well beyond the dominant frequency range of most earthquakes.
As a result, the transverse response is less sensitive to horizontal excitation, and the effect
of vertical ground motion is also limited due to the weak coupling with that mode. For the
concrete girder bridge, the fundamental frequencies in both directions are similar, and the
fragility trends reflect this symmetry. Slightly higher fragility in the transverse direction is
attributed to the bridge’s single-pier configuration, which amplifies moment demand under
lateral loads.

In conclusion, the findings strongly support a shift towards more realistic, multi-directional
seismic design and assessment frameworks. Including vertical motion in seismic analysis is
not merely a refinement, it is essential for accurately predicting bridge performance in near-
fault zones. Furthermore, the deployment of advanced control strategies like 3D-TMDs
offers a practical and effective means of enhancing both safety and resilience for existing
and future bridge structures. This study adds to the growing body of evidence that seismic
risk cannot be fully addressed without considering the complex, three-dimensional nature of
earthquake ground motion.

2.3.4 Paper 4, Fragility of long-span bridges to near-fault pulse-
like ground motions.

This section presents a study focused on understanding how long-span bridges behave when
subjected to the unique and demanding conditions created by near-fault earthquakes. The
Olfusa Cable-Stayed Bridge (OCSB) in Selfoss, Iceland, was chosen as the case study due
to its critical role in the region’s infrastructure and its location near active fault lines. Given
the strong seismic activity in Iceland, gaining a clearer picture of how this bridge would
perform during a major earthquake is essential for ensuring its long-term safety and
functionality.

The goal of the research was to develop a realistic and detailed assessment of the bridge’s
seismic performance under near-fault ground motions, particularly focusing on the effects
of velocity pulses that often accompany such events. By developing a nonlinear model and
simulating a wide range of possible earthquake scenarios, the study aimed to capture the key
factors that influence the bridge’s behaviour. In particular, the research explored how the
design and optimization of isolation devices, specifically Lead Rubber Bearings (LRBs),
could improve the bridge’s ability to withstand these demanding seismic conditions and
maintain its performance after strong shaking.

Methodology
The bridge was modelled using the OpenSees platform, which allowed for detailed nonlinear
dynamic analyses. To accurately capture the inelastic behaviour of the structure, plastic
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hinges were assigned to the bridge tower elements. Meanwhile, the deck was isolated from

the substructure by LRBs, designed to absorb seismic energy and limit the displacement

demands on the superstructure.

Two types of seismic input were used in the analysis: a database of 106 recorded near-fault
ground motions provided by EERC, and a large set of 55,200 simulated pulse-type ground
motions created to explore a wider range of possible future events. The simulation procedure
for generating these synthetic ground motions, which involves developing the Peak Ground
Velocity (PGV), pulse signal, and combining them with residual ground motion components,
is summarised in Figure 2.5. This flowchart provides an overview of the systematic steps
taken to replicate realistic near-fault seismic effects.

Figure 2.5. Flowchart summarizing steps for simulation of PTGMs.

The research also involved optimizing the LRB parameters, focusing particularly on the lead
core diameter. Several diameters ranging from 10 cm to 70 cm were tested to find the most
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performed on both recorded and simulated ground motions, and fragility curves were
developed based on bearing shear strain, using a lognormal distribution to characterize
different damage states.

Main Findings and Results

The results highlighted several important aspects of bridge behaviour under near-fault
seismic loading. One of the most significant findings was that the bridge’s seismic response
was highly sensitive to the characteristics of the incoming ground motions, particularly the
velocity pulse period. When the pulse period aligned with the bridge’s fundamental periods,
ranging between 0.6 and 2.0 seconds, the structural demands were notably amplified. This
resonance effect significantly increased displacements and internal forces, especially in the
bearings. The results also indicated that the pulse period of the near-fault ground motion is
an important predictor of seismic fragility, suggesting that fragility curves based on
amplitude-based intensity measures alone are not reliable for capturing the true risk. This
underscores the need to consider the dynamic interaction between the bridge and the specific
characteristics of near-fault ground motions when assessing seismic vulnerability.

The LRBs proved effective in controlling seismic demands, but their performance depended
heavily on the tuning of their parameters. For moderate-intensity ground motions, a lead core
diameter of 0.4 metres provided the best balance between flexibility and energy dissipation.
For higher-intensity seismic inputs, a larger 0.5-metre core was more effective in
maintaining bridge stability. This indicates that isolation systems should be carefully adapted
to the specific seismic risk profile of each bridge, rather than relying on generalised design
solutions. The fragility curves confirmed that, without proper tuning, the bearings would be
the first elements to reach critical damage states under strong seismic excitation.

Overall, this research reinforces the importance of explicitly considering near-fault pulse
effects in the seismic design of cable-stayed bridges. It also demonstrates that advanced
modelling techniques, combined with intelligent optimisation of isolation devices like LRBs,
can significantly enhance structural resilience. By addressing the unique demands posed by
NFPTGMs, the study contributes to the broader goal of advancing performance-based design
practices for critical infrastructure in seismic regions.
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3 Conclusions and Future Research

This doctoral dissertation focused on advancing the understanding and resilience of bridge
structures exposed to complex multi-hazard conditions, with particular attention to near-fault
seismic effects and the interplay between earthquake and wind loads. The research combined
a comprehensive review of current multi-hazard assessment methods with detailed
numerical simulations and optimization studies aimed at improving structural performance
through advanced control strategies. Therefore, it can be acknowledged that the central
finding of this work is the critical importance of adopting a multi-hazard and multi-
performance perspective in bridge engineering. The most important of these findings will be
briefly mentioned below.

A key insight from the seismic vulnerability assessments was the substantial impact of near-
fault pulse-type ground motions on bridge structures. When the pulse periods of seismic
ground motions aligned closely with the natural vibration periods of bridges, the resulting
structural responses were amplified considerably. The period of near-fault ground motion
pulses is a key parameter affecting the seismic fragility of long-span bridges. Seismic
fragility curves based solely on amplitude-based intensity measures are therefore not
adequate. These traditional methods fail to capture the full complexity of near-fault ground
motions, particularly their frequency characteristics, such as the pulse period. A more
comprehensive approach is needed, one that incorporates both amplitude and frequency
(pulse period) as intensity parameters in the fragility assessment. This would provide a more
accurate representation of a bridge's vulnerability, especially under the unique conditions of
near-fault seismic events.

One of the case studies revealed that the vertical component of ground motion had a
profound effect, resulting in reductions in pier and tower moment capacities of up to 19%.
This reduction significantly increased the probability of structural failure compared to
assessments based solely on horizontal shaking (see paper 3).

In a novel contribution of this research, a new methodology is proposed, where the
performance of a 3D-TMD is evaluated not only based on its ability to reduce dynamic
responses, but also on its influence on the moment capacity of bridge piers during seismic
events (see paper 3). In a case study, this dual focus revealed that 3D-TMDs not only
decreased peak seismic demands, achieving up to a 62% reduction in moments, but also
helped stabilize axial forces, effectively improving the structural capacity of critical bridge
elements in real-time. This more holistic evaluation approach provides a deeper
understanding of how vibration control devices contribute to overall structural resilience
under extreme loading conditions.

In evaluating the performance of LRBs, it was found that the lead core is the key component
responsible for absorbing the energy from horizontal pulse motions. A case study focused
on optimizing the lead core diameter for a cable-stayed bridge revealed important trends (see
paper 4). Bearings with a smaller diameter (less than 0.4 m) lacked sufficient stiffness,
leading to excessive deformation and larger mid-span displacements. In contrast, larger
diameters (greater than 0.4 m) made the bearings overly stiff, reducing their ability to
dissipate seismic energy and increasing force transmission to the structure. The results
indicated that a 0.4-meter lead core provided the best balance, offering enough flexibility to
absorb energy without causing instability, while optimizing the bearing’s hysteretic
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behaviour for efficient energy dissipation. It was also observed that the choice of lead
diameter should depend on the expected ground motion characteristics: for moderate pulse
intensities and excitation periods close to the bridge's natural period, a 0.4-meter lead
diameter performed better, while for stronger pulses with higher peak ground velocities, a
0.5-meter diameter yielded improved results.

Also, the fragility analyses conducted in this research further revealed that bearings are often
the most vulnerable components of isolated bridge systems under near-fault seismic
excitation. Special attention must therefore be given to the design, monitoring, and potential
post-event replacement of these critical elements to ensure long-term bridge functionality
and safety.

Beyond individual bridge responses, this research highlights the broader need to integrate
life-cycle resilience considerations into bridge design, particularly for seismically controlled
or base-isolated long-span bridges, which were the exclusive focus of this work. The
conclusions drawn throughout the dissertation are valid for these types of structures, where
damage states are defined based on moment capacity or system performance under passive
control. It is essential to note that these findings may not directly apply to conventional
bridge systems that rely on ductile detailing and allow for controlled flexural damage. In
such cases, damage states are typically defined based on ductility criteria. It is worth noting
that the multi-hazard framework adopted in this research is particularly relevant to regions
like Iceland, where both seismic activity and strong wind events are frequent and significant.
In areas where only one of these hazards is dominant, such detailed multi-hazard analysis
may not be necessary or justified. Within the defined scope, however, the study demonstrates
that multi-hazard-informed strategies, combining advanced numerical modelling, intelligent
vibration control systems, and probabilistic risk assessments, can substantially reduce the
likelihood of catastrophic failures and contribute to the creation of more sustainable and
disaster-resilient infrastructure.

3.1 Assumptions and Limitations

Several assumptions and simplifications were made throughout this research to allow for
practical modeling and analysis while focusing on the primary objectives. Structural models
of bridges were developed using different platforms, including SAP2000, MATLAB, and
OpenSees. These tools enabled detailed finite element modeling and nonlinear dynamic
analyses. However, certain idealizations were necessary. The models generally assumed
elastic behavior for some components, while nonlinearities were concentrated in specific
elements such as plastic hinges at pier and tower bases.

During optimization of control systems such as TMDs and isolation devices, the tuning was
based on the initial dynamic properties of the structure, without accounting for potential
period shifts under severe nonlinear behavior. This should be considered a limitation of the
methodology, and future studies could benefit from incorporating adaptive tuning strategies
that account for period changes during strong seismic events.

The ground motion datasets used in the analyses, while extensive, were based on available
records and simulated near-fault pulse-type ground motions. Although care was taken to
select a wide range of realistic seismic inputs, actual future earthquakes could present
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characteristics that differ from the selected records. To create fragility surfaces using peak
ground velocity (PGV) and pulse periods (Tp) as intensity parameters, may more ground
motions than what is available are needed. Such motions need to cover a wide range of pulse
period for different PGVs. A simple method was introduced in this work (Paper 4) to
simulate artificial ground motions with near-fault characteristics. Although this method
attempts to preserve the characteristics of recorded ground motion by using realistic scaling
laws and attenuation models, it lacks a sound theoretical basis. Additionally, while the focus
was on the interaction between seismic and wind hazards, other potential threats, such as
scour, flooding, or operational loads, were not explicitly modeled.

Finally, the performance of control devices like TMDs and LRBs was evaluated assuming
ideal conditions, including perfect installation, consistent material properties, and no
degradation over time. In real-world applications, factors such as manufacturing variability,
environmental exposure, and aging could influence the long-term effectiveness of these
systems. Detuning effects of the control devices were not examined in detail in this work.

3.2 Recommendations for Future Work

Building on the findings of The importance, several directions for future research are
proposed to further enhance the resilience and performance of bridge structures under multi-
hazard conditions. One promising area is the expanded use of artificial intelligence (AI)
techniques across different stages of structural analysis and design. Al could be applied to
predict structural responses under a wide variety of loading scenarios with greater speed and
accuracy, providing faster insights during both design and post-event assessments.
Furthermore, Al could play a major role in optimizing control systems, enabling adaptive
tuning strategies that respond to changes in structural behavior during extreme events.
Although not implemented in this dissertation, a hybrid Artificial Neural Network—Genetic
Algorithm (ANN-GA) approach is suggested as an example of how Al could be effectively
applied for optimization tasks, such as improving the design parameters of seismic isolation
systems or vibration control devices. Future work could expand on these ideas, optimizing
full structural systems while balancing cost, performance, and environmental impacts over
the life cycle of a bridge.

Another important direction for future research is the expansion of multi-hazard
considerations beyond just seismic and wind actions. Integrating additional hazards such as
flooding, scour, traffic loading, and blast impacts into the multi-hazard assessment
framework would allow for a more comprehensive understanding of risks affecting bridges
over their service life. Developing unified fragility models that account for the cumulative
effects of multiple hazards, including sequential and simultaneous occurrences, would also
significantly advance the reliability and applicability of risk assessments.

Another interesting area for further investigation is the generation of artificial ground
motions representative of near-fault conditions. Several simple models for the strong pulse
in such ground motions are available in the literature. While such pulses are important, they
are narrow-band, and lack higher frequencies present in real ground motions. It is important
to develop a robust methodology to simulate broadband ground motions in the near-fault
area. One potential way to achieve this is to simulate the long-period shaking using physics-
based three-dimensional wave propagation analysis. Such simulations can then be infused
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with high frequency components. The way the high frequency components are related to the
simulated low frequency pulses and how these components are to be mixed is not very clear.
A potential approach to understand this problem is to train artificial neural networks with
real near-fault ground motion data.

Further research is needed into active and semi-active control strategies, which could offer
more efficient and adaptive responses to multi-hazard loading compared to purely passive
systems. Exploring technologies like semi-active dampers or real-time control mechanisms
could open new possibilities for reducing structural responses dynamically as hazard
characteristics change during an event.

Long-term performance and degradation effects should also be incorporated into future
resilience assessments. Factors such as material aging, corrosion, fatigue, and cumulative
damage from multiple hazard events over time could greatly influence structural capacity
and control system effectiveness. Incorporating these aspects will help develop more
realistic life-cycle models for bridge infrastructure.

Finally, future research should expand beyond single-bridge assessments and move toward
network-level analyses. Understanding how the degradation or failure of a few critical
structures could impact broader transportation systems is essential for developing truly
resilient infrastructure networks. This would require multi-hazard modeling at regional
scales, incorporating the interdependence and cascading effects that occur during extreme
events. Overall, by combining advanced numerical modeling, Al-driven tools, and expanded
multi-hazard and multi-scale perspectives, future work can significantly contribute to
designing safer, more adaptable, and more sustainable bridge infrastructure that can meet
the challenges of an evolving natural and built environment.
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Abstract: This review presents an up-to-date account of research in multi-hazard assessment and
vibration control of engineering structures. A general discussion of the importance of multi-hazard
consideration in structural engineering, as well as recent advances in this area, is presented as
a background. In terms of performance assessment and vibration control, various hazards are
considered with an emphasis on seismic and wind loads. Although multi-hazard problems in civil
engineering structures are generally discussed to some extent, the emphasis is placed on buildings,
bridges, and wind turbine towers. The scientific literature in this area is vast with rapidly growing
innovations. The literature is, therefore, classified by the structure type, and then, subsequently,
by the hazard. Main contributions and conclusions from the reported studies are presented in
summarized tables intended to provide readers with a quick reference and convenient navigation to
related publications for further research. Finally, a summary of the literature review is provided with
some insights on knowledge gaps and research needs.

Keywords: multi-hazard; earthquake; wind; flood; hazards; hurricane; mitigation; resilience; risk
assessment; bridge; building; wind turbine; control system

1. Introduction

Natural hazards, such as earthquakes and wind forces, pose a challenge for human
safety and comfort. Forces generated by these natural processes can damage, or even
collapse, vulnerable civil engineering structures. The risk to lives and properties posed by
natural hazards increases with urbanization, where large cities and metropolitan areas get
more and more densely populated. Increasing urbanization and shortage of land results
in the need to build taller and more complex structures which can be more vulnerable
to lateral forces created by wind and earthquakes. Effects of natural hazards on civil
engineering structures is, therefore, an important field of research.

Between 1998 and 2017, natural disasters affected 4.4 billion people worldwide, caused
1.3 million casualties [1], and resulted in economic loss of 2900 billion USD. During this
20-year period, floods, storms, and earthquakes were the most frequent hazards, accounting
for 43.4, 28.2, and 7.8% of all natural disasters, respectively. Although floods were the most
frequent hazard during this time, earthquakes and storms have been the deadliest and the
costliest, respectively. Floods and earthquakes, combined, killed nearly one million people
and resulted in an economic loss of almost 2000 billion USD during this 20-year period. The
frequencies, casualties, and economic losses, caused by different types of natural hazards
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between 1998 and 2017, are shown in Figure 1. The numbers in Figure 1, which are based
on CRED report [1], clearly show that earthquakes and storms are the most damaging
natural hazards. It is interesting to note that earthquakes have killed more people than all
other hazards combined.

, 747,234
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50.00% . billion $ 3148
events
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EL 30.00% 661 ° 656
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Figure 1. Frequencies of different natural hazards and their effects during 19982017 (based on
CRED report, [1]).

Different natural processes affect structures and people in different ways. While
the simultaneous occurrence of two different types of damaging hazards, such as strong
wind and earthquake, is rare, some natural processes can induce secondary hazards. For
example, fire and landslides are known to occur after strong earthquakes (see, for example,
Ravankah et al. [2]). Moreover, a structure may be exposed to different types of natural
hazards, albeit not simultaneously, during its lifetime. Therefore, it needs to be resistant
to forces and damage mechanisms imposed by more than one natural process. Structures
optimally designed for actions from one type of natural hazard may not necessarily be well
equipped to deal with actions from all types of hazards. This leads to the need for hazard
mapping, considering different types of natural processes and their interdependencies.

Consideration of multiple hazards in urban development is gaining popularity in the
research community. For example, Bathrellos et al. [3] studied probabilities of incidence
of floods, landslides, and earthquakes, in a specific area in Northeastern Greece, to map
multiple hazards and identify areas suitable for urban development. Hicks et al. [4] explore
disaster risk reduction from a multi-hazard perspective. Regional multi-hazard mapping
for urban development is gaining popularity in research (e.g., [5]). Vulnerability and design
of structures against multiple hazards is also gaining popularity in research. As an example,
Aly [6], as well as Aly and Abburu [7], discuss some fundamental differences between wind
and earthquake-resistant designs of high-rise buildings. A review of studies on the vulner-
ability of buildings subjected to wind and earthquake forces is presented by Indirli et al. [8].
A framework for life-cycle loss estimation in tall buildings subjected to wind and seismic
forces is presented by Venanzi et al. [9]. Civil engineering infrastructure, such as dams,
bridges, roads etc., are lifelines of modern society. Although multi-hazard risk assessment
of infrastructure is challenging [10,11], it is an important tool to improve their safety and
operability following natural disasters, which is instrumental for social resilience. Various
factors affecting costs and performance of infrastructure in a multi-hazard environment is
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discussed in Ettouney and Alampalli [12]. Performance and fragilities of special structures,
such as dams and floodwalls exposed to multiple hazards, are studied in Ardebili and
Saouma [13] and Bodda [14].

Natural events, such as wind and earthquakes, impose dynamic forces on buildings
and other civil engineering structures. Damage caused by such forces depends on the
dynamic properties of the structure, as well as the characteristics of the wind forces and
ground motion. In most cases, structural damage is a result of excessive vibration. Vibration
control, which refers to reducing oscillations of structures exposed to dynamic forces, can,
therefore, be used as a protective measure. Vibration control makes use of active, passive, or
hybrid secondary devices that are installed on the structure and designed /tuned/actuated
for optimal reduction in structural responses such as displacement, acceleration, etc. Base-
isolation, for example, has been a popular and effective protection against earthquakes
(see, for example, [15-19]). Tuned mass dampers (TMD) and other supplemental damping
devices of different designs and configurations have also been known to effectively reduce
wind and earthquake-induced vibrations of different types of structures (see, for exam-
ple, [20-22]). Vibration control systems can provide an alternative protection for existing
structures where retrofitting or strengthening is considered too costly or not feasible, due to
factors such as aesthetics, cultural aspects, etc. Control devices that are effective against the
forces generated by one type of natural hazard might not be effective against other hazards.
For example, base isolation systems, which are effective for seismic protection of structures,
might cause an adverse response during strong wind [23]. Due to the uncertainties in the
amplitude and frequency content of dynamic forces, induced by wind and earthquakes,
and their relationship with the properties of the affected structures, consideration of a
multi-hazard scenario is especially important when designing vibration control systems.

This work is an attempt to bring together and synthesize valuable information and
conclusions presented in a vast body of research literature on multi-hazard effects and
control of civil engineering structures. The work is based on a review and synthesis of
published literature. Relevant studies were searched through scholarly databases such as
Web of Science, Google Scholar, and Scopus. The keywords used for searching were “multi-
hazard”, “vibration-control”, “seismic control”, “tuned mass dampers”, “seismic fragility”,
and “life-cycle assessment”. The search results were then narrowed first by scanning the
titles of articles to include only those that indicated relevance in the multi-hazard problem,
addressing one or more of the criteria: (a) hazard mapping/quantification, (b) performance
assessment, (c) design and/or optimization, (c) fragility assessment, (d) life-cycle and/or
cost-benefit analysis, and (e) vibration control. This resulted in more than 400 articles. The
Abstract and Conclusion sections of these articles were then studied to further filter out
studies that did not address the multi-hazard problem. This resulted in 220 articles. The
references listed in these articles were then checked to search for more relevant articles.
Special attention was given to state-of-the art review studies. References listed in studies
were checked in detail to search for additional relevant articles. In total, 263 articles were
studied and are referenced to in this work. Among these, there are 210 journal articles,
17 books/reports, 11 theses, 14 book chapters, and 11 conference papers. These include
18 state-of-the art reviews.

Initial thematic development of the work was, first and foremost, based on the key-
words listed in these articles. The keywords in these articles were extracted, and their
frequencies were counted. In total, 699 unique keywords were found. Multi-word key-
words were then replaced by a single word (called, here, a reduced keyword) that is
representative of the scope of the work. For example, “vibration control” was reduced to
“control”, “risk assessment” was reduced to “risk”, and so on. In some cases, such as “wind
turbines”, both words were retained. This resulted in 117 keywords. Similar keywords
were then grouped together to identify themes/scopes. For example, “seismic”, “ground
motion”, and “earthquakes” were placed under the theme of “Seismic”. The number of
occurrences of these themes were then counted, and the themes were ranked. Frequency
distribution of the most frequent themes is presented in Figure 2. Some reduced keywords



Appl. Sci. 2022,12, 5118

4 of 28

Retrofit
Resilience
Reliability

Soil

Life-cycle
Flood
Deterioration
Risk

Buildings
Wind turbines
Hazard
Fragility/Vulnerability
Wind

Bridge
Multi-hazard
Seismic

Control

with a low frequency of occurrence are therefore not considered useful in creating an overall
theme of the subject being studied and are not shown in the figure. Control is the most
frequent theme, and multi-hazard is the third most frequent theme. Seismic and wind loads
are the most frequently considered hazards. In terms of structures, bridges, buildings, and
wind turbines are frequent themes, while only a few (less than 10) occurrences of other
infrastructure and lifelines were encountered. This thematic distribution of the studied arti-
cles was used to prepare the main structure of this paper, which is schematically presented
in Figure 3.
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Figure 2. Frequency distribution of the most relevant themes extracted from reduced keywords.
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Figure 3. Schematic representation of thematic classification and organization of the paper.
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Background information about different types of hazards, multi-hazard scenarios, and
associated vulnerability and risk is provided in Section 2. This section is not a state-of-
the-art review of these topics but rather background information for the rest of the paper
(see Figure 3). The main part of the paper, which is the state-of-the-art review part of the
paper, is briefly termed as assessment and control (see Figure 3). The review is based on
the themes encountered in the studied literature. Topics such as fragility /vulnerability
assessment, life-cycle assessment, multi-hazard assessment, and reliability assessment are
covered under the assessment theme, while the control theme mainly deals with vibration
suppression. As vibration control is the most dominant theme of the studied papers
(see Figure 2), a brief literature review of different control systems is provided in Section 3.
The review is primarily classified by two themes: namely, structure and scope of work.
Bridges, buildings, and wind turbines are covered in Sections 46, respectively. Each of
these sections is sub-divided into assessment and control sub-sections. The literature on
bridges is dominated by the assessment theme, which is classified into secondary themes
such as hazard type, type of bridge, and the main aims of the study. The literature on
buildings and wind turbines contains several studies of multi-hazard vibration control. For
each of these structures, the studies reviewed here are sub-classified into secondary themes
of hazard, type of building/wind turbine, and the type of control device.

2. Risk: Hazard, Exposure, and Vulnerability

Risk related to disasters (disaster risks) can include loss of lives, disrupted economy,
damages to the environment, etc. Risk is linked to the combination of hazard, physical
exposure, and vulnerability of the infrastructure. The roles of each of these factors are
briefly reviewed in the following sections.

2.1. Hazard

The definition of “hazard” in a broader sense is “any external or internal process or
event that might degrade the performance of the system on hand” [12]. The United Nations
General Assembly [24] defines hazard as “a process, phenomenon or human activity that
may cause loss of life, injury or other health impacts, property damage, social and economic
disruption or environmental degradation”.

Natural events, such as storms, earthquakes, or floods, are well-known hazards with
widespread potential to turn into disasters. While these events are mostly sudden and
occur in a relatively short time window, slower processes, such as fatigue, corrosion, ageing,
etc., can also impact structural performance over their life span.

Among the three elements that constitute disaster risk, hazard is the one that is mostly
beyond human control. Nevertheless, a proper understanding of the occurrence frequency,
spatio-temporal distribution, and intensity of the hazard is important for disaster risk
reduction. Recent advances in sensing technology: data collection, processing, storage,
sharing capabilities; and modelling /computational tools have improved our understanding
how different hazards affect civil engineering structures. Hazards can be of different types.
For example, they can be natural events, such as earthquakes, or man-made ones, such
as explosions.

Different classifications of hazard have been proposed for multi-hazard studies. For
example, Ettouney and Alampalli [12] discuss the classification of hazards based on Tem-
poral, Frequency, and Newtonian characteristics. Temporal characterization distinguishes
between simultaneous occurrence, segregation in time, and cascading effects. Frequency
characterization distinguishes continuous processes, such as corrosion, from intermittent
processes such as earthquakes. Intermittent processes can be further classified as frequent,
intermediate, or rare. Newtonian characterization is another useful approach for hazard
classification that is generally used in design codes. In design codes, hazards are generally
quantified in terms of loads, such as wind load, earthquake load, etc. The impact of these
loads can be quantified by different metrics, such as stress, deformation, etc., and are
evaluated based on Newtonian mechanics. Such hazards have been termed as Newto-
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nian [12]. Other processes, such as corrosion, wear and tear, fatigue, etc., are termed as
non-Newtonian [12]. Natural hazards can also be classified based on their origin and the
geo-atmospheric processes associated with them, such as

Biophysical (wildfire).

Atmospheric (wind or thunderstorms, lightning, hail, snow, and climate change).
Hydrological (drought and flood).

Shallow Earth Processes (erosion, subsidence and uplift, and mass movement).
Geophysical (volcanic eruption, tsunami, landslide, earthquake, and snow avalanche).

G LN

The idea that a structure needs to resist different types of hazards during its service
life is well-established in civil engineering. For example, design codes and standards have
provisions for different types of actions such as dead load, live load, wind load, seismic
load, etc. Simultaneous occurrence of multiple actions is addressed in design codes through
load combinations. Such recognition of multiple actions and load combinations does not
encompass the real extent of multi-hazard effects and interactions. Multi-hazard generally
refers to the concept where two or more hazards interact through structural performance.
A multi-hazard interaction, for example, can impact risk due to a hazard when a decision
regarding structural exposure and vulnerability against frequency, location, and amplitude
of another hazard is made. For example, a change in design wind load and/or structural
capacity can impact structural vulnerability to earthquake forces. Multi-hazard interactions
may result in common or conflicting design solutions. For example, provision of structural
ductility is beneficial for both blast and seismic loads.

Padgett and Kameshwar [25] present a comprehensive classification of multi-hazard
combinations for bridges. Although their classification was intended for bridges, it can be
generalized for most civil engineering structures, as is presented in Figure 4. Classifica-
tion of hazard, according to Figure 4, helps to understand potential interactions between
different hazards through their effects on structures.

(2) Based on Influence

(1) Based on Hazard . (3) Based on Influence
Occurrence on Degeglrécl;l{z;:meter on Fragility and Risk
( | N\ | )
Non-concurrent Hazards, probability Competing Hazards; is such a Amplifving Hazards. this h
— of simultaneous occurrence is low, combination of hazards that have mplifying Hazards, this happens

when one hazard increases the

i i dissenting influence in the design o :
like hurricanes and earthquakes. of structugres. [ ep——" Whigle vulnerability of structre during
- ~/ | low column height is desirable in a another hazard, For example,

corrosion lead damage can reduce
seismic performance of structures.

bridge subjected to ground motion,
taller columns are favorable aganist
Concurrent Hazards, probability of wave and surge loads (Kameshwar

— simultaneous occurrence is high, like and Padgett, 2014). - J
seismic and truck loads. \_ J Ve ™\
~ | Diminishing Hazards, this happens
( ) Complementary Hazards; is a when a hazard reduces the impact of
combination of hazards where | | other hazards. For example, truck
Cascading Hazards, which can be mitigation aganist one leads to loads in a bridge can, under certain
— the cause of other hazards, like | | favorable performance aganist situations, improve its seismic
seismic excitation may cause the fire. others. For example, increasing performance.
structural ductility for seismic risk
& J mitigation is beneficial during - J

impact loading.

-

Figure 4. Classification of multi-hazard combinations [26] (modified from Padgett and Kameshwar [25]).

Multi-hazard consideration is important for structural safety and reliability. Duthinh
and Simiu [27] present an interesting point regarding the traditional practice of treating
different hazards independently and designing structural components based on the more
demanding hazards. Taking an example of wind and earthquakes, they show that the ASCE
Standard 7 provisions are not risk-consistent in the sense that, in regions affected by both
strong wind and earthquakes, risks of exceedance of limit states can be up to twice as high
as those in regions where only one of these hazards dominates. Kappes et al. [28] discuss
the challenges of analyzing multi-hazard risk and existing frameworks to address those
challenges. Zaghi et al. [29] presents the limitations of modern design codes in adequately
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addressing multi-hazard risk and emphasizing the need for common nomenclature for
multi-hazard design. They also mention several problems and challenges in the multi-
hazard design of structures. Different aspects of multi-hazard approaches, to mitigate risk
to civil engineering infrastructure, are further discussed in Gardoni and Lafave [30]. The
implications of considering potential multi-hazard effects in the life cycle cost analysis of an
infrastructure is addressed by Jalayer et al. [31] and Fereshtehnejad and Shafieezadeh [32].

2.2. Exposure, Multi-Hazard Mapping and Planning

In the context of disaster risk, the UNDRR (United Nations Office for Disaster Risk
Reduction) defines exposure as “the situation of people, infrastructure, housing, production
capacities and other tangible human assets located in hazard-prone areas” [33]. Exposure
is a necessary factor for disaster risk. Exposure is one of the risk determinants that can be
controlled, to some extent, by proper planning. Such decisions are, however, not feasible in
cases of existing risk: for example, large cities already built-in hazardous space. Reducing
exposure to multi-hazards is more challenging than if only a single hazard is considered.
Urban planning, land-use policy-making, environmental protection decisions, etc., need to
rely on, and benefit from, multi-hazard considerations.

Local and regional scale mapping of different types of hazards is essential in multi-
hazard considerations when analyzing exposure. Although significant advancements have
been made in mapping individual hazards, mapping multi-hazard is challenging due to
the differences in their physical phenomena, measures of frequency/amplitude, impact on
structures, etc.

Barua et al. [34] present a multi-hazard map for different districts of Bangladesh based
on local historical disaster database and comparison of scenario hazard scales with those in
other countries. Their study includes earthquakes, tornadoes, floods, and cyclones, which
are combined through a weighing scheme. Pourghasemi et al. [35] present multi-hazard
mapping of Fars Province in southern Iran. They consider floods, fires, and landslides.
They test two different machine learning algorithms in predicting distribution of these
hazards based on historical data, and make use of different conditioning factors such as
aspect, elevation, drainage, annual mean rainfall, etc. They highlight the importance of
multi-hazard mapping in land-use planning, sustainable development, and watershed
management in the study region. A similar study for the western region of Iran is presented
in Pourghasemi et al. [36].

For multi-hazard mapping of relatively small areas, the Analytical Hierarchy Process
(AHP) has been proposed as a suitable method (see, for example, [3]). It is a class of Multi-
Criteria Decision Analysis (MCA) and relies on the connection between influencing factors
and hazards rather than statistics from historical databases. In this sense, the method is
subjective in assigning intensities and weights of different hazards. Some examples of AHP
application in multi-hazard mapping can be found in Bathrellos et al. [3], Karaman [37],
and Khatakho et al. [5].

2.3. Vulnerability and Risk

Vulnerability lies within the characteristics or properties of the elements (structures) at
risk, making them susceptible to impacts of hazards. The UNGA [24] defines vulnerability
as “the conditions determined by physical, social, economic and environmental factors or
processes which increase the susceptibility of an individual, a community, assets or systems
to the impacts of hazards”. The concept of vulnerability is used in a broad sense and with
different meanings in different fields. Vulnerability is the risk determinant that is the most
feasible one to manage/control/reduce through human action or interference. Vulnerability
reduction is, therefore, one of the most effective forms of risk reduction. However, the quan-
tification of vulnerability of civil engineering structures even to individual hazards, such as
earthquakes, is a challenging task with many uncertainties (see, for example, [38—40]). In
a multi-hazard scenario, the overall vulnerability can be different from the vulnerability
to a single hazard, which makes the definition of vulnerability especially challenging. Its
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complexity is due to the variations in structural material types, geometries, environments,
exposure to hazards, usage, age, maintenance, and many other factors. Quantification of
structural vulnerability to different types of hazards is a popular and growing research field.
Structural vulnerability is mostly expressed in terms of fragility or vulnerability curves,
which quantify, in a probabilistic sense, the chance of exceeding undesired states of damage
conditioned to a given intensity of hazard. On a larger geographical scale, vulnerability clas-
sification of structures relies on general information about the structures, their usage, and
exposure to hazards. Such classifications are commonly used for buildings. This method
of vulnerability assessment was used by Nassirpour et al. [41] to rank school infrastruc-
ture in the Philippines, considering flood, wind, and earthquake hazards. A vulnerability
assessment methodology for building, subjected to both single and multi-hazards, was
presented by Schwarz et al. [42]. By following the principles of the European Macroseismic
Scale 1998 (EMS-98, [43]), they developed vulnerability tables for different hazards (wind,
flood, and earthquake). A framework to create multi-dimensional vulnerability models
from vulnerability tables was also presented and applied in a few test cities in Germany.
Gautam and Dong [44] present multi-hazard damage to structures in central Nepal caused
by the 2015 Gorkha Earthquake and the 2017 Chhatiune Khola flash flood. A conceptual
model for multi-hazard assessment of the vulnerability of historic buildings is presented by
Ayala et al. [45] (2006) with an example application considering English parish churches. A
comprehensive review of single and multi-hazard vulnerability and risk in historic urban
areas is presented by Julia and Ferreira [46]. They also present interesting examples of the
use of multi-hazard risk analysis in historic urban areas.

An interesting methodology for the risk evaluation of offshore structures subjected
to ocean waves, wind, and ground motion is proposed by Bhartia and Vanmarcke [47].
They consider failure probabilities under short-term loads, as well as overall risks, due
to loads of different intensities. Their results show that limit states (of failure), structural
characteristics, as well as features of different types of loads interact in a complex way,
controlling the relative importance of different hazards. Aggravating effects in a multi-
hazard scenario are clearly demonstrated in their case-study example of ambient (ever-
present wind over the sea) and seismic loads. An outline for identification of different
hazards and subsequent risk assessment has been introduced by the United States Federal
Emergency Management Agency, 1997, [48]. Ciurean et al. [49] present a comprehensive
report of recent developments in multi-hazard processes and risks related to research,
policy, and industry.

3. Vibration Control of Structures

Most of the structural damage caused by natural forces can be attributed to excessive
vibrations. For static loads, vulnerability reduction can be achieved at the design stage
by increasing stiffness and/or strength of structural elements. For existing structures,
retrofitting strategies also aim to improve strength and/or stiffness of the structural ele-
ments. Similar strategies can also be used for dynamic forces such as wind and earthquakes,
but newer and potentially more cost-effective solutions emerging in the scientific research
are percolating to practical applications. These new solutions are not necessarily about
increasing structural stiffness and/or strength. They fundamentally rely on changing
the dynamic properties of the structures to make them less vulnerable to natural forces.
This can, contrary to retrofitting in the traditional sense, even make the overall structure
more flexible. A notable example is the well-established base-isolation technology for
reducing earthquake-induced vibrations of buildings and bridges. Vibration reduction,
also known as vibration control, makes use of different types of devices installed on the
structure to reduce vibrations caused by different types of forces. While base-isolation,
supplemental damping, and bracing systems to increase lateral stiffness and ductility have
been researched and used for a long time, newer control strategies that rely mainly on
dynamic devices installed on the primary structure are emerging. Depending on their
mode of operation and need for external energy and/or internal feedback mechanism,
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vibration control devices can be broadly classified as passive, active, semi-active, or hybrid
systems. The following list gives a few examples of these different types of control systems

1.  Passive: energy dissipation, base isolation, tuned mass dampers (TMD), and tuned
liquid dampers.

2. Active: adaptive control, active bracing, and active mass damping.

3. Semi-active: semi-active energy dissipation, semi-active isolation, and semi-active
mass damping.

4. Hybrid: hybrid bracing and hybrid mass damping.

Detailed definitions and the basic theory behind these different classes of structural
control devices can be found in the seminal work of Housner et al. [50]. Most of these
control concepts have been extensively investigated, and many of these systems are already
installed in different types of structures.

Passive control devices are the ones most frequently used, as they don’t require
external energy supply. Tuned mass dampers (TMDs), fluid viscous dampers (FVD),
tuned liquid dampers (TLD), and seismic base isolation (BI) are the most popular passive
control systems.

An early state-of-the art review of seismically base isolated buildings is presented
by Kelly [51], Buckle and Mayes [52], and Jangid and Datta [17]. They discuss different
types of base isolation systems and summarize findings of the contemporary literature
about their performance in seismic response control in addition to presenting a parametric
study of crucial design parameters for optimal reduction in seismic performance. Patil and
Reddy [19] present a state-of-the-art review of base isolation systems in seismic response
mitigation. They focus on design code provisions for isolated structures and discuss effects
of soft-soil and near-fault ground motions. Kunde and Jangid [18] present a state-of-the art
review of seismically isolated bridges and identify some knowledge gaps in the contem-
porary literature. Soong and Spencer [21] discuss different types of supplemental energy
dissipation systems, including passive and active dampers for structural control. They pro-
vide an informative timeline of the development of these control technologies and describe
the state-of-the-art review in the context of seismic-resistant design and the retrofitting of
structures. A review on the behavior of structures with passive control systems exposed to
seismic loads is presented by Buckle [52]. This study discusses the advantages of passive
systems in a seismic design and provides several examples of their successful applications.
It also highlights limitations of passive control, considering uncertainties in seismic forces
and limit states induced by unexpectedly demanding events, and points towards the need
for better practical guidelines in their design and implementation.

A comprehensive review on the response control of structures by TMDs is reported
by Elias and Matsagar [22]. They review different configurations of dampers, involving
one or more tuned masses, installed at different locations of the structure. They report
that the findings in the literature support effectiveness of TMDs in reducing wind and
earthquake-induced vibrations of certain types of structures. They also identify potential
obstacles, such as robustness and reliability, across different levels of loading, especially
those that exceed the yield limit, causing inelastic deformations in the structure.

A state-of-the-art review of different types of structural control systems was presented
by Saeed et al. [53]. Their review includes different control technologies that can be classified
as active, semi-active, passive, or hybrid. They conclude that control systems have a huge
potential and importance in modern structures.

Symans and Constantinou [54] present a detailed review of semi-active control systems
for the seismic protection of structures and conclude that different solutions, such as
stiffness control devices, electrorheological dampers, friction control dampers, fluid viscous
dampers, etc., have the potential of practical feasibility in full-scale structures. Spencer and
Nagarajaiah [55] also report on the state of the art of semi-active technologies for structural
vibration control. They report that smart damping devices, such as Magnetorheological
(MR) dampers, appear to combine desirable features of both passive and active control
solutions, and they offer a viable control solution against wind and earthquake forces.
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The literature on control of structures against wind or seismic forces is vast. As
explained above, the state-of-the-art and recent findings, in the structural control of different
kinds, have been presented in many works. As an example, one of the first comprehensive
state-of-the-art reviews of structural control systems was published more than two decades
ago by Housner et al. [50]. Although performance of different control schemes in a single
hazard scenario, such as wind or an earthquake, is well-known and summarized in many
works, structural control in multi-hazard scenario is an emerging field of research. While
some interesting research has been published in this field, there is a lack of an overview of
the state-of-the-art, ongoing progress, and future directions. Most of the literature in this
regard is on seismic and /or wind-induced response reduction in bridges, buildings, and
wind turbines. These topics are dealt with separately in the following sections.

4. Multi-Hazard Assessment and Control of Bridges

Bridges are lifelines of modern society. They are vulnerable to different hazards, as
evidenced by several failures in the past. On 19 August 2016, a suspension railway bridge
in Tolten-Chile collapsed due to train-induced vibrations [56]. On 29 August, during hurri-
cane Katrina, the Twin Spans Bridge connecting New Orleans to Slidell, Louisiana, United
States, suffered extensive damage [57]. On 21 July 2003, Kinzua Bridge in Pennsylvania,
United States, was hit by a tornado with 100 mph (45 m/s) winds and collapsed [58].
On 14 January 2003, Sgt. Aubrey Cosens VC Memorial Bridge in Ontario, Canada col-
lapsed [59] due to fatigue-induced failure of the steel hanger rods supporting the deck. On
17 January 1995, a bridge on Hanshin Expressway in Kobe, Japan collapsed during the
Kobe Earthquake [60]. During the Loma Prieta earthquake in 1989, two famous bridges
(Cypress Street Viaduct and San Francisco—QOakland Bay Bridge) in California, USA were
heavily damaged [61,62]. The collapse of these two bridges killed forty-one persons.

Safety and reliability of bridges are controlled by a diverse set of factors related to the
structural form, function, maintenance, and the hazards they are exposed to. Multi-hazard
consideration is, therefore, emerging as an important topic in bridge design and safety
assessment. Some of the recent advancements in this field are discussed in the following.

4.1. Multi-Hazard Assessment of Bridges

To understand the consequences of multi-hazard effects on the safety /reliability of
bridges, a wide range of experimental and analytical studies have been conducted and
reported in the literature. One of the most studied scenarios is the interaction of earth-
quakes with other actions: for example, traffic-load. The interaction between these hazards,
when they occur concurrently, can be amplifying or diminishing (see, for example, [63,64]).
Cascading effects might also be observed when bridges, partly damaged by earthquakes,
are exposed to traffic (see, for example, [65,66]). Ground shaking and liquefaction induced
by earthquakes can have complex interactions in bridge response, both amplifying and
diminishing (see, for example, [67,68]). Another multi-hazard scenario for bridges is the
simultaneous occurrence of high waves and hurricane surge (see, for example, [69-73]).
Another scenario is foundation scour due to floods, which may increase the seismic vulner-
ability of bridges [74-81].

Aging and corrosion of bridge elements causes structural deterioration that can amplify
the effect of other hazards, such as earthquakes or wind forces. The effect of deterioration
caused by seismic and traffic loads on a reinforced concrete bridge is addressed by Deco
and Frangopol [82], Choe et al. [83], Kumar et al. [84], Choe et al. [85], Gardoni and
Rosowsky [86], Choine et al. [87], Rokneddin et al. [88], and Biondini et al. [89]. Long-span
bridges are especially sensitive to wind forces, but they can also be affected by seismic
excitation. A framework for the assessment of vulnerability of long-span bridges subjected
to multi-hazards (seismic and wind excitation) is presented by Martin et al. [90]. A summary
of recent advances in wind effects on long-span bridges, with a multi-hazard perspective,
is presented in Chen et al. [91]. Studies on the multi-hazard effects and performance of
bridges is summarized in Table 1.
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Table 1. A summary of published works on bridges subjected to multi-hazard.

Type of

Reference
Hazards

Type of Bridge
Structure

Aims

Main Contribution/Conclusion

Multi-Hazard in General

A general theory and application

Ettouney et al. [10] lefere_n ttype Theoretical formulation to structl%ral ar}alysm, design, life
of bridges cycle costing, risk assessment, and
health monitoring
Earthquake and Wind
Martina et al. [90] suspension bridges Fragility analysis Fragility surfaces for bridges exposed

to multiple extreme events

Earthquake and Corrosion

Choe et al. [85],

RC bridges

Fragility assessment

Fragility increment functions of
corroding bridge columns and their
application in life cycle cost and
risk analysis

Choe et al. [83]

RC bridges

Fragility assessment

Probabilistic models of seismic
demand and fragility of corroding
bridges, and their application in
reliability analysis

Kumar et al. [84]

RC bridges

Life-cycle cost
assessment

Probabilistic model of life cycle cost
considering cumulative damage, case
studies highlighting dominance of
cumulative seismic damage in
reducing reliability

Gardoni and
Rosowsky [86]

RC bridges

Fragility assessment

Fragility increment functions and an
example application

Ghosh and Padgett [92]

Multi-span continuous
highway bridges,

Fragility assessment

Time-dependent seismic fragility
curves considering ageing
and deterioration

Simon et al. [93]

RC bridges

Fragility assessment

Losses in strength and stiffness due
to corrosion have marginal effects
on seismic fragilities of the
case-study bridge

Alipour, et al. [94]

Highway RC bridges

Fragility assessment

Time-dependent fragility models, and
life cycle cost assessment

Ghosh and Padgett [95]

Highway RC bridges

Loss assessment

Probabilistic framework for loss
assessment using component-level
cost estimates, case studies
highlighting the impacts
of deterioration

Sung and Su [96]

RC bridge columns

Capacity, fragility, and
loss estimation

Capacity models of deteriorated
columns and resulting
time-dependent fragility curves

Zhong et al. [97]

RC bridges

Fragility assessment

Component and system level fragility
curves, and a case study application

Ou et al. [98]

RC bridges

Long-term
performance
assessment

Case studies of several bridges
highlighting the need to increase
design PGA to ensure adequate
performance through the design life
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Table 1. Cont.

Type of

Type of Bridge

Reference Aims Main Contribution/Conclusion
Hazards Structure
Time-dependent fragility models of
selected bridge classes, and an
. . A algorithm for reliability assessment,
Rokneddin et al. [88] RC bridges Reliability assessment case studies highlight the need for
accounting network-level importance
in retrofit programs
Modelling spatial variability of rebar
. . R corrosion using X-ray, and a
Akiyama and RC bridges Life cycle reliability computational framework to
Frangopol [99] assessment . . .
incorporate corrosion hazard in
seismic reliability
Probabilistic modelling of capacities of
. .. . Life cycle performance  corroding critical sections, case study
Biondini etal. [89] RC bridges assessment highlighting undesirable effect of
corrosion in seismic performance
Modelling impact of A new Congtltutn./e model for
. . . .. corroded reinforcing steel, and
Ni et al. [100] RC bridges corrosion on seismic . .
fragility curves at various
performance T
time intervals
Study of realistic Frameworlf for seismic life cycle costs
corrosion models and from generic corrosion measures, case
Shekhar et al. [101] Highway bridges .. study demonstrating relevance of
their impacts on L -
. pitting versus uniform
life-cycle cost. .
corrosion model
Assessment of A methodology for seismic fragility
time-dependent assessment incorporating pitting
Ghosh and Sood [102] Highway bridges capacities and more corrosion models and tan}e—depen@ent
realistic degradation capacity models, predictive equations
models in for seismic reliability assessment over
seismic fragility the service life
. . Models to estimate steel weight loss at
Incorporation of spatial . . . .
. critical sections using spatially
. distribution of . . .
Thanapol et al. [103] RC bridges . variable corrosion images using X-ray
corrosion in seismic . .
e technology, followed by an illustrative
reliability assessment
case study
Framework for seismic vulnerability
Rao et al. [104] RC bridges Fragility assessment assessment of deteriorating
RC columns
Alipour and . . Network resilience Computatlone}l framewor.k for risk
. Highway bridges assessment which emphasis on effect
Shafei [105] assessment . . -
of ageing in seismic resilience
Methodology to estimate bridge
Ghosh et al. [106], Highway bridge Network reliability fragilities using Qeterloratlon
. . parameters from instrumented
Rokneddin et al. [107], network analysis . .
bridges in the network, and an
example application
Earthquake and Floods
. A framework for time-variant loss and
Dong and Hi . Life-cycle performance o
ighway bridges resilience assessment, and effect of
Frangopol [78] assessment

climate change
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Table 1. Cont.

Type of

Reference
Hazards

Type of Bridge
Structure

Aims

Main Contribution/Conclusion

Earthquake, Floods, and Ground-Failures

Gehl and D’Ayala [108]

RC bridges

Fragility assessment

A Bayesian Networks based
fragility surfaces

Earthquake and Scour

Estimation of

. Risk-consistent load factors based on
Wang etal. [109] RC bridge load factors case studies
Bridge with pile Performance Experimental ev1.dence for eff.ects of
Wang et al. [77] . scour depth on failure mechanisms of
foundation assessment . .
piers and piles
tisrtrtle(i}:{e()fetr}ll(:eleer{iesccto?lfr Fragility surfaces and time-dependent
Guo etal. [110] RC bridges P . loss estimates with two case
hazard on seismic tudy brid
vulnerability Stay ges
Investigation of
Alipour et al. [111] RC bridges scour—load.m041f1c?t10n Rellabll'lty—based load and
factors in seismic resistance factors
assessment
Yilmaz [112] Highway bridges Risk and reliability Framework for .rlsk assessrpent and
assessment uncertainty analysis
Chandrasekaran and . . - An approach for retrofit op.t1mlzat10n,
. RC Bridge Optimal retrofitting case study results showing that
Banerjee [113] . . .
column jacketing is effective
A framework for lifecycle assessment,
Guo and Chen [114] RC bridges Lifecycle assessment case study highlighting the need for a
time-sensitive assessment
Han et al. [74] High-rise pile cap Performance Seismic capacity of foundation is
' foundation assessment significantly affected by scour depth
Earthquake, Scour, and Corrosion
o A framework for time-varying
Dong et al. [115] RC bridges Sustainability sustainability, and an
assessment . . ..
illustrative application
Asadi et al. [116] RC bridge Performance A framework for performance
assessment

assessment and life cycle cost analysis

Earthquake, Scour, Corrosion, and Traffic-Load

Deco and
Frangopol [117]

Highway bridges

Risk assessment

Framework for time-varying total risk
and effect of structural redundancy

Earthquake, Scour, Corrosion, Wind, Traffic-Load and Liquefaction

Banerjee et al. [118]

Highway bridges

Review

Summary of state-of-the-art in
different aspects of resilience: loss
assessment, recovery actions,
and maintenance

Earthquakes, Corrosion, Surge, and Wave

Kameshwar, and
Padgett [119]

RC Coastal bridges

Lifecycle risk
assessment and design

Object oriented consequence-based
framework for lifecycle risk
assessment considering
structural deterioration
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Type of Reference Type of Bridge Aims Main Contribution/Conclusion
Hazards Structure
Earthquakes, Wind, Tsunami, Flood, Surge, and Wave
Gidaris et al. [120] Highway bridges Review Summary of the state-of-the art in

fragility and restoration models

Earthquakes, Blast and Fire

Echevarria, et al. [121]

Concrete-filled fiber Experimental Experimentally validated design

reinforced polymer investigation of lightly equations and a formulation for
tube (CFFT) reinforced displacement-based seismic design
bridge columns CFFT columns including fire protection provisions

Earthquake and traffic loads

Sun et al. [122] Bridges in Southeast Study combinations of =~ Probabilistic methodology to combine
' Coastal areas of China  seismic and truck loads earthquake and truck load
Studying effect of Framework for joint fragility
Ghosh et al. [64] Highway bridges traffic loads on assessment, fragility surfaces, and
seismic reliability case study application

Earthquake, Traffics-Load, and Deterioration

Deco and
Frangopol [82]

Probabilistic framework for life cycle
risk assessment of spatially
distributed group of bridges

Life-cycle risk

Bridges in general
assessment

Earthquakes and High water

An analysis of risk metrics,

Nikellis et al. [123] Generic Risk assessment stakeholder perceptions, and impact
on retrofit strategies
Traffic Load and Wind
Chen et al. [91] Long span bridges Review Summary of recent advances.

Wave and Storm Surge

Ataei, and Padgett

Probabilistic approach to global limit

[70] Costal RC bridges Capacity assessment state capacities

Ataei et al. [71]

Development of surrogate models and

Costal RC bridges Fragility assessment uncertainty analysis

4.2. Multi-Hazard Vibration Control of Bridges

Although the literature on multi-hazard vulnerability and the risk assessment of
bridges is vast, retrofitting bridges for multi-hazard protection is an emerging research
topic that is gaining interest. Chandrasekaran and Banerjee [113] consider three different
retrofit strategies to enhance bridge performance under the multi-hazard. Wang et al. [76]
note that increasing foundation stiffness can be more beneficial than increasing foundation
depth in reducing seismic vulnerability of bridges subjected to scour. Sung and Su [96]
use time-dependent fragility curves to estimate the total direct costs of neutralized RC
bridges as a function of ground motion intensity and service time and propose it as a tool to
time retrofit campaigns. Benefits of the base isolation system, as a control/retrofit solution
for increasing the reliability of steel bridges subjected to ground shaking and liquefaction
hazards, is demonstrated in Wang et al. [124].

To the best of our knowledge, multi-hazard considerations in vibration control of
bridges has not been reported in the literature yet.

5. Multi-Hazard Assessment and Vibration Control of Buildings

This section provides a review of studies related to building response to multi-hazard,
with emphasis on wind and seismic forces. Building response to seismic forces is controlled
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by various factors, such as amplitude, duration, and frequency content of ground shaking.
It also depends on the characteristics of the building itself and the underlying soil properties.
Larger earthquakes produce ground motion with more energy at lower frequencies than
smaller earthquakes. Large earthquakes are hazardous to all buildings, particularly to
those that have natural frequencies close to the dominant frequency of ground shaking.
Such a phenomenon has been observed in ground shaking and building response during
past earthquakes (see, for example, [125,126]).

Wind loads contain energy at lower frequencies than seismic ground motions. Low to
mid-rise buildings with relatively low vibration frequencies are therefore more susceptible
to dynamic vibrations caused by seismic forces than those due to wind. Wind forces on
such structures could, nevertheless, have undesired effects on components such as roofs,
windows, chimneys, etc. Damage to light and improperly anchored roofs in low-rise build-
ings during strong wind is, therefore, of concern. In super tall buildings, wind generally
induces stronger displacement response than earthquakes. Seismic loads, however, might
excite higher vibration modes of such structures, resulting in high floor accelerations. This
implies low inter-story drift and, therefore, lower risk of structural damage, but high floor
acceleration can be critical for non-structural components [6,9,127,128]. From a structural
point of view, wind loads are, therefore, critical for flexible structures, while seismic loads
are more demanding on stiff structures. Occupant comfort and safety is another consid-
eration when it comes to the response of buildings to wind and earthquake loads. Large
floor accelerations can cause discomfort to occupants and may pose a safety threat due to
moving objects. Floor accelerations in tall buildings are typically higher during moderate
to strong ground shaking than during strong wind. Strong seismic loading is, however,
typically less frequent than strong wind. From a serviceability point of view, wind action is,
therefore, more critical for occupant comfort. Multi-hazard effects in buildings also need to
be looked at from a life-cycle cost perspective and accumulation of damage due to multiple
events: for example, wind response of a structure partially damaged by an earthquake
or vice versa. Damage accumulation and fatigue due to repeated loading from frequent
actions, such as moderate to strong wind, is also an important consideration.

5.1. Multi-Hazard Assessment of Buildings

Huang [129] provides a comprehensive account of the dynamic responses of high-rise
buildings under multiple hazards. It presents performance assessment methods and case
study investigations using high-rise buildings in Hong Kong. Various factors, such as
seismic source-to-site distance, recurrence periods, ground shaking amplitude, building
height, damping ratios, properties of wind forces, etc., were considered in the analysis. The
results show that seismic loads result in a higher floor acceleration response and lateral
forces but weaker torsional forces and a lower displacement response compared to wind
forces. The height of the buildings was also found to be an important parameter, with wind
response being more sensitive to variation in height than seismic response. The results
also showed that wind response is more strongly influenced by the level of damping of the
building than seismic response.

Chen [127], and Rasigha and Neeladharan [128] report differences in the seismic and
wind responses of mid-rise to high-rise buildings. Aly [6], as well as Aly and Abburu [7]
present the responses of tall buildings subjected to wind and seismic forces. In these
assessments, two tall buildings (76-story and 54-story) were considered for finite element
analysis. They found that ground motions excite higher vibration modes in buildings,
resulting in lower inter-story drift than wind forces, but higher floor accelerations last
for a shorter time. Wind actions are, therefore, critical from an occupant comfort and
serviceability consideration. Tall structures designed for strong wind may possess an
adequate capacity against moderate ground shaking, but they might suffer non-structural
losses due to high floor accelerations. A framework for life-cycle loss estimation, of
non-structural damage in tall buildings under wind and seismic loads, is presented by
Venanzi et al. [9]. Their framework assumes that damaged structures are restored to their
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original condition after each hazardous event. Hazardous events are not simultaneous,
and small maintenance costs are neglected. Their results show that for drift-dependent
damages, wind forces are costlier than seismic forces. Seismic forces are costlier, in terms of
non-structural damage, due to high floor accelerations. These observations are consistent
with results reported in other studies, [6,7]. Antoun [130] studied the performance of
a 74-story building located in Miami to evaluate the expected losses associated with a
multi-hazard (wind and earthquake forces). Performance-based approaches were used for
earthquake, wind, and hurricane forces. Monetary losses corresponding to structural and
non-structural damage, as well as occupant discomfort, was estimated. They report that
losses due to fagade damage are dominant for high probabilities of exceedance, whereas
structural damage becomes dominant at lower probabilities of exceedance.

Zhang et al. [131] proposed a framework for the damage risk assessment of high-rise
buildings exposed to wind and seismic forces acting separately and concurrently. They
used recorded earthquake and wind data, over a period of about 47 years, to estimate
hazard curves for wind and seismic forces as well as copula-based bi-hazard surfaces. They
then performed multi-hazard fragility assessment and estimated damage probabilities for
separate and concurrent hazard models. Their results show that damage probability due to
bi-hazards dominates the total damage probability in most damage states. They highlight
the need for multi-hazard considerations in the design and evaluation of tall structures
subjected to wind and seismic forces. Damage risk assessment and cost-benefit analysis
of mitigation strategies, in residential buildings subjected to hurricane and seismic forces,
are discussed in Li [132], giving a comprehensive overview of factors that are important
in risk assessment, as well as their roles and impacts in hazard mitigation. The risk-cost-
benefit framework, based on life-cycle and scenario-case analyses presented by Li [132],
incorporate probabilistic modelling of hazards, structural fragility, and expected costs
during different service intervals.

Multi-hazard consideration in performance-based engineering and performance-based
design criteria, addressing wind and seismic forces, has been researched extensively in the
literature. Chiu and Chock [133] present one of the first applications of the performance-
based engineering approach in a multi-hazard scenario.

A probabilistic framework, for the multi-hazard risk assessment of reinforced concrete
buildings subjected to seismic and blast loads, is discussed in Asprone et al. [134]. Annual
risk of structural collapse, considering seismic action and progressive collapse due to blast
forces, is formulated in this study. They conclude that the Monte Carlo (MC) simulation is
suitable for calculating probability of progressive collapse, as well as for identifying critical
blast scenarios.

Multi-hazard performance of different structural elements, such as columns, frames,
plates, walls, etc., have been reported by many researchers. Resistance capacity of precast
segmental columns, subjected to impact and cyclic loading, is investigated experimentally
by Zhang et al. [135]. They found that, compared to monolithic columns, segmental
columns (precast segments joined together, often with pre-stressed tendons) possess better
ductility and sustain lower residual drift under cyclic loading. Under impact loading,
segmental columns were found to have better self-centering capacity. They showed that
shear resistance of such columns can be significantly improved by introducing concrete
shear keys, but it comes at some cost related to stress-concentration and potential damage
to concrete segments.

Rachel [136] presents a methodology for the resilience assessment of buildings sub-
jected to seismic, wind, fire, and various post-earthquake scenarios. The results of this study
showed that post-earthquake fire resilience in moment frame buildings is independent of
seismic damage if frame connections are intact. The results also showed that multi-hazard
resilience of moment resisting frame buildings can be improved by strengthening and/or
fire-proofing gravity columns. Shin [137] presents multi-hazard performance evaluation
matrices for retrofitted non-ductile reinforced concrete buildings subjected to seismic and
blast loads.
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Unnikrishnan and Barbato [138] investigated multi-hazard interaction on the perfor-
mance of low-rise wood-frame buildings. Chulahawat and Mahmoud [139] present an
algorithm to optimize building systems, with suspended floor slabs subjected to wind
and seismic hazards, and observe that tall buildings with such systems are effectively
optimized for both wind and seismic forces without a significant trade-off on performance
to individual hazards.

5.2. Multi-Hazard Vibration Control of Buildings

Vibration control of buildings subjected to wind or seismic forces has been extensively
researched. Vibration control of buildings in multi-hazard scenarios is, on the other hand,
not as extensively studied. Some important studies in this area are summarized in Table 2.
Performance assessment of control devices, their optimization, and life-cycle cost analysis
are the main issues that have been addressed in these studies. Wind and earthquake forces
are the most considered hazard in these studies. Most of these studies present traditional
control systems such as passive TMDs, passive energy dissipation devices, viscous fluid
dampers, multiple tuned passive TMDs, etc. Some recent advances in this area include
inerter-based TMDs (Djerouni et al., [140]; Djerouni et al. [141]; Djerouni et al. [142]; Marian
and Giaralis [143]), glass curtain wall TMDs (Bedon and Amadio [144]), and sliding floor
isolators (Chulahwat and Mahmoud [139]; Mahmoud and Chulahwat [145]).

Table 2. A summary of published works on vibration control of the building subjected to multi-hazard.

Reference

Hazards Structure Control System Main Contribution/Conclusion

Cao et al. [146]

A new controller called input

Wind, Blast and 5- and 39-story Semi-active space dependent controller

Earthquake. benchmark buildings friction damper (ISDC) which is more effective
than sliding mode controller.
Mahmoud and Chulahwat [145] . A modified covariance matrix
Wind and 7- and 10-story steel Lo . . . -
and Chulahgat and Farthquak frame buildin Sliding floor isolation. adaptation evolution strategy
Mahmoud [139] arfiquake ame bufidings. (CMA-ES) algorithm
Wind and 16-story steel frame Passive Energy . Methodology f.or OPtlmal
Dogruel and Dargush [147] a1 o life-cycle cost estimation, and
Earthquake building. Dissipation (PED). . . S
optimal design of retrofitting
) Wind and g Multiple Tuned Mass Life-cycle cost-based
Shalom et al. [148] Earthquake 76-storey building. Dampers (MTMDs) optimization framework
Optimal retrofits for earthquakes
. result in undesirable effects on
Roy and Matsagar [149,150] Wind and 9~ 20- and 25‘-st.ory steel PED wind response, and vice versa;
Earthquake frame buildings. . I,
damper performance is sensitive
to site-specific hazard
. Wind and 1 Viscous Fluid VEFDs are effective in
Chapain and Aly [151] Earthquake 76-story building Dampers (VFDs) multi-hazard control
. Optimally placed and tuned
Elias and Matsagar [152] Wind and 76-story Efm(.i TMD TMDs are effective in
Earthquake 20-story building .
multi-hazard control
Wind and MTMDs with equal stiffness are
Elias et al. [153] Farthquake 76-story building MTMDs better than those with
au equal masses.
. Glass curtain walls can be
Bedon and Amadio [144] E:rrlt;%};asl:e ff;:c:gl};i?;iil Glass;st;riiallr%l‘(v/na;ls as utilized as distributed TMD for
& P vibration mitigation
ind and d2 iable Fricti laddi Experimental and analytical
Gong [154] Wind an 5-,9-, and 20-story Variable Friction Cladding evidence demonstrafing
Earthquake buildings Connection (VFCC)

effectiveness of VFCC.

6. Multi-Hazard Assessment and Control of Wind Turbines

The tall and slender geometry of wind turbine towers and the large top mass of the
turbine and the rotors make wind turbines sensitive to both wind and seismic excitation.
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Wind and seismic loading have been the two most common environmental actions con-
sidered for research on the performance assessment of wind turbine towers. For offshore
turbines, wave loading is also an important factor.

6.1. Multi-Hazard Assessment of Wind Turbines

Maryam [155], as well as Maryam and Gardoni [156] highlight the importance of
multi-hazard consideration in site-selection and design of wind turbines. They present a
multi-hazard probabilistic framework to evaluate the structural reliability of offshore wind
turbines. Considering wind and seismic action, their results show that annual probabilities
of failure are higher when seismic action is considered. Comparing two identical wind
turbines, one in the Gulf of Mexico and the other off the coast of California, they conclude
that, although the latter location is more favorable in terms of power production, annual
probabilities of failure are higher due to higher seismicity. Avossa et al. [157] present
a Monte Carlo simulation-based framework for the estimation of multi-hazard fragility
curves of wind turbine structures. They provide an example application of the framework,
to derive failure probabilities of a prototype wind turbine structure, conditioned on wind
velocity and peak ground acceleration for different operational states of the turbine. Their
results show that aerodynamic damping plays an important role in the seismic fragility.
Fragility in an operational state, for seismic action in the fore-aft direction, increases with
wind speed up to the rated wind speed, after which it starts to decrease. When the rotor is
operating at the rated condition or is parked, the probability of failure is larger than 50%
and the peak ground acceleration exceeds about 70% of the acceleration of gravity. Campo
and Estrada [158] present similar conclusions regarding the importance of aerodynamic
damping, stating that, while wind action is more damaging at the operational state, seismic
action can be more threatening when the rotor is parked. Katsanos et al. [159] report, for
a 5 MW offshore wind turbine, that seismic action contributes more than wind and wave
action to structural demands such as base moment and tower-top displacement. They also
report on the fragility of sensitive equipment located in the nacelle, which are found to be
prone to severe damage at moderate ground shaking intensity. Zuo et al. [160] investigated
the fragility of a prototype 5 MW offshore wind turbine structure subjected to aerodynamic
forces and wave loading. They considered different operational states of the rotor and
derived fragility curves for both the supporting tower and the rotor blades. Their results
show that, when the wind speed is between the cut-in and cut-out range, exceedance
probability of the blade failure is much higher than that of the tower failure. They also
highlight the impact of aerodynamic damping in reducing wind-induced vibrations of the
tower. Zuo et al. [161] studied the effect of soil structure interaction (SSI) on the 5 MW
offshore prototype model. Their results show that the fore-aft displacement demand on
the tower is significantly affected by SSI. Asareh et al. [162] investigated the fragility of a
5 MW wind turbine prototype subjected to wind and seismic action. Their results show
that failure due to exceedance of tower-tip displacement and rotation is more likely than
yielding or buckling of the tower.

6.2. Multi-Hazard Vibration Control of Wind Turbines

Vibration control of wind turbine structures, subjected to the combined actions of
wind, waves, and earthquake ground motions, is extensively reported in the literature.
These studies are mostly aimed at the optimization and performance assessment of control
systems. A summary of relevant studies on the vibration control of wind turbine structures
subjected to multi-hazard is presented in Table 3.
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Table 3. A summary of published works on vibration control of wind turbine structures subjected to
multi-hazard.

Reference

Hazard

Structure

Control System

Main Contribution/Conclusion

Xie et al. [163]

Wind and Waves

Offshore, 5 MW,
barge-type floating

TMD on the platform

Modelling of drivetrain dynamics,
optimization of TMD parameters,
simulation results confirm the
importance of drivetrain dynamics and
that TMDs are effective in
vibration suppression

He et al. [164]

Wind and Waves

Offshore, 5 MW,
barge-type floating

TMD in the nacelle

TMD:s are effective in reducing
standard deviation of tower-top
displacements, with upto 50%
reduction for TMD mass ratio of 2%

Stewart and
Lackner [165]

Wind and Waves

Offshore, 5 MW,
monopile

TMD in the nacelle

Misalignment of wind and wave load
significantly increases base moment in
the side-side direction, which can be
reduced by 40% with a TMD

Zhao et al. [166]

Wind, wave
and seismic

Offshore, scaled
model, monopile

TMD in the nacelle

Shake table tests for modal
identification and estimation of
aerodynamic damping, results show
that TMDs are effective in reducing
seismic response, effectiveness
increases with rotation speed of blades

Pendulum tuned

PTMDs are slightly more effective than

Sun and Jahangiri [167] Misaligned vad—wave Offshore, 5 MW, TMD(PTMD) in the two linear TMDs with equivalent mass
and seismic monopile . )
nacelle and their stroke is smaller
Increase in fatigue life due to PTMD is
Sun and Jahangiri [168]  Misaligned wind-wave Offshore, 5 MW, PTMD in the nacelle 50% higher than that due to dual
monopile .
linear TMDs.
PTMD is more robust than dual linear
Sun et al. [169] Mlsahgnef:l w.md-wave Offshore, 5 MW, PTMD in the nacelle TMDs, apd W1th a mass rat1q of 2%
and Seismic load monopile reduction in short-term fatigue
damage is reduced by up to 90%.
TMDI are more effective than TMD but
Offshore, 5 MW, Tune Mass Damper there is a trade-off between fore-aft

Hu et al. [170]

Wind and waves

barge-type floating

Inerter (TMDI) in
the nacelle

load control and device stroke;
performance superior to TMD can be
achieved for comparable device stroke

MTMDs are efficient and robust in

Zuo etal. [171] Wind and Waves Offshore, 5 MW, MTMD reducing the out-of-plane vibration of
’ monopile blades and the tower in parked and
operational conditions.
) Multi-mode control using MTMDs are
Zuo et al. [172] eréi;xl\fazzisnd Off;l:g;(e), E;IEAW’ MTMD more efficient than STMDs in
q p multi-hazard scenarios
] Offshore 5 MW with . .
Hussan et al. [173] Wind, Waves and standard jacket MTMD SSI plays important role in .MTMI?
Earthquake foundation performance, often over-estimates it
Resonant tower vibrations at lower
TMD and Tuned wind speeds are effectively reduced by
Altay et al. [174] Wind and Earthquake Onshore 5 MW Liquid Column TMD.S and T}]:.C}]? S trfans1ent tower
Damper TLCD vibrations at higher wind speeds are
less effectively reduced, only nominal
control of seismic-induced vibrations
Colwell and Basu [175] Wind and Waves Offshore, monopile TLCD TLCDs are effe.c tive mn reduc.mg pfeak
response and increasing fatigue life
Effective in reducing nacelle
. Offshore, 5 MW, Tuned Liquid Column displacement and acceleration
Dezvareh etal. [176] Wind and Waves jacket type Gas Dampers (TLCGD) protecting the tower structure and

acceleration-sensitive nacelle devices
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Table 3. Cont.

Reference Hazard Structure Control System Main Contribution/Conclusion
Nacelle acceleration is better controlled
under wind-wave excitation while
Bargi et al. [177] Wind, Waves and Offshore, 5 MW, Tuned Liquid Column nacelle displacement is better
& ’ Earthquake jacket tupe Gas Dampers (TLCGD)  controlled under seismic load, heavier

devices are more efficient but less
robust against detuning

Wind, Waves and

Offshore, 5 MW,

Semi-active

Semi-active TMDs are more efficient

Sun [178] Earthquake monopile TMD (S-TMD) than passive TMDs
Hemmati and Wind, Waves and Offshore, 5 MW, S_TMD PrOVid? better control th.an
. S-TMD passive TMDs with as much as 4 times
Oterkus [179] Earthquake monopile 1
ower mass
The dampers are efficient in reducing
MR damper-used as strong vibrations and its duration
Rezace and Aly [180] Wind, Wave, Land based and S—TMDpan d with during seismic loading. While
y Earthquake, offshore, 5 MW . displacement control starts early
outer bracing duri . :
uring ground shaking, acceleration
control lags behind by a few seconds
TMD, TLD, VD, A state-of-the-art review for evaluating
Xie and Aly [181] Wind and Earthquake Various A-TMD, S-TMD, the performance of the various types of
and TLCD, control systems
TMD, TLCD VD, and g, e e e the mst
Rezaee and Aly [182] Wind and Waves On-land 5 MW tuned sloshing P -
robust, and that TSDs are effective at a
damper (TSD) . .
wider range of frequencies
VD-SJB is effective and practical in
Scissor-Jack reducing vibrations, seismic-vibration
Zhao et al. [183] Wind and Earthquake On-land, 1.5 MW Braced Viscous reduction in fore-aft direction is lower

Damper (VD-S]B)

in operating condition than in
parked condition

Wind, Waves and

Zuo et al. [184] Various Various State-of-the-art review
Earthquake
Rahman et al. [185] Wind, Waves and Various Various Literature review
Earthquake

7. Concluding Remarks

This work is an attempt to summarize a vast body of research literature on multi-
hazard effects on structures and their vibration mitigation measures. Aspects such as
performance assessment, fragility modelling, life-cycle cost assessment, and vibration
control in a multi-hazard scenario are covered. The main emphasis is on wind and seis-
mic actions on major infrastructure, such as bridges, buildings, and wind turbine towers.
Understanding of multi-hazard scenarios in a probabilistic sense and mapping them out
for engineering design is an evolving field. At a local scale, multi-hazard mapping using
the Analytical Hierarchy Process (AHP) is gaining popularity. Multi-hazard mapping at
regional scales remains a challenging task, demanding more research on unifying frame-
works that standardize and unify existing probabilistic hazard assessment methods used for
different natural actions. Some recent advances in multi-hazard vulnerability of buildings
include multi-dimensional vulnerability modelling. Fragility modelling in a multi-hazard
scenario is still a growing field of knowledge, with many unresolved questions. Some
examples of such unresolved issues relate to: (i) definition of intensity measures of hazards
that might interact with each other, resulting in overall effects that are of different nature
than those due to individual hazards; (ii) definition of joint probabilities of exceedances
of intensities of different types of hazards; (iii) lack of empirical data on actual damage
recorded in multi-hazard scenario, etc.

Multi-hazard assessment of bridges is a widely studied topic. Most studies in this area
focus on seismic loads and corrosion. Other effects, such as wind loads, scour, traffic loads,
etc., in conjunction with seismic loads, have also been reported. Published literature on
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bridges subjected to seismic loads and corrosion focus on the fragility assessment. Multi-
hazard effects in such assessments are generally modelled through fragility increment
functions, damage accumulation, and time-dependent fragility curves. Probabilistic load
and resistance factors, for different hazards affecting bridges, is another widely reported
research theme. In most cases, such fragility models are intended for a life-cycle cost and
risk analysis. While multi-hazard fragility of individual bridges is widely reported, there
are only a few deals with bridge networks. More research is needed in capacity modelling,
risk metrics, stakeholder perceptions, and load combinations.

The literature on multi-hazard effects on buildings is dominated by wind and earth-
quake loads. Performance-based engineering frameworks, progressive damage and col-
lapse modelling, resilience assessment, multi-hazard performance evaluation metrices, etc.,
are some of the recent advances in damage risk and life cycle cost analysis of buildings.
A variety of control systems such as passive TMDs, passive energy dissipation devices,
viscous fluid dampers, multiple tuned passive TMDs, have been investigated in control of
buildings subjected to wind and seismic forces. Some recent advances in this area seem
promising and practically appealing: for example, sliding floor isolators, glass curtain
wall TMDs, and variable friction cladding connections [VFCC]. While the literature on
the vibration control of buildings subjected to wind or seismic action is vast, relatively
few studies have addressed their simultaneous occurrence. More research is needed on
probabilistic treatment of multi-hazard load cases, robustness of control devices against
uncertainties in structural properties, as well as loading the feasibility of control from a
life-cycle perspective.

Seismic and wind forces are the two most considered environmental actions in the
performance assessment and vibration control of wind turbine structures. Wave action, and
effects of wave/wind misalignment in offshore wind turbines is also widely researched.
Multi-hazard probabilistic framework for reliability assessment of offshore wind turbines
is relatively well-established. Monte Carlo simulation-based frameworks for multi-hazard
fragility assessment are recently emerging. For land-based wind turbines, several studies
have highlighted the role of aerodynamic damping in response to combined action of wind
and earthquakes. Most of the published work on vibration control of wind turbines focuses
on structural fragility of the supporting tower. Offshore wind turbines subjected to wind
and waves is the most investigated scenario. The most reported control device is passive
TMD placed on the nacelle, although use of TMD on the platform of a barge-type floating
turbine has also been reported to be effective. Most of the studies conclude that control
devices are effective in reducing multi-hazard fragility. Recent advances in multi-hazard
control of wind turbines include interesting innovations such as braced viscous dampers,
and semi-active control systems. Effect of ground motion variability on control performance
is an area that needs to be studied better. Control performance against impulsive loads
caused by, for example, near-fault ground motions (see, for example, Rupakhety et al. [186];
Elias et al. [187]; Sigurdsson et al. [188], Jami et al. [189]) also need to be investigated better.
In addition, fragility of rotor blades and effects of drivetrain dynamics need more attention.

In most of structural vibration control studies reported in the literature, the structure
is assumed to remain elastic, which may not be realistic in extreme loading conditions.
Inelastic deformations of the structure can result in de-tuning of the control device resulting
in lower performance. Control optimization and performance assessment of yielding struc-
tures subjected to multi-hazard scenarios, as well as damage accumulation due to multiple
hazards occurring over the useful life of a structure, need to be investigated and better un-
derstood to facilitate practical applications of control systems in actual engineering projects.

Author Contributions: M.]J.: Conceptualization, research, literature study, writing, and review; R.R.:
methodology, writing, and review; S.E.: review; B.B.: writing, and review; J.T.S.: writing and review.
All authors have read and agreed to the published version of the manuscript.

Funding: Matin Jami is supported by a doctoral grant from the University of Iceland. RR acknowl-
edges support from the University of Iceland Research Fund.



Appl. Sci. 2022,12, 5118 22 of 28

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Wallemarq, P; Below, R.; McClean, D. UNISDR and CRED Report: Economic Losses, Poverty & Disasters (1998—2017); United Nations
Office for Disaster Risk Reduction: Geneva, Switzerland, 2018; Available online: https://www.cred.be/sites/default/files/
CRED_Economic_Losses_10oct.pdf (accessed on 12 May 2022).

Ravankhah, M.; Schmidt, M.; Will, T. Multi-hazard disaster risk identification for World Cultural Heritage sites in seismic zones.
J. Cult. Herit. Manag. Sustain. Dev. 2017, 7, 272-289. [CrossRef]

Bathrellos, G.D.; Skilodimou, H.D.; Chousianitis, K.; Youssef, A.M.; Pradhan, B. Suitability estimation for urban development
using multi-hazard assessment map. Sci. Total Environ. 2017, 575, 119-134. [CrossRef] [PubMed]

Hicks, A.; Barclay, J.; Chilvers, J.; Armijos, M.T.; Oven, K.; Simmons, P.; Haklay, M. Global mapping of citizen science projects for
disaster risk reduction. Citizen Science: Reducing Risk and Building Resilience to Natural Hazards. Front. Earth Sci. 2020, 7, 226.
[CrossRef]

Khatakho, R.; Gautam, D.; Aryal, K.R.; Pandey, V.P; Rupakhety, R.; Lamichhane, S.; Liu, Y.C.; Abdouli, K.; Talchabhadel, R.;
Adhikari, R. Multi-hazard risk assessment of Kathmandu Valley, Nepal. Sustainability 2021, 13, 5369. [CrossRef]

Aly, A.M. Design of buildings for wind and earthquake. In Proceedings of the World Congress on Advances in Civil, Environ-
mental, and Materials Research (ACEM'14), Busan, Korea, 24-28 August 2014.

Aly, AM.; Abburu, S. On the design of high-rise buildings for multihazard: Fundamental differences between wind and
earthquake demand. Shock. Vib. 2015, 2015, 148681. [CrossRef]

Indirli, M.; Valpreda, E.; Panza, G.; Romanelli, F.; Lanzoni, L.; Teston, S.; Rossi, G. Natural multi-hazard and building vulnerability
assessment in the historical centers: The examples of San Giuliano di Puglia (Italy) and Valparaiso (Chile). In Proceedings of the
7th European Commission Conference “SAUVEUR”, Heritage, Prague, 31 May 2006.

Venanzi, I.; Lavan, O.; Ierimonti, L.; Fabrizi, S. Multi-hazard loss analysis of tall buildings under wind and seismic loads. Struct.
Infrastruct. Eng. 2018, 14, 1295-1311. [CrossRef]

Ettouney, M.M.; Alampalliz, S.; Agrawal, A.K. Theory of multihazards for bridge structures. Bridge Struct. 2005, 1, 281-291.
[CrossRef]

Garcia, H.J. . Multi-Hazard Risk Assessment: An Interdependency Approach. Ph.D. Thesis, The University of British Columbia,
Vancouver, BC, Canada, 2010.

Ettouney, M.M.; Alampalli, S. Multihazard Considerations in Civil Infrastructure; Taylor & Francis Group: Abingdon, UK, 2017;
IRBS: 9781482208320.

Ardebili, M.A.H.; Saouma, V.E. Single and multi-hazard capacity functions for concrete dams. Soil Dyn. Earthq. Eng. 2017, 101,
234-249. [CrossRef]

Bodda, S.S. Multi-Hazard Risk Assessment of a Flood Defense Structure. Master’s Theses, North Carolina State University,
Raleigh, NC, USA, 2018.

Bessason, B.; Haflidason, E. Recorded and Numerical Strong Motion Response of a Base-Isolated Bridge. Earthq. Spectra 2004, 20,
309-332. [CrossRef]

Jonsson, M.H.; Bessason, B.; Haflidason, E. Earthquake response of a base-isolated bridge subjected to strong near-fault ground
motion. Soil Dyn. Earthq. Eng. 2010, 30, 447-455. [CrossRef]

Jangid, R.S.; Datta, T.K. ; Datta, TK. Seismic behavior of base isolated buildings: A state-of-the art-review. Proc. ICE Struct. Build.
Inst. Civ. Eng. 1995, 110, 186-203. [CrossRef]

Kunde, M.C,; Jangid, R.S. Seismic behavior of isolated bridges: A state-of-the-art review. Electron. J. Struct. Eng. 2003, 3, 140-170.
Patil, S.J.; Reddy, G.R. State of art review—Base isolation systems for structures. Int. . Emerg. Technol. Adv. Eng. 2012, 2, 438-453.
Buckle, I.G. Passive control of structures for seismic loads. In Proceedings of the 12th world conference on earthquake engineering,
Auckland, New Zealand, 30 January—4 February 2000; pp. 2825-2838.

Soong, T.T.; Spencer, B.F. Supplemental energy dissipation: State-of-the-art and state-of-the-practice. Eng. Struct. 2002, 24,
243-259. [CrossRef]

Elias, S.; Matsagar, V. Research developments in vibration control of structures using passive tuned mass dampers. Annu. Rev.
Control 2017, 44, 129-156. [CrossRef]

Henderson, P.; Novak, M. Response of base-isolated buildings to wind loading. Earthq. Eng. Struct. Dyn. 1989, 18, 1201-1217.
[CrossRef]

Available online: https:/ /reliefweb.int/report/world /hazard-definition-and-classification-review (accessed on 12 May 2022).
Padgett, ].E.; Kameshwar, S. Supporting Life Cycle Management of Bridges through Multi-Hazard Reliability and Risk Assessment.
In Multi-Hazard Approaches to Civil Infrastructure Engineering; Springer: Berlin/Heidelberg, Germany, 2016; pp. 41-58.


https://www.cred.be/sites/default/files/CRED_Economic_Losses_10oct.pdf
https://www.cred.be/sites/default/files/CRED_Economic_Losses_10oct.pdf
http://doi.org/10.1108/JCHMSD-09-2015-0032
http://doi.org/10.1016/j.scitotenv.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/27736696
http://doi.org/10.3389/feart.2019.00226
http://doi.org/10.3390/su13105369
http://doi.org/10.1155/2015/148681
http://doi.org/10.1080/15732479.2018.1442482
http://doi.org/10.1080/15732480500275539
http://doi.org/10.1016/j.soildyn.2017.07.009
http://doi.org/10.1193/1.1705656
http://doi.org/10.1016/j.soildyn.2010.01.001
http://doi.org/10.1680/istbu.1995.27599
http://doi.org/10.1016/S0141-0296(01)00092-X
http://doi.org/10.1016/j.arcontrol.2017.09.015
http://doi.org/10.1002/eqe.4290180810
https://reliefweb.int/report/world/hazard-definition-and-classification-review

Appl. Sci. 2022,12, 5118 23 of 28

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

Kameshwar, S.; Padgett, ].E. Multi-hazard risk assessment of highway bridges subjected to earthquake and hurricane hazards.
Eng. Struct. 2014, 78, 154-166. [CrossRef]

Duthinh, D.; Simiu, E. Safety of structures in strong winds and earthquakes: Multihazard considerations. J. Struct. Eng. 2010, 136,
330-333. [CrossRef]

Kappes, M.S.; Keiler, M.; von Elverfeldt, K.; Glade, T. Challenges of analyzing multi-hazard risk: A review. Nat. Hazards 2012, 64,
1925-1958. [CrossRef]

Zaghi, A.E.; Padgett, ].E.; Bruneau, M.; Barbato, M.; Li, Y.; Mitrani-Reiser, J.; McBride, A. Establishing common nomenclature,
characterizing the problem, and identifying future opportunities in multihazard design. J. Struct. Eng. 2016, 142, H2516001.
[CrossRef]

Gardoni, P; LaFave, ].M. Multi-Hazard Approaches to Civil Infrastructure Engineering: Mitigating Risks and Promoting Resilence.
In Multi-Hazard Approaches to Civil Infrastructure Engineering; Springer: Berlin/Heidelberg, Germany, 2016; pp. 3-12.

Jalayer, F.; Asprone, D.; Prota, A.; Manfredi, G. Multi-hazard upgrade decision making for critical infrastructure based on
life-cycle cost criteria. Earthq. Eng. Struct. Dyn. 2011, 40, 1163-1179. [CrossRef]

Fereshtehnejad, E.; Shafieezadeh, A. A multi-type multi-occurrence hazard lifecycle cost analysis framework for infrastructure
management decision making. Eng. Struct. 2018, 167, 504-517. [CrossRef]

Available online: https://www.un-spider.org/risks-and-disasters/disaster-risk-management#:~{}:text=Exposure%?20is %20
defined %20as%20%E2%80%9Cthe, 0f%20assets%20in%20an%20area (accessed on 12 May 2022).

Barua, U.; Akhter, M.S.; Ansary, M. A. District-wise multi-hazard zoning of Bangladesh. Nat. Hazards 2016, 82, 1895-1918. [CrossRef]
Pourghasemi, H.R.; Gayen, A.; Edalat, M.; Zarafshar, M.; Tiefenbacher, ].P. Is multi-hazard mapping effective in assessing natural
hazards and integrated watershed management? Geosci. Front. 2020, 11, 1203-1217. [CrossRef]

Pourghasemi, H.R.; Gayen, A.; Panahi, M.; Rezaie, F.; Blaschke, T. Multi-hazard probability assessment and mapping in Iran.
Sci. Total Environ. 2019, 692, 556-571. [CrossRef]

Karaman, H. Integrated Multi-Hazard Map Creation by Using AHP and GIS. In Recent Advances on Environmental and Life Science;
Geomatics Engineering Department, Istanbul Technical University: Istanbul, Turkey, 2015.

Bessason, B.; Rupakhety, R.; Bjarnason, J.O. Comparison and modelling of building losses in South Iceland caused by different
size earthquakes. . Build. Eng. 2022, 46, 103806. [CrossRef]

Thorvaldsdottir, S.; Bessason, B.; Rupakhety, R. Non-structural earthquake risk management for residential buildings. Ann. Geophys.
2021, 64, SE323. [CrossRef]

Ferreira, M.; Meroni, F.; Azzaro, R.; Musacchio, G.; Rupakhety, R.; Bessason, B.; Thorvaldsdottir, S.; Lopes, M.; Oliveira, C.S.;
Solarino, S. What scientific information on non-structural elements seismic risk people need to know? Part 1: Compiling an
inventory on damage to non-structural elements. Ann. Geophys. 2021. [CrossRef]

Nassirpour, A.; Galasso, C.; D’ayala, D. Multi-hazard physical vulnerability prioritization of school infrastructure in the
Philippines. In Proceedings of the 11th US National Conference on Earthquake Engineering (11NCEE), Los Angeles, CA, USA,
25-29 June 2018; pp. 25-29.

Schwarz, J.; Maiwald, H.; Beinersdorf, S.; Kaufmann, C. Evaluation of the vulnerability of existing building stocks under single
and Multi-Hazard impact. In Proceedings of the 16th European Conference on Earthquake Engineering (ECEE), Thessaloniki,
Greece, 18-21 June 2018.

Griinthal, G.; Musson, R.; Schwarz, J.; Stucchi, M. European Macroseismic Scale 1998; Cahiers du Centre Européen de Geodynamique
et de Seismologie: Luxembourg, 1998; Volume 15.

Gautam, D.; Dong, Y. Multi-hazard vulnerability of structures and lifelines due to the 2015 Gorkha earthquake and 2017 central
Nepal flash flood. . Build. Eng. 2018, 17, 196-201. [CrossRef]

D’Ayala, D.; Copping, A.; Wang, H. A conceptual model for multi-hazard assessment of the vulnerability of historic buildings. In
Proceedings of the Fifth International Conference, Structural Analysis of Historical Constructions: Possibilities of Numerical and
Experimental Techniques, New Delhi, India, 9-11 November 2006; pp. 121-140.

Julia, P.B.; Ferreira, T.M. From single-to multi-hazard vulnerability and risk in Historic Urban Areas: A literature review.
Nat. Hazards 2021, 108, 93-128. [CrossRef]

Bhartia, B.K.; Vanmarcke, E.H. Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure; National Center for Earthquake
Engineering Research: Taipei, Taiwan, 1988; p. 80.

United States Federal Emergency Management Agency. Multi-Hazard Identification and Risk Assessment: The Cornerstone of the
National Mitigation Strategy; Federal Emergency Management Agency: Washington, DC, USA, 1997.

Ciurean, R.; Gill, J.; Reeves, H.J.; O'Grady, S.; Aldridge, T. Review of Multi-Hazard Research and Risk Assessments. 2018.
Available online: https://nora.nerc.ac.uk/id/eprint/524399/ (accessed on 12 May 2022).

Housner, G.W.; Bergman, L.A.; Caughey, T.K.; Chassiakos, A.G.; Claus, R.O.; Masri, S.F,; Skelton, R.E.; Soong, T.T.; Spencer, B.E,;
Yao, J.T. Structural control: Past, present and future. J. Eng. Mech. Am. Soc. Civ. Eng. ASCE 1997, 123, 897-971. [CrossRef]

Kelly, ]. M. Aseismic base isolation: Review and bibliography. Soil Dyn. Earthq. Eng. 1986, 5, 202-216. [CrossRef]

Buckle, I.G.; Mayes, R.L. Seismic isolation: History, application, and performance—A world view. Earthq. Spectra 1990, 6, 161-201.
[CrossRef]

Saeed, T.E.; Nikolakopoulos, G.; Jonasson, J.-E.; Hedlund, H. A state-of-the-art review of structural control systems. J. Vib. Control
2013, 21, 919-937. [CrossRef]


http://doi.org/10.1016/j.engstruct.2014.05.016
http://doi.org/10.1061/(ASCE)ST.1943-541X.0000108
http://doi.org/10.1007/s11069-012-0294-2
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001586
http://doi.org/10.1002/eqe.1081
http://doi.org/10.1016/j.engstruct.2018.04.049
https://www.un-spider.org/risks-and-disasters/disaster-risk-management#:~{}:text=Exposure%20is%20defined%20as%20%E2%80%9Cthe,of%20assets%20in%20an%20area
https://www.un-spider.org/risks-and-disasters/disaster-risk-management#:~{}:text=Exposure%20is%20defined%20as%20%E2%80%9Cthe,of%20assets%20in%20an%20area
http://doi.org/10.1007/s11069-016-2276-2
http://doi.org/10.1016/j.gsf.2019.10.008
http://doi.org/10.1016/j.scitotenv.2019.07.203
http://doi.org/10.1016/j.jobe.2021.103806
http://doi.org/10.4401/ag-8451
http://doi.org/10.4401/ag-8412
http://doi.org/10.1016/j.jobe.2018.02.016
http://doi.org/10.1007/s11069-021-04734-5
https://nora.nerc.ac.uk/id/eprint/524399/
http://doi.org/10.1061/(ASCE)0733-9399(1997)123:9(897)
http://doi.org/10.1016/0267-7261(86)90006-0
http://doi.org/10.1193/1.1585564
http://doi.org/10.1177/1077546313478294

Appl. Sci. 2022,12, 5118 24 of 28

54.

55.

56.
57.

58.

59.
60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

Symans, M.D.; Constantinou, M.C. Semi-active control systems for seismic protection of structures: A state-of-the-art review.
Eng. Struct. 1999, 21, 469—-487. [CrossRef]

Spencer, B.F.; Nagarajaiah, S. State of the art of structural control. J. Struct. Eng. Am. Soc. Civ. Eng. ASCE 2003, 129, 845-856.
[CrossRef]

List of Bridge Failures. Wikipedia. Available online: https:/ /en.wikipedia.org/wiki/List_of_bridge_failures (accessed on 12 May 2022).
Okeil, A.M,; Cai, C.S. Survey of short-and medium-span bridge damage induced by Hurricane Katrina. J. Bridge Eng. 2008, 13,
377-387. [CrossRef]

Leech, T. The collapse of the Kinzua Viaduct: A combination of design oversight and material fatigue left a century-old railroad
bridge vulnerable to an F-1 tornado. Am. Sci. 2005, 93, 348-354. [CrossRef]

Biezma, M.V.; Schanack, F. Collapse of steel bridges. ]. Perform. Constr. Facil. 2007, 21, 398—405. [CrossRef]

Mylonakis, G.; Syngros, C.; Gazetas, G.; Tazoh, T. The role of soil in the collapse of 18 piers of Hanshin Expressway in the Kobe
earthquake. Earthq. Eng. Struct. Dyn. 2006, 35, 547-575. [CrossRef]

Hanks, T.C.; Brady, A.G. The Loma Prieta earthquake, ground motion, and damage in Oakland, Treasure Island, and San
Francisco. Bull. Seismol. Soc. Am. 1991, 81, 2019-2047. [CrossRef]

Nims, D.K. Collapse of the Cypress Street Viaduct as a result of the Loma Prieta Earthquake. No. UCB/EERC-89/16. 1991.
Available online: https://trid.trb.org/view /337611 (accessed on 12 May 2022).

Kartal, H.; Soyluk, K. Dynamic Behaviour of a Cable-Stayed Bridge under Earthquake and Traffic Loads. In Proceedings of the 10th
International Congress on Advances in Civil Engineering, Middle East Technical University, Ankara, Turkey, 17-19 October 2012.
Ghosh, J.; Caprani, C.C.; Padgett, ].E. Influence of traffic loading on the seismic reliability assessment of highway bridge structures.
J. Bridge Eng. 2014, 19, 04013009. [CrossRef]

Franchin, P; Pinto, P.E. Allowing traffic over mainshockdamaged bridges. J. Earthg. Eng. 2009, 13, 585-599. [CrossRef]

Terzi¢, V.; Stojadinovié, B. Traffic Load Capacity of a Bridge Damaged in an Earthquake. 2009. Available online: https:
/ /www.caee.ca/10CCEEpdf/2010EQConf-001221.pdf (accessed on 12 May 2022).

Wang, Z.; Due~nas-Osorio, L.; Padgett, J.E. Seismic response of a bridge-soil-foundation system under the combined effect of
vertical and horizontal ground motions. Earthq. Eng. Struct. Dyn. 2013, 42, 545-564. [CrossRef]

Moshirabadi, S.; Soltani, M.; Maekawa, K. Seismic interaction of underground RC ducts and neighboring bridge piers in
liquefiable soil foundation. Acta Geotech. 2015, 10, 761-780. [CrossRef]

Ataei, N.; Stearns, M.; Padgett, ].E. Response sensitivity for probabilistic damage assessment of coastal bridges under surge and
wave loading. Transportation Research Record. J. Transp. Res. Board 2010, 2202, 93-101. [CrossRef]

Ataei, N.; Padgett, ].E. Limit state capacities for global performance assessment of bridges exposed to hurricane surge and wave.
Struct. Saf. 2013, 41, 73-81. [CrossRef]

Ataei, N.; Padgett, ].E. Fragility surrogate models for coastal bridges in hurricane prone zones. Eng. Struct. 2015, 103, 203-213.
[CrossRef]

Ataei, N.; Padgett, ].E. Influential fluid—structure interaction modelling parameters on the response of bridges vulnerable to
coastal storms. Struct. Infrastruct. Eng. 2015, 11, 321-333. [CrossRef]

Anarde, K.A.; Kameshwar, S.; Irza, J.N.; Nittrouer, J.A.; LorenzoTrueba, J.; Padgett, ].E.; Sebastian, A.; Bedient, P.B. Impacts of
hurricane storm surge on infrastructure vulnerability for an evolving coastal landscape. Nat. Hazards Rev. 2018, 19, 04017020.
[CrossRef]

Han, Z; Ye, A.; Fan, L. Effects of riverbed scour on seismic performance of high-rise pile cap foundation. Earthq. Eng. Eng. Vib.
2010, 9, 533-543. [CrossRef]

Banerjee, S.; Ganesh Prasad, G. Seismic risk assessment of reinforced concrete bridges in flood-prone regions. Struct. Infrastruct.
Eng. 2013, 9, 952-968. [CrossRef]

Wang, Z.; Due~nas-Osorio, L.; Padgett, J.E. Influence of scour effects on the seismic response of reinforced concrete bridges.
Eng. Struct. 2014, 76, 202-214. [CrossRef]

Wang, S.C.; Liu, K.Y.; Chen, C.H.; Chang, K.C. Experimental investigation on seismic behavior of scoured bridge pier with pile
foundation. Earthq. Eng. Struct. Dyn. 2015, 44, 849-864. [CrossRef]

Dong, Y.; Frangopol, D.M. Probabilistic time-dependent multihazard life-cycle assessment and resilience of bridges considering
climate change. J. Perform. Constr. Facil. 2016, 30, 04016034. [CrossRef]

Yilmaz, T.; Banerjee, S. Impact spectrum of flood hazard on seismic vulnerability of bridges. Struct. Eng. Mech. 2018, 66, 515-529.
Yilmaz, T.; Banerjee, S.; Johnson, P.A. Performance of two real-life California bridges under regional natural hazards. |. Bridge Eng.
2016, 21, 04015063. [CrossRef]

Yilmaz, T.; Banerjee, S.; Johnson, P.A. Uncertainty in risk of highway bridges assessed for integrated seismic and flood hazards.
Struct. Infrastruct. Eng. 2018, 14, 1182-1196. [CrossRef]

Deco, A.; Frangopol, D.M. Life-cycle risk assessment of spatially distributed aging bridges under seismic and traffic hazards.
Earthg. Spectra 2013, 29, 127-153. [CrossRef]

Choe, D.E.; Gardoni, P.; Rosowsky, D.; Haukaas, T. Seismic fragility estimates for reinforced concrete bridges subject to corrosion.
Struct. Saf. 2009, 31, 275-283. [CrossRef]

Kumar, R.; Gardoni, P.; Sanchez-Silva, M. Effect of cumulative seismic damage and corrosion on the life-cycle cost of reinforced
concrete bridges. Earthq. Eng. Struct. Dyn. 2009, 38, 887-905. [CrossRef]


http://doi.org/10.1016/S0141-0296(97)00225-3
http://doi.org/10.1061/(ASCE)0733-9445(2003)129:7(845)
https://en.wikipedia.org/wiki/List_of_bridge_failures
http://doi.org/10.1061/(ASCE)1084-0702(2008)13:4(377)
http://doi.org/10.1511/2005.54.971
http://doi.org/10.1061/(ASCE)0887-3828(2007)21:5(398)
http://doi.org/10.1002/eqe.543
http://doi.org/10.1785/BSSA0810052019
https://trid.trb.org/view/337611
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000535
http://doi.org/10.1080/13632460802421326
https://www.caee.ca/10CCEEpdf/2010EQConf-001221.pdf
https://www.caee.ca/10CCEEpdf/2010EQConf-001221.pdf
http://doi.org/10.1002/eqe.2226
http://doi.org/10.1007/s11440-015-0392-x
http://doi.org/10.3141/2202-12
http://doi.org/10.1016/j.strusafe.2012.10.005
http://doi.org/10.1016/j.engstruct.2015.07.002
http://doi.org/10.1080/15732479.2013.879602
http://doi.org/10.1061/(ASCE)NH.1527-6996.0000265
http://doi.org/10.1007/s11803-010-0035-z
http://doi.org/10.1080/15732479.2011.649292
http://doi.org/10.1016/j.engstruct.2014.06.026
http://doi.org/10.1002/eqe.2489
http://doi.org/10.1061/(ASCE)CF.1943-5509.0000883
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000827
http://doi.org/10.1080/15732479.2017.1402065
http://doi.org/10.1193/1.4000094
http://doi.org/10.1016/j.strusafe.2008.10.001
http://doi.org/10.1002/eqe.873

Appl. Sci. 2022,12, 5118 25 of 28

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Choe, D.E.; Gardoni, P.; Rosowsky, D. Fragility increment functions for deteriorating reinforced concrete bridge columns. J. Eng.
Mech. 2010, 136, 969-978. [CrossRef]

Gardoni, P.; Rosowsky, D. Seismic fragility increment functions for deteriorating reinforced concrete bridges. Struct. Infrastruct.
Eng. 2011, 7, 869-879. [CrossRef]

Choine, M.N.; O’Connor, A.; Padgett, J.E. A seismic reliability assessment of reinforced concrete integral bridges subject to
corrosion. Key Eng. Mater. 2013, 569, 366-373. [CrossRef]

Rokneddin, K.; Ghosh, ]J.; Due~nas-Osorio, L.; Padgett, J.E. Bridge retrofit prioritization for ageing transportation networks
subject to seismic hazards. Struct. Infrastruct. Eng. 2013, 9, 1050-1066. [CrossRef]

Biondini, F.; Camnasio, E.; Palermo, A. Lifetime seismic performance of concrete bridges exposed to corrosion. Struct. Infrastruct.
Eng. 2014, 10, 880-900. [CrossRef]

Martin, J.; Alipour, A.; Sarkar, P. Fragility surfaces for multi-hazard analysis of suspension bridges under earthquakes and
microbursts. Eng. Struct. 2019, 197, 109169. [CrossRef]

Chen, S.; Zhou, Y.; Wy, J.; Chen, F.; Hou, G. Research of long-span bridge and traffic system subjected to winds: A system and
multi-hazard perspective. Int. J. Transp. Sci. Technol. 2017, 6, 184-195. [CrossRef]

Ghosh, ]J.; Padgett, ].E. Aging considerations in the development of time-dependent seismic fragility curves. J. Struct. Eng. 2010,
136, 1497-1511. [CrossRef]

Simon, J.; Bracci, ]. M.; Gardoni, P. Seismic response and fragility of deteriorated reinforced concrete bridges. J. Struct. Eng. 2010,
136, 1273-1281. [CrossRef]

Alipour, A.; Shafei, B.; Shinozuka, M. Performance evaluation of deteriorating highway bridges located in high seismic areas.
J. Bridge Eng. 2011, 16, 597-611. [CrossRef]

Ghosh, J.; Padgett, J.E. Probabilistic seismic loss assessment of aging bridges using a component-level cost estimation approach.
Earthg. Eng. Struct. Dyn. 2011, 40, 1743-1761. [CrossRef]

Sung, Y.C.; Su, C.K. Time-dependent seismic fragility curves on optimal retrofitting of neutralised reinforced concrete bridges.
Struct. Infrastruct. Eng. 2011, 7, 797-805. [CrossRef]

Zhong, ].; Gardoni, P.; Rosowsky, D. Seismic fragility estimates for corroding reinforced concrete bridges. Struct. Infrastruct. Eng.
2012, 8, 55-69. [CrossRef]

Ou, Y.C,; Fan, H.D.; Nguyen, N.D. Long-term seismic performance of reinforced concrete bridges under steel reinforcement
corrosion due to chloride attack. Earthq. Eng. Struct. Dyn. 2013, 42, 2113-2127. [CrossRef]

Akiyama, M.; Frangopol, D.M. Long-term seismic performance of RC structures in an aggressive environment: Emphasis on
bridge piers. Struct. Infrastruct. Eng. 2014, 10, 865-879. [CrossRef]

Ni Choine, M.; Kashani, M.M.; Lowes, L.N.; O’Connor, A.; Crewe, A.J.; Alexander, N.A.; Padgett, ].E. Nonlinear dynamic analysis
and seismic fragility assessment of a corrosion damaged integral bridge. Int. J. Struct. Integr. 2016, 7, 227-239. [CrossRef]
Shekhar, S.; Ghosh, J.; Padgett, J.E. Seismic life-cycle cost analysis of ageing highway bridges under chloride exposure conditions:
Modelling and recommendations. Struct. Infrastruct. Eng. 2018, 14, 941-966. [CrossRef]

Ghosh, J.; Sood, P. Consideration of time-evolving capacity distributions and improved degradation models for seismic fragility
assessment of aging highway bridges. Reliab. Eng. Syst. Saf. 2016, 154, 197-218. [CrossRef]

Thanapol, Y.; Akiyama, M.; Frangopol, D.M. Updating the seismic reliability of existing RC structures in a marine environment
by incorporating the spatial steel corrosion distribution: Application to bridge piers. J. Bridge Eng. 2016, 21, 04016031. [CrossRef]
Rao, A.S; Lepech, M.D.; Kiremidjian, A. Development of time-dependent fragility functions for deteriorating reinforced concrete
bridge piers. Struct. Infrastruct. Eng. 2017, 13, 67-83. [CrossRef]

Alipour, A.; Shafei, B. Seismic resilience of transportation networks with deteriorating components. J. Struct. Eng. 2016, 142,
C4015015. [CrossRef]

Ghosh, J.; Rokneddin, K.; Padgett, ].E.; Duefias-Osorio, L. Seismic reliability assessment of aging highway bridge networks with
field instrumentation data and correlated failures, I: Methodology. Earthg. Spectra 2014, 30, 795-817. [CrossRef]

Rokneddin, K.; Ghosh, J.; Due~nas-Osorio, L.; Padgett, ].E. Seismic reliability assessment of aging highway bridge networks with
field instrumentation data and correlated failures, II: Application. Earthq. Spectra 2014, 30, 819-843. [CrossRef]

Gehl, P; D’Ayala, D. Development of Bayesian Networks for the multi-hazard fragility assessment of bridge systems. Struct. Saf.
2016, 60, 37-46. [CrossRef]

Wang, Z.; Padgett, ].E.; Due~nas-Osorio, L. Risk-consistent calibration of load factors for the design of reinforced concrete bridges
under the combined effects of earthquake and scour hazards. Eng. Struct. 2014, 79, 86-95. [CrossRef]

Guo, X.; Wu, Y; Guo, Y. Time-dependent seismic fragility analysis of bridge systems under scour hazard and earthquake loads.
Eng. Struct. 2016, 121, 52-60. [CrossRef]

Alipour, A.; Shafei, B.; Shinozuka, M. Reliability-based calibration of load and resistance factors for design of RC bridges under
multiple extreme events: Scour and earthquake. J. Bridge Eng. 2013, 18, 362-371. [CrossRef]

Yilmaz, T. Risk assessment of highway bridges under multi-hazard effect of flood-induced scour and earthquake. Ph.D. Dissertation,
The Pennsylvania State University, State College, PA, USA, 2015.

Chandrasekaran, S.; Banerjee, S. Retrofit optimization for resilience enhancement of bridges under multihazard scenario. J. Struct.
Eng. 2016, 142, C4015012. [CrossRef]


http://doi.org/10.1061/(ASCE)EM.1943-7889.0000147
http://doi.org/10.1080/15732470903071338
http://doi.org/10.4028/www.scientific.net/KEM.569-570.366
http://doi.org/10.1080/15732479.2011.654230
http://doi.org/10.1080/15732479.2012.761248
http://doi.org/10.1016/j.engstruct.2019.05.011
http://doi.org/10.1016/j.ijtst.2017.07.006
http://doi.org/10.1061/(ASCE)ST.1943-541X.0000260
http://doi.org/10.1061/(ASCE)ST.1943-541X.0000220
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000197
http://doi.org/10.1002/eqe.1114
http://doi.org/10.1080/15732470902989720
http://doi.org/10.1080/15732470903241881
http://doi.org/10.1002/eqe.2316
http://doi.org/10.1080/15732479.2012.761246
http://doi.org/10.1108/IJSI-09-2014-0045
http://doi.org/10.1080/15732479.2018.1437639
http://doi.org/10.1016/j.ress.2016.06.001
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000889
http://doi.org/10.1080/15732479.2016.1198401
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001399
http://doi.org/10.1193/040512EQS155M
http://doi.org/10.1193/040612EQS160M
http://doi.org/10.1016/j.strusafe.2016.01.006
http://doi.org/10.1016/j.engstruct.2014.07.005
http://doi.org/10.1016/j.engstruct.2016.04.038
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000369
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001396

Appl

. Sci. 2022, 12,5118 26 of 28

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

Guo, X.; Chen, Z. Lifecycle multihazard framework for assessing flood scour and earthquake effects on bridge failure. ASCE-ASME
J. Risk Uncertain. Eng. Syst. Part A Civ. Eng. 2016, 2, C4015004. [CrossRef]

Dong, Y.; Frangopol, D.M.; Saydam, D. Time-variant sustainability assessment of seismically vulnerable bridges subjected to
multi-hazard. Earthq. Eng. Struct. Dyn. 2013, 42, 1451-1467. [CrossRef]

Asadi, P; Hamed Ranjkesh, S.; Zeinal Hamedani, A. Life-Cycle Cost Analysis (LCCA) of RC Bridges Subjected to Multi-hazard.
Sci. Iran. 2020, 28, 629-644.

Deco, A.; Frangopol, D.M. Risk assessment of highway bridges under multi-hazard. J. Risk Res. 2011, 14, 1057-1089. [CrossRef]
Banerjee, S.; Vishwanath, B.S.; Devendiran, D.K. Multihazard resilience of highway bridges and bridge networks: A review.
Struct. Infrastruct. Eng. 2019, 15, 1694-1714. [CrossRef]

Kameshwar, S.; Padgett, J.E. Towards risk based multi-hazard resistant design of bridges. ASCE Struct. Congr. 2014, 2014, 2318-2329.
Gidaris, I.; Padgett, J.E.; Barbosa, A.R.; Chen, S.; Cox, D.; Webb, B.; Cerato, A. Multi-hazard fragility and restoration models of
highway bridges for regional risk and resilience assessment in the United States: State-of-the-art review. J. Struct. Eng. 2017, 143,
04016188. [CrossRef]

Echevarria, A.; Zaghi, A.E.; Christenson, R.; Accorsi, M. CFFT bridge columns for multihazard resilience. J. Struct. Eng. 2016, 142,
C4015002. [CrossRef]

Sun, D.; Chen, B.; Sun, B. Study based on bridge health monitoring system on multihazard load combinations of earthquake and
truck loads for bridge design in the southeast coastal areas of China. Shock Vib. 2015, 2015, 829380. [CrossRef]

Nikellis, A.; Sett, K. Multihazard Risk Assessment and Cost—Benefit Analysis of a Bridge-Roadway-Levee System. J. Struct. Eng.
2020, 146, 04020050. [CrossRef]

Wang, Z.; Due~nas-Osorio, L.; Padgett, J.E. Influence of soilstructure interaction and liquefaction on the isolation efficiency of a
typical multispan continuous steel girder bridge. J. Bridge Eng. 2014, 19, A4014001. [CrossRef]

Takewaki, I.; Murakami, S.; Fujita, K.; Yoshitomi, S.; Tsuji, M. The 2011 off the Pacific coast of Tohoku earthquake and response of
high-rise buildings under long-period ground motions. Soil Dyn. Earthq. Eng. 2011, 31, 1511-1528. [CrossRef]

Takewaki, I; Fujita, K.; Yoshitomi, S. Uncertainties in long-period ground motion and its impact on building structural design:
Case study of the 2011 Tohoku (Japan) earthquake. Eng. Struct. 2013, 49, 119-134. [CrossRef]

Chen, E. Multi-Hazard Design of Mid-to High-Rise Structures. Master’s Theses, University of Illinois Urbana-Champaign,
Champaign, IL, USA, 2012.

Rasigha, J.; Neeladharan, C. Design of Structures to Resist Multi-hazard. Int. ]. Innov. Res. Sci. Eng. Technol. 2016, 5, 1-6.
Huang, M. High-Rise Buildings under Multi-Hazard Environment; Springer: Berlin/Heidelberg, Germany, 2017.

Antoun, J.E.K. Multi-Hazard Performance Assessment of High-Rise Buildings. Master’s Theses, Master of Science in Civil
Engineering, The Department of Civil & Environmental Engineering, Louisiana State University, Baton Rouge, LA, USA, 2017.
Zheng, X.W,; Li, HN,; Yang, Y.B.; Li, G.; Huo, L.S.; Liu, Y. Damage risk assessment of a high-rise building against multihazard of
earthquake and strong wind with recorded data. Eng. Struct. 2019, 200, 109697. [CrossRef]

Li, Y.; Asce, M. Assessment of damage risks to residential buildings and cost-benefit of mitigation strategies considering hurricane
and earthquake hazards. . Perform. Constr. Facil. 2012, 26, 7-16. [CrossRef]

Chiu, G.L.F; Chock, G.Y.K. Multihazard performance based objective design for managing natural hazards damage. In Proceed-
ings of the IFAC, Control in Natural Disasters, Tokyo, Japan, 21-22 September 1998.

Asprone, D.; Jalayer, F.; Prota, A.; Manfredi, G. Proposal of a probabilistic model for multi-hazard risk assessment of structures in
seismic zones subjected to blast for the limit state of collapse. Struct. Saf. 2010, 32, 25-34. [CrossRef]

Zhang, X.; Hao, H.; Li, C. Multi-hazard resistance capacity of precast segmental columns under impact and cyclic loading. Int. J.
Prot. Struct. 2018, 9, 24-43. [CrossRef]

Chicchi, R.A. Multi-Hazard Resilience of Steel MFR Buildings. Ph.D. Dissertation, Purdue University, West Lafayette, IN, USA, 2017.
Shin, J. Multi-Hazard Performance Criteria for Non-Ductile Reinforced Concrete Frame Buildings Retrofitted with an FRP
Column Jacketing System. Ph.D. Dissertation, Georgia Institute of Technology, Atlanta, GA, USA, 2017.

Unnikrishnan, V.U.; Barbato, M. Multihazard interaction effects on the performance of low-rise wood-frame housing in hurricane-
prone regions. . Struct. Eng. 2017, 143, 04017076. [CrossRef]

Chulahwat, A.; Mahmoud, H. A combinatorial optimization approach for multi-hazard design of building systems with
suspended floor slabs under wind and seismic hazards. Eng. Struct. 2017, 137, 268-284. [CrossRef]

Djerouni, S.; Elias, S.; Abdeddaim, M.; Rupakhety, R. Optimal design and performance assessment of multiple tuned mass
damper inerters to mitigate seismic pounding of adjacent buildings. J. Build. Eng. 2022, 48, 103994. [CrossRef]

Djerouni, S.; Abdeddaim, M.; Elias, S.; Rupakhety, R. Optimum double mass tuned damper inerter for control of structure
subjected to ground motions. J. Build. Eng. 2021, 44, 103259. [CrossRef]

Djerouni, S.; Ounis, A.; Elias, S.; Abdeddaim, M.; Rupakhety, R. Optimization and performance assessment of tuned mass damper
inerter systems for control of buildings subjected to pulse-like ground motions. Structures 2022, 38, 139-156. [CrossRef]

Marian, L.; Giaralis, A. Optimal design of a novel tuned mass-damper-inerter (TMDI) passive vibration control configuration for
stochastically support-excited structural systems. Probabilistic Eng. Mech. 2014, 38, 156-164. [CrossRef]

Bedon, C.; Amadio, C. Numerical assessment of vibration control systems for multi-hazard design and mitigation of glass curtain
walls. J. Build. Eng. 2018, 15, 1-13. [CrossRef]


http://doi.org/10.1061/AJRUA6.0000844
http://doi.org/10.1002/eqe.2281
http://doi.org/10.1080/13669877.2011.571789
http://doi.org/10.1080/15732479.2019.1648526
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001672
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001292
http://doi.org/10.1155/2015/829380
http://doi.org/10.1061/(ASCE)ST.1943-541X.0002579
http://doi.org/10.1061/(ASCE)BE.1943-5592.0000526
http://doi.org/10.1016/j.soildyn.2011.06.001
http://doi.org/10.1016/j.engstruct.2012.10.038
http://doi.org/10.1016/j.engstruct.2019.109697
http://doi.org/10.1061/(ASCE)CF.1943-5509.0000204
http://doi.org/10.1016/j.strusafe.2009.04.002
http://doi.org/10.1177/2041419617736321
http://doi.org/10.1061/(ASCE)ST.1943-541X.0001797
http://doi.org/10.1016/j.engstruct.2017.01.074
http://doi.org/10.1016/j.jobe.2022.103994
http://doi.org/10.1016/j.jobe.2021.103259
http://doi.org/10.1016/j.istruc.2022.02.007
http://doi.org/10.1016/j.probengmech.2014.03.007
http://doi.org/10.1016/j.jobe.2017.11.004

Appl

. Sci. 2022, 12,5118 27 of 28

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Mahmoud, H.; Chulahwat, A. Multi-Hazard Multi-Objective Optimization of Building Systems with Isolated Floors under
Seismic and Wind Demands. In Multi-Hazard Approaches to Civil Infrastructure Engineering; Springer: Berlin/Heidelberg, Germany,
2016; pp. 141-164.

Cao, L.; Laflamme, S.; Hong, J.; Dodson, J. Input space dependent controller for civil structures exposed to multi-hazard
excitations. Eng. Struct. 2018, 166, 286-301. [CrossRef]

Dogruel, S.; Dargush, G.F. A framework for multi-hazard design and retrofit of passively damped structures. In Proceedings of
the Architectural Engineering Conference (AEI), Denver, CO, USA, 24-27 September 2008; pp. 1-12.

Kleingesinds, S.; Lavan, O.; Venanzi, I. Life-cycle cost-based optimization of MTMD:s for tall buildings under multi-hazard. Struct.
Infrastruct. Eng. 2020, 17, 921-940. [CrossRef]

Roy, T.; Matsagar, V. Effectiveness of passive response control devices in buildings under earthquake and wind during design life.
Struct. Infrastruct. Eng. 2019, 15, 252-268. [CrossRef]

Roy, T.; Matsagar, V. Probabilistic assessment of steel buildings installed with passive control devices under multi-hazard scenario
of earthquake and wind. Struct. Saf. 2020, 85, 101955. [CrossRef]

Chapain, S.; Aly, A.M. Vibration attenuation in high-rise buildings to achieve system-level performance under multi-hazard.
Eng. Struct. 2019, 197, 109352. [CrossRef]

Elias, S.; Matsagar, V. Optimum Tuned Mass Damper for Wind and Earthquake Response Control of High-Rise Building.
In Advances in Structural Engineering; Springer: New Delhi, India, 2015; pp. 1475-1487.

Elias, S.; Rupakhety, R.; Olafsson, S. Analysis of a Benchmark Building Installed with Tuned Mass Dampers under Wind and
Earthquake Loads. Shock Vib. 2019, 2019, 7091819. [CrossRef]

Gong, Y. Variable Friction Cladding Connection for Multi-hazard Mitigation. Ph.D. Dissertation, Iowa State University, Ames, IA,
USA, 2019.

Maryam, M.R. Multi-Hazard Reliability Assessment of Offshore Wind Turbines. Ph.D. Thesis, Texas A&M University, College
Station, TX, USA, 2012.

Mardfekri, M.; Gardoni, P. Multi-hazard reliability assessment of offshore wind turbines. Wind Energy 2015, 18, 1433-1450.
[CrossRef]

Avossa, A.M.; Demartino, C.; Contestabile, P.; Ricciardelli, F; Vicinanza, D. Some results on the vulnerability assessment of
HAWTs: subjected to wind and seismic actions. Sustainability 2017, 9, 1525. [CrossRef]

del Campo, J.O.M.; Estrada, A.P. Multi-hazard fragility analysis for a wind turbine support structure: An application to the
Southwest of Mexico. Eng. Struct. 2012, 209, 109929. [CrossRef]

Katsanos, E.I; Sanz, A.A.; Georgakis, C.T.; Thons, S. Multi-hazard response analysis of a SMW offshore wind turbine. Procedia
Eng. 2017, 199, 3206-3211. [CrossRef]

Zuo, H.; Bi, K.; Hao, H.; Xin, Y.; Li, ].; Li, C. Fragility analyses of offshore wind turbines subjected to aerodynamic and sea wave
loadings. Renew. Energy 2020, 160, 1269-1282. [CrossRef]

Zuo, H.; Bi, K.; Hao, H. Dynamic analyses of operating offshore wind turbines including soil-structure interaction. Eng. Struct.
2018, 157, 42-62. [CrossRef]

Asareh, M.A.; Schonberg, W.; Volz, J. Fragility analysis of a 5-MW NREL wind turbine considering aero-elastic and seismic
interaction using finite element method. Finite Elem. Anal. Des. 2016, 120, 57-67. [CrossRef]

Xie, S.; Jin, X.; He, J. Structural vibration control for the offshore floating wind turbine including drivetrain dynamics analysis.
J. Renew. Sustain. Energy 2019, 11, 023304. [CrossRef]

He, EM.; Hu, Y.Q.; Zhang, Y. Optimization design of tuned mass damper for vibration suppression of a barge-type offshore
floating wind turbine. Proc. Inst. Mech. Eng. Part M ]. Eng. Marit. Environ. 2017, 231, 302-315. [CrossRef]

Stewart, G.M.; Lackner, M.A. The impact of passive tuned mass dampers and wind-wave misalignment on offshore wind turbine
loads. Eng. Struct. 2014, 73, 54-61. [CrossRef]

Zhao, B.; Gao, H.; Wang, Z.; Lu, Z. Shaking table test on vibration control effects of a monopile offshore wind turbine with a
tuned mass damper. Wind Energy 2018, 21, 1309-1328. [CrossRef]

Sun, C.; Jahangiri, V. Bi-directional vibration control of offshore wind turbines using a 3D pendulum tuned mass damper. Mech.
Syst. Signal Process. 2018, 105, 338-360. [CrossRef]

Sun, C.; Jahangiri, V. Fatigue damage mitigation of offshore wind turbines under real wind and wave conditions. Eng. Struct.
2019, 178, 472-483. [CrossRef]

Sun, C.; Jahangiri, V.; Sun, H. Performance of a 3D pendulum tuned mass damper in offshore wind turbines under multiple
hazards and system variations. Smart Struct. Syst. 2019, 24, 53-65.

Hu, Y,; Wang, J.; Chen, M.Z; Li, Z.; Sun, Y. Load mitigation for a barge-type floating offshore wind turbine via inerter-based
passive structural control. Eng. Struct. 2018, 177, 198-209. [CrossRef]

Zuo, H.; Bi, K.; Hao, H. Mitigation of tower and out-of-plane blade vibrations of offshore monopile wind turbines by using
multiple tuned mass dampers. Struct. Infrastruct. Eng. 2019, 15, 269-284. [CrossRef]

Zuo, H.; Bi, K.; Hao, H. Using multiple tuned mass dampers to control offshore wind turbine vibrations under multiple hazards.
Eng. Struct. 2017, 141, 303-315. [CrossRef]

Hussan, M.; Sharmin, E; Kim, D. Multiple tuned mass damper based vibration mitigation of offshore wind turbine considering
soil-structure interaction. China Ocean Eng. 2017, 31, 476-486. [CrossRef]


http://doi.org/10.1016/j.engstruct.2018.03.083
http://doi.org/10.1080/15732479.2020.1778741
http://doi.org/10.1080/15732479.2018.1547768
http://doi.org/10.1016/j.strusafe.2020.101955
http://doi.org/10.1016/j.engstruct.2019.109352
http://doi.org/10.1155/2019/7091819
http://doi.org/10.1002/we.1768
http://doi.org/10.3390/su9091525
http://doi.org/10.1016/j.engstruct.2019.109929
http://doi.org/10.1016/j.proeng.2017.09.548
http://doi.org/10.1016/j.renene.2020.07.066
http://doi.org/10.1016/j.engstruct.2017.12.001
http://doi.org/10.1016/j.finel.2016.06.006
http://doi.org/10.1063/1.5079427
http://doi.org/10.1177/1475090216642466
http://doi.org/10.1016/j.engstruct.2014.04.045
http://doi.org/10.1002/we.2256
http://doi.org/10.1016/j.ymssp.2017.12.011
http://doi.org/10.1016/j.engstruct.2018.10.053
http://doi.org/10.1016/j.engstruct.2018.09.063
http://doi.org/10.1080/15732479.2018.1550096
http://doi.org/10.1016/j.engstruct.2017.03.006
http://doi.org/10.1007/s13344-017-0054-x

Appl. Sci. 2022,12, 5118 28 of 28

174.

175.

176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

189.

Altay, O.; Taddei, F.; Butenweg, C.; Klinkel, S. Vibration Mitigation of Wind Turbine Towers with Tuned Mass Dampers. In Wind
Turbine Control and Monitoring; Springer: Berlin/Heidelberg, Germany, 2014; pp. 337-373.

Colwell, S.; Basu, B. Tuned liquid column dampers in offshore wind turbines for structural control. Eng. Struct. 2009, 31, 358-368.
[CrossRef]

Dezvareh, R.; Bargi, K.; Mousavi, S.A. Control of wind/wave-induced vibrations of jacket-type offshore wind turbines through
tuned liquid column gas dampers. Struct. Infrastruct. Eng. 2016, 12, 312-326. [CrossRef]

Bargi, K.; Dezvareh, R.; Mousavi, S.A. Contribution of tuned liquid column gas dampers to the performance of offshore wind
turbines under wind, wave, and seismic excitations. Earthq. Eng. Eng. Vib. 2016, 15, 551-561. [CrossRef]

Sun, C. Semi-active control of monopile offshore wind turbines under multi-hazards. Mech. Syst. Signal Process. 2018, 99, 285-305.
[CrossRef]

Hemmati, A.; Oterkus, E. Semi-active structural control of offshore wind turbines considering damage development. J. Mar. Sci.
Eng. 2018, 6, 102. [CrossRef]

Rezaee, M.; Aly, A.M. Vibration control in wind turbines to achieve desired system-level performance under single and multiple
hazard loadings. Struct. Control Health Monit. 2018, 25, e2261. [CrossRef]

Xie, E; Aly, A.M. Structural control and vibration issues in wind turbines: A review. Eng. Struct. 2020, 210, 110087. [CrossRef]
Rezaee, M.; Aly, A.M. Vibration control in wind turbines for performance enhancement: A comparative study. Wind. Struct. 2016,
22,107-131. [CrossRef]

Zhao, Z.; Dai, K; Lalonde, E.R.; Meng, J.; Li, B.; Ding, Z.; Bitsuamlak, G. Studies on application of scissor-jack braced viscous
damper system in wind turbines under seismic and wind loads. Eng. Struct. 2019, 196, 109294. [CrossRef]

Zuo, H,; Bi, K; Hao, H. A state-of-the-art review on the vibration mitigation of wind turbines. Renew. Sustain. Energy Rev. 2020,
121, 109710. [CrossRef]

Rahman, M.; Ong, Z.C.; Chong, W.T.; Julai, S.; Khoo, S.Y. Performance enhancement of wind turbine systems with vibration
control: A review. Renew. Sustain. Energy Rev. 2015, 51, 43-54. [CrossRef]

Rupakhety, R.; Sigurdsson, S.U.; Papageorgiou, A.S.; Sigbjornsson, R. Quantification of ground-motion parameters and response
spectra in the near-fault region. Bull. Earthq. Eng. 2011, 9, 893-930. [CrossRef]

Elias, S.; Rupakhety, R.; Olafsson, S. Tuned mass dampers for response reduction of a reinforced concrete chimney under
near-fault pulse-like ground motions. Front. Built Environ. 2020, 6, 92. [CrossRef]

Sigurdsson, G.0,; Rupakhety, R.; Rahimi, S.E.; Olafsson, S. Effect of pulse-like near-fault ground motions on utility-scale
land-based wind turbines. Bull. Earthq. Eng. 2020, 18, 953-968. [CrossRef]

Jami, M.; Elias, S.; Rupakhety, R.; De Domenico, D.; Falsone, G.; Ricciardi, G. Are Bridges Safe Under Near-Fault Pulse-Type
Ground Motions Considering the Vertical Component? In International Conference of the European Association on Quality Control of
Bridges and Structures; Springer: Cham, Switzerland, 2021; pp. 1207-1215.


http://doi.org/10.1016/j.engstruct.2008.09.001
http://doi.org/10.1080/15732479.2015.1011169
http://doi.org/10.1007/s11803-016-0343-z
http://doi.org/10.1016/j.ymssp.2017.06.016
http://doi.org/10.3390/jmse6030102
http://doi.org/10.1002/stc.2261
http://doi.org/10.1016/j.engstruct.2019.110087
http://doi.org/10.12989/was.2016.22.1.107
http://doi.org/10.1016/j.engstruct.2019.109294
http://doi.org/10.1016/j.rser.2020.109710
http://doi.org/10.1016/j.rser.2015.05.078
http://doi.org/10.1007/s10518-011-9255-5
http://doi.org/10.3389/fbuil.2020.00092
http://doi.org/10.1007/s10518-019-00743-9

Paper 2

Jami, M., Rupakhety, R., Bessason, B., & Snabjornsson, J. T. (2023). Multimode
Vibration Control Strategies of Long-Span Bridges Subjected to Multi-hazard: A Case
Study of the Runyang Suspension Bridge. Journal of Vibration Engineering &
Technologies.

61



62



Journal of Vibration Engineering & Technologies
https://doi.org/10.1007/542417-023-01157-3

ORIGINAL PAPER q

Check for
updates

Multimode Vibration Control Strategies of Long-Span Bridges
Subjected to Multi-hazard: A Case Study of the Runyang Suspension
Bridge

Matin Jami'© - Rajesh Rupakhety' - Bjarni Bessason? - Jonas Th. Snaebj6érnsson?

Received: 24 May 2023 / Revised: 17 August 2023 / Accepted: 17 September 2023
© Springer Nature Singapore Pte Ltd. 2023

Abstract

Purpose This study is an attempt to illustrate and discuss multi-hazard interactions in vibration control of long-span bridges
subjected to wind and seismic loads. Such bridges, being flexible structures, are inherently vulnerable to wind loads. How-
ever, some response parameters of such bridges, for example, tower and deck acceleration, can be significant during large
earthquakes which produce ground motions with low-frequency content.

Methods To illustrate this problem, a case study of the Runyang Suspension Bridge (RSB) is used. A finite element model
of the bridge is created and verified against published literature. A set of ground motions from large worldwide earthquakes
and spatially varying wind velocity time series, simulated as a realization of a random field, are used to evaluate the bridge's
dynamic response with and without control devices. The control devices applied in this study are passive-tuned mass damp-
ers (TMDs). Careful investigation of the uncontrolled response of the bridge shows that while wind load is mainly important
for the displacement of the bridge deck, seismic loads can induce significant acceleration of the tower and the deck. Since
the response of the tower and the deck are coupled at some higher modes of vibration, seismic action, although most criti-
cal for the tower, is also relevant for deck acceleration. These observations indicate the need for a multi-performance-based
control strategy.

Results It is found that TMDs optimal for reducing seismic-induced deck acceleration can lead to amplification of wind-
induced deck displacement. At the same time, TMDs optimal for reducing wind-induced displacement response are, in
some cases, harmful to seismic-induced deck acceleration. These results clearly show multi-hazard interaction in control
performance.

Conclusions To account for this problem, a control strategy for the deck and tower's seismic and wind responses is inves-
tigated. This consists of TMDs placed at the top of each tower and 4 TMDs placed on the deck. By tuning the TMDs to
different vibration modes of the bridge, the system is shown to be effective for both seismic and wind actions.

Keywords Multi-hazard - Long-span bridge - TMD - Wind - Earthquake engineering
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Introduction

Advances in science and technology make it increasingly
feasible to build megastructures. Engineering ingenu-
ity has made it possible to build many iconic structures
around the world. Bridges across large crossing are not
only of functional value but also important landmarks
with aesthetic appeal showcasing engineering and archi-
tectural marvel. A few examples of such iconic bridge are
the Golden Gate Bridge (San Francisco, USA), Canak-
kale Bridge (Gelibolu, Turkey), Akashi Kaikyo Bridge
(Kobe, Japan), Yangsigang Yangtze River Bridge (Wuhan,
China), Great Belt Bridge (Korsgr, Denmark), Humber
Bridge (Hessle, UK), and the Rio-Antirrio Bridge (Patras,
Greece). The history of bridge construction goes back cen-
turies. The Arkadiko Bridge is claimed to be the oldest
existing bridge in the world, built between 1300 and 1190
BC [31]. Functionality and complexity of bridges have
grown with the development of transportation systems to
the extent that today long-span bridges are considered one
of its essential components.

The geometry of long-span bridges makes them vul-
nerable to dynamic forces induced by natural phenomena
such as earthquakes and wind. The probability of simul-
taneous occurrence of large wind and seismic action on
long-span bridges is low (see, e.g., [22]). However, during
their useful life, such bridges may be exposed to these
forces at different times with intensities that might pose
threat to their safety and functionality. Such bridges there-
fore need to be robust against different hazards relevant
to their sites. Multi-hazard consideration also becomes
important because different natural forces might affect
these bridges in different ways (see, [15], and references
therein). Recently, Marié et al. [21] discussed multi-hazard
considerations in cost, safety, reliability, and serviceability
of long-span bridges.

Vibration suppression and energy dissipation methods
have proven useful to enhance functionality and safety
of large structures, including bridges [2, 9, 16, 24, 28,
33]. Such methods include base isolation, supplemen-
tal damping, and various types of passive/active/hybrid
tuned dampers. Passive tuned mass dampers (TMDs) are
one of the most common vibration control devices inves-
tigated in the literature. Several studies have confirmed
their effectiveness is reducing vibrations of bridges. The
Meiko Bridge, the Akashi Kaikyo Bridge, and the Trans-
Tokyo Bay Bridge in Japan, the Kessock Bridge in the UK,
and the Jindo Bridge in Korea are examples of long-span
bridges where TMD is used as control devices [10, 11].

Several studies have investigated vibration control of
long-span bridges. Xing et al. [38] studied the efficiency
of TMDs in wind-induced vibration control of a long-span

@ Springer

bridge. They report that a TMD-type counterweight placed
at the mid-span of Sutong cable-stayed bridge is effective
in reducing wind-induced vibrations of the deck. Chen
et al. [6] present a procedure to optimize TMD param-
eters for multimode buffeting response control of long-
span bridges. Wang et al. [36] presented a study on the
optimal placement of dampers to control seismic vibra-
tions of the Runyang Suspension Bridge. Experimental
and theoretical studies on the performance of TMD in con-
trolling wind-induced vibration of bridges are presented
in Gu et al. [12] and Cai and Chen [5]. Analytical studies
using TMD inerter to mitigate vortex-induced vibration
of long-span bridges are reported in Xu et al. [39-41]. Gu
et al. [13] and Tanida [34] studied the application of active
and semi-active TMDs for wind-induced vibration con-
trol of long-span bridges. Soneji and Jangid [32], present
effectiveness of elastomeric and sliding types of isolation
systems for the seismic response control of cable-stayed
bridges. Shum et al. [30] present wind-induced vibration
control of long-span bridges using multiply pressurized
tuned liquid column dampers. Zhu et al. [44] studied the
effectiveness of fluid viscous damper (FVD) for mitigat-
ing seismic-induced vibrations of a cable-stayed bridge.
Ha et al. [14] present a methodology for optimization of
complex damper parameter for seismic response reduction
of long-span bridges. The use of TMDs for controlling
vibration of long-span bridges due to vertical component
of ground motion is studied by Lavasani et al. [19] and
Pourzeynali and Estaki [25].

The use of passive TMDs for vibration control of long-
span bridges has so far been mostly concentrated on wind
load. Wind-induced vibrations are, in most cases, the most
critical consideration for long-span bridges. However, seis-
mic excitations can also pose a threat to different compo-
nents of such bridges, for example, the towers of suspension
bridges. Wind and earthquake forces excite different vibra-
tion modes of long-span bridges. Wind loads are in general
critical for displacement response of the deck, while seismic
loads may excite vibration modes of the towers. For an over-
all performance enhancement of long-span bridges subjected
to seismic and wind forces, vibration control strategies can
be varied depending on the type of excitation, the struc-
tural component that is the most affected, and the response
parameter to be controlled, for example, displacement or
acceleration. As TMDs need to be tuned to certain vibration
frequencies of the structure, for a complex structure excited
by forces with drastically different frequency content, a mul-
timode multi-performance strategy is necessary. Investiga-
tion of such scenarios for long-span bridges is lacking in the
literature. This work is an attempt to shed light on important
considerations in multi-performance, multi-hazard vibration
control of long-span bridges using a case study of the RSB.
The effect of ground motion and wind-induced force on the
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super long-span bridge’s two main parts (tower and deck)
is evaluated, and implications of multi-hazard interactions
in multi-performance control are investigated using various
control strategies.

In the following, a summary of vibration mechanisms of
long-span bridges is provided. It is followed by a case study
of the RSB. The mathematical models of the bridge and the
control devices are presented. Then, the wind and ground
motion excitation used for evaluating the performance of
control devices are presented. Different vibration control
strategies with TMD placement and tuning are investigated
for multi-performance control. Vibration control perfor-
mance of these strategies is evaluated and discussed in
detail, and the main findings are summarized.

Vibration Mechanisms of Long-Span Bridges

Vibrations can have adverse effects on long-span bridges,
from bridge elements’ fatigue to collapse under extreme
cases. In addition, excessive vibration reduces the service-
ability of bridges. Due to the unique dynamic characteristics
of long-span bridges, namely low damping and high flex-
ibility, they are susceptible to vibrations induced by many
dynamic processes. A summary of different vibration mech-
anisms of long-span bridges is presented in the following.

Seismic-Induced Vibration

Ground acceleration causes vibration of different compo-
nents of a bridge. The energy carried by earthquake ground
motions usually has a higher frequency content than the
fundamental natural frequencies of the deck vibrations. In
general, displacement transmissibility is higher than accel-
eration transmissibility. Other elements of the bridge, for
example, the towers, are stiffer and might be excited more
than the deck by seismic ground motions.

Many big cities and their transportation routes, which
include long-span bridges, have been built in earthquake-
prone areas. However, very few have so far been damaged
by earthquakes. For example, the Ji Da cable-stayed bridge
in Taiwan was damaged by the Chi-Chi earthquake in 1999;
Higashi-Kobe cable-stayed bridge was damaged during the
Kobe earthquake in 1995. In general, the design of sub-
structures and pylons mainly focuses on seismic load as the
potential dynamic load, while wind load governs the design
of the cables and girder [11].

Wind-Induced Vibration

Wind-induced force is a random dynamic process, and its
effects on structures vary in space and time. In the design
of long-span bridges, among various types of dynamic

forces, wind-induced vibration is considered the most
critical dynamic excitation. Oscillating components of a
long-span bridge, such as towers, deck, and cables, shape
the wind flow around the bluff body of the bridge result in
a complex fluid—structure interaction. This interaction is
studied under the title of resulting aerodynamic force and
self-excited vibration. Wind-induced vibration processes
are schematically summarized in Fig. 1.

Cables are the most flexible component of long-span
bridges (cable-stayed bridges and suspension bridges).
Low damping and high flexibility make cables suscepti-
ble to vibrations. Cable fatigue and damage to the anchor-
age are the most common problems caused by cable
oscillations.

Traffic-Induced Vibration

Traffic-induced vibration is a common phenomenon that
has been widely studied for long-span bridges. For exam-
ple, Paultre et al. [23] presented a comprehensive review of
traffic-induced vibration mechanisms. In design codes, mov-
ing traffic loads are considered through a dynamic amplifi-
cation factor. This factor is based on bridge characteristics
such as the geometry of the bridge, its natural frequencies,
joints and support conditions, and vehicle characteristics
such its dynamic specification, speed, weight, and pavement
conditions.

One of the concerns for long-span bridges serving train
traffic is the vehicle—structure interaction. The large moving
load of the train passing at high speed along a long-span
bridge produces forces and vibrations that can cause several
problems such as train serviceability, passenger comfort and
safety, fatigue of the bridge elements, and even resonance
under certain circumstances.

Human-Induced Vibration

Events such as rallies or marathons passing a bridge can
form human-induced vibrations. In fact, there have been
many reports regarding human-induced vibration in bridges,
especially footbridges. In some cases, human-induced vibra-
tions have caused collapse, killed people, and resulted in
economic loss. The Angers Bridge collapse in 1850 is an
example of a bridge collapse due to human-induced vibra-
tion [4]. Many people walking in step generate periodic
forces in horizontal and vertical directions, resulting in
bridge vibrations. Therefore, resonance is a potential haz-
ard for the bridge with natural frequencies close to human-
induced vibration frequencies, which are considered in some
design codes, as 2 Hz in the vertical direction and 1 Hz in
the horizontal direction [11].
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Fig.1 Wind-induced vibration mechanisms (based on Fujino and Siringoringo [11])

Case Study of the Runyang Suspension
Bridge (RSB)

This section provides a case study of the RSB to illustrate
how wind and earthquake forces affect the bridge and its dif-
ferent components differently and what implications it has in
selecting a proper vibration control strategy. The mathemati-
cal model of the bridge, the wind and seismic excitations
used in the study, and the control systems being considered
are described in the following sections.

Mathematical Models

The RSB crosses the Yangtze River in Jiangsu Province,
China. The RSB is a super long-span suspension bridge
with a main span of 1490 m (see Fig. 2). The main span of
this bridge is suspended between two towers. Each tower is
constructed from two steel-concrete columns with a height
of 210 m and three prestressed concrete cross beams (see
Fig. 2a, b). The main cables are 0.9 m in diameter, and each
consists of 184 strands. Each strand contains 127 wires,
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5.3 mm in diameter, made of steel with 1670 MPa yield
strength. Each vertical suspender contains 109 steel wires
of 5 mm diameter and 1670 MPa yield strength. The steel
girder is 38.7 m wide and 3 m high, with a 2% slope on each
side (see Fig. 2¢). The main components of the deck are
plates, longitudinal beams (U-ribs), and transverse beams
(transverse diaphragms). The thickness of each part is as
follows: 10 mm for the lower inclined web, 12 mm for the
upper inclined web, 6 mm for longitudinal beams, 8§ mm
for transverse beams, and 14 mm for the deck. The distance
between transverse beams is 3.22 m (see [17]). A finite ele-
ment model (FEM) of the bridge was created in the com-
puter program SAP2000. The model is based on specifica-
tions of the bridge available in the literature [17, 20]. Both
the bridge and control device are assumed to remain in the
elastic range. Three-dimensional frame elements are used to
model the towers and the girder. Cable elements are used to
model the main cables and the vertical suspenders. Connec-
tion between the girder and the suspender cables is assumed
to be rigid. Masses of frame elements are lumped at their
end nodes. Mass of nonstructural elements such as wearing
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Fig.2 RSB a elevation. b Geometry of the tower. ¢ Cross-section girder. (Dimensions in m)

course and parapet walls are added to the model. Main cable
anchors, abutments, and piers are assumed to be fixed in the
foundation,i.e., soil-structure interaction is not considered.

The FEM of the RSB with a schematic representation of
TMDs placed at different locations is shown in Fig. 3. The
modal frequencies and mass participation ratios of the first
ten modes of vibration of the RSB are presented in Table 1.
The first horizontal symmetric mode corresponds to the
transverse movement of the deck. The fifth mode is domi-
nated by the movement of the tower in the x-direction. The
shapes of the first horizontal symmetric mode and the fifth
mode are shown in Fig. 4. We focus on these two modes
because they contribute the most to the transverse response
of the deck and the tower, respectively.

The modal properties of the RSB have been published
by Wang et al. [36], which presented a finite element model
updating the RSB using ambient vibration measurement
data. The first horizontal symmetric mode of their FEM has
a frequency of 0.054 Hz. Based on ambient vibration test,

Fig.3 A FE model of the RSB
showing the locations of the
TMDs investigated in subse-
quent sections. The TMDs move
only in the transverse direction
of the bridge

TMD-1
Point 1

they identified the frequency of the mode to be 0.059 Hz.
The frequency of the corresponding mode of our model is
0.05 Hz, which is close to the published results. Li et al.
[20] report similar frequencies of the first tower mode, i.e.,
0.05 Hz based on FEM and 0.051 based on ambient meas-
urements. The frequency of the first vertical mode of the
bridge based on FEM model of Li et al. [20] is 0.09 Hz and
that of our model is also 0.09 Hz.

Wind and Seismic Loads

Linear time history analysis with earthquake ground motion
and wind forces is used to evaluate the performance of sev-
eral vibration control schemes for the case of the RSB.
Details of ground motion and wind forces used for simu-
lating the response of the bridge with and without control
devices are given in the following. It is highlighted that this
work is not a site-specific study but a general investigation
of multi-performance vibration control of long-span bridges.

Point 4

1 =

PR——
mgﬁﬁ% TMD-2
IS Point 3 Point 2
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Table 1 Modal frequencies and modal participation mass ratio of RSB for Mode 1 and Mode 5 (U and R denote translation and rotation, respec-

tively)

Mode # Direction

Frequency (Hz) Modal mass participation ratio

Location of max displacement

Uy Ux Uz Ry Rx Rz
1 Transverse  0.0497 0 0.089 8.00E-11 0.00389  9.82E-20 0 Point 2
2 Vertical 0.0884 0.00017  3.77E-17 1.40E-20 4.21E—17 0.01231 2.99E—08 Points 3 and 4
3 Transverse  0.1365 8.67E-08 1.99E—18 2.92E-16 7.81E—-19 1.59E-09 0.0207 Points 3 and 4
4 Vertical 0.1459 1.01IE-19 8.23E-08 0.00414 1.97E-08 3.45E-20 7.78E—16 Points 2, 3, and 4
5 Transverse  0.2307 3.01E-14 041291 1.17E-07 0.8276 431E-13 6.31E-13 Point 1
6 Transverse  0.2313 3.69E-07 7.82E—13 3.94E—12 1.49E-12 9.11E-10 0.33106  Point 1
7 Vertical 0.2499 6.56E—17 2.91E-07 0.07077  7.84E—07 3.37E—17 1.06E—11 Points 3 and 4
8 Transverse 0.2669 2.29E-14 0.00209 2.56E—-07 0.02602 6.94E—14 5.10E—15 Points 2, 3, and 4
9 Vertical 0.2681 0.00256  5.67E—14 5.60E—17 1.39E—12 0.00482  1.17E—08 Four points on the deck
10 Vertical 0.3914 1.85E—-15 7.94E-07 0.01075  5.09E-07 1.59E—17 1.23E—13 Five points on the deck
11 Transverse  0.4367 2.20E-05 3.59E—-14 4.48E-16 1.88E—14 8.21E—-08 0.00487  Points 3 and 4
12 Torsion 0.4405 2.98E—-13 5.80E-05 1.62E-08 0.00304 1.82E—13 2.50E—17 Point?2
13 Longitudinal 0.4785 0.43752  1.05E-14 4.44E-15 1.64E—12 0.00101  1.82E-05 Point1

Fig.4 Mode shapes of the RSB, a Mode 1, the first horizontal symmetric mode, and b Mode 5, the first tower transverse mode

Therefore, the seismic ground motion and wind force prop-
erties are not representative of the actual hazard at the RSB
site. Both the seismic and wind action are only considered
in the transverse direction of the bridge.

Ground Motions

In selecting ground motions, large earthquakes are given
priority, as ground shaking from large earthquakes is richer
in low-frequency content. By inspecting Fourier amplitude
spectra of hundreds of ground motions from the PEER data-
base [3], ten ground motions that had significant energy near
the important vibration modes of the bridge were selected.
Ground shaking is considered in the transverse direction
of the bridge only. Some details of the selected ground
motions are presented in Table 2. The ground acceleration
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time histories of the selected motions are shown in Fig. 5.
The corresponding Fourier amplitude spectra (FAS) shown
in Fig. 6 indicates that even for such large earthquakes, the
spectral content at the first mode of the deck is insignificant.
However, the ground motions contain significant energy at
the tower vibration modes. Long-span structures such as the
one studied here experience differential motion at their sup-
ports during earthquakes. The differential motion is a result
of wave passage effect and random variability quantified by
lagged coherency (see, e.g., [42]). Lagged coherency is a
measure of similarity between motions at different meas-
urement points. As the distance between the measurement
points increases, the motions become more dissimilar and
lagged coherency decreases. It also decreases with increas-
ing frequency. Low-frequency motions are more coherent
than high-frequency motion. Based on the SMART-1 array
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Table 2 Ground motion

! . . ) No. Earthquake name  Year Station name Magnitude Component PGA (m/sz) Ry, (km)
time series used in this )
study (PGA =peak ground 1 Tabas Iran 1978 Tabas 7.35 NI6°W 845 1.79
zfsctzlzglon’ Rip=Joyner-Boore ,  yial Valley-06 1979 EI Centro Array #4  6.53 N4O°W  3.63 49

3 Imperial Valley-06 1979 El Centro Array #7 6.53 N40° W 4.6 0.56
4 Chi-Chi Taiwan 1999 CHY101 7.62 E-W 39 9.94
5 Chi-Chi Taiwan 1999 TCU029 7.62 E-W 1.95 28.04
6 Chi-Chi Taiwan 1999 TCUO031 7.62 E-W 1.22 30.17
7 Chi-Chi Taiwan 1999 TCU036 7.62 E-W 1.22 19.83
8 Chi-Chi Taiwan 1999 TCU039 7.62 E-W 1.36 19.89
9 Chi-Chi Taiwan 1999 TCU087 7.62 E-W 1.12 6.98
10 Chi-Chi Taiwan 1999 TCU128 7.62 E-W 1.63 13.13
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Fig.6 Fourier amplitude spectra (FAS) of the selected horizontal
ground motion time series are shown in Fig. 5. The gray lines cor-
respond to individual ground motions, and the black line is the aver-
age FAS. The vertical lines correspond to the frequencies of the two
modes listed in Table 1

data from Taiwan, Rupakhety and Sigbjornsson [26] report
that up to~2 Hz, lagged coherency at 200 m separation dis-
tance is very close to 1. Zerva [42] reports similar results
for a separation distance of 1000 m. Based on a case study
of the El Asnam earthquake ground motion simulation,
AfifChaouch et al. [1] report that at frequencies lower than
0.5 Hz, the lagged coherency is very close to 1 even for
large separation distances. Based on these considerations,
it is reasonable to ignore the effect of lagged coherency in
the seismic response of the RSB because the frequencies
of its modes that contribute to seismic response are well
below 1 Hz. To account for wave passage effect, multi-sup-
port excitation was considered. Ground motion at one side
of the main span was shifted in time by 0.6 s with respect
to that at the other side. This is based on assumed apparent
wave propagation velocity of 2.0 km/s and main span length
of 1.5 km. The difference in peak response of the tower with
uniform support excitation and multi-support excitation
was found to be insignificant (less than 5%). Based on these
results, it was decided to use uniform support excitation for
evaluation of the control performance.

Wind Force

Wind force time series is applied on the deck and tower
nodes. Turbulent wind field in two space dimensions is
modeled as a random process. Realizations of the random
process are simulated using the spectral representation
method of Shinozuka and Deodatis [29]. Spatially cor-
related wind field is simulated in a 2D grid. The simula-
tion is carried out using a toolbox provided by Cheynet
[7]. The wind parameters used in the simulation are as
follows: friction velocity, u*=2.2 m/s [35], von Karman
constant = 0.4, roughness length z,=0.03m, sampling
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interval A,=0.25 s, and the co-coherence function decay
coefficients, C,-j, correspond to velocity component i (i,
v, win x-, y-, and z-directions, respectively) and space
dimension j. These coefficients are selected based on N400
[37]i.e., C,=C,=10,C,,=C, =C,,=6.5,and C, =3.

The fluctuating wind forces are applied at several nodes
in the tower and the deck. The force at a node is related to
the wind velocity at the node as follows:

E(t) = pCpAUu(n), ey

where p is the density of air (taken as 1.2 kg/m?), A is

the tributary area, U is the average wind velocity, u(f) is
the fluctuating wind velocity, and the drag coefficient Cp,
is taken as 1.2. The wind forces are calculated at 80.1 m
separation along the length of the deck and 18 m along the
height of the tower. It was found that a finer resolution in
simulating the wind field did not have significant effect on
the simulated response. Figures 7 and 8 show a realization
of the wind velocity and its power spectrum at the center of
the deck. Figure 9 shows the co-coherence of wind velocity
in horizontal and vertical separations.
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Fig.7 A sample time history of along-wind velocity at the center of
the deck
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Fig.9 Co-coherence of wind velocity in horizontal and vertical sepa-
rations

Uncontrolled Response

The response of the bridge to ground motion and wind force
was simulated using time history analysis. Wind forces and
seismic loads are applied separately. Table 3 lists the peak
displacement and acceleration response of the top of the
south tower (Point 1) and the deck at mid-span (Point 2)
for different ground motions and wind load. The effect of
wind force on the displacement and acceleration response
of the tower is negligible. Wind force is primarily relevant
in terms of displacement response of the mid-span of the
deck (Point 2). Seismic load is more relevant for the tower,
both in terms of displacement and acceleration response.
For deck acceleration, seismic load is much more relevant
than wind load. Displacement response of the deck induced
by ground motion is often much lower than that of wind
load, but significant in some cases like ground motions 1
and 4. The peak displacement response of the deck induced
by wind force is found to be 3.29 m. For the same bridge,
Zhang [43] reports, from aero-static analysis, peak mid-span
displacement of ~2.5 m at a wind speed of 45 m/s. For the
same mean wind speed, our results are comparable although
slightly higher than those of Zhang [43], which can be
attributed to differences in wind loading parameters such as
drag coefficient and the turbulence components in dynamic
analysis. The peak wind speed at the deck mid-span in our

analysis reaches 60 m/s, for which the aero-static mid-span
displacement reported in Zhang [43] for spatially varying
wind load is ~3.3 m, which is very close to our result. We
performed response analysis with spatially uniform wind
field and found that the peak response is significantly higher
than for the case of a spatially variable wind field. Similar
observations are reported in Zhang [43] for the same bridge.
Figure 10 presents the FAS of some of the key response
parameters, i.e., displacement and acceleration at Point 1 and
Point 2. For seismic load, displacement and acceleration at
Point 1 and acceleration at Point 2 are presented, whereas
for wind load only the displacement at Point 2 is presented.
The energy in the wind force is concentrated at much lower
frequencies than that in the seismic force. Wind force excites
the first transverse mode but has limited energy at the vibra-
tion modes of the tower (see Fig. 8). For this reason, the
wind force is primarily important for displacement (buffet-
ing) response of the deck. Seismic motion, on the other hand,
has significant energy at frequency corresponding to Mode
5 (see Fig. 6). This is reflected in the FAS of the tower-top
response shown in Fig. 10. Mode 5, which is the first mode
of the tower, contributes significantly to the acceleration
response of the tower. The tower-top displacement is also
primarily due to Mode 5. The fifth mode, although primarily
related to the tower, also includes significant motion of the
deck mid-span. Since the seismic load has significant energy
at the frequency of this mode, it contributes to acceleration
response of the deck mid-span. The contribution of the first
mode in the overall acceleration response of the deck to seis-
mic excitation is much smaller than that of the fifth mode.

Control Strategies

For multi-performance vibration control of the bridge
response, passive tuned mass damper (TMD) systems are
considered. The TMDs consist of a mass attached to the
structure with an elastic spring and a viscous damper. It is
schematically shown in Fig. 3. TMDs reduce the vibration of
the structural modes they are tuned to by generating resist-
ing inertia forces. The viscous dampers in the TMDs help to
reduce the displacement of the TMD mass. Once the mass
of the TMD is assigned, its stiffness and damping coeffi-
cient can be tuned for optimal vibration control. For a single
TMD, the tuning is usually done to the most dominant mode

Table 3 Peak displacement and

. Response  Location Earthquake ground motion time history no Wind force
acceleration responses of tower
(Point 1) and deck mid-span 1 2 3 4 5 6 7 8 9 10
(Point 2)
Acc. (m/s?) Point 1 (tower) 5.44 3.01 3.36 4.50 3.17 2.60 249 2.17 223 267 0.02
Point 2 (deck) 197 1.64 159 1.51 1.32 0.89 098 1.04 1.05 1.29 0.28
Displ. (m) Point 1 (tower) 2.27 143 1.38 2.03 1.50 1.13 1.13 0.90 091 1.27 0.02
Point 2 (deck) 1.95 1.15 0.88 1.31 0.84 0.56 0.78 0.88 0.70 0.81 3.29
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Fig. 10 FSA of tower and mid-span acceleration and displacement response in transverse direction due to wind-induced force and ground

motions

of vibration on the structure. This mode, in many cases, is
the fundamental mode. Multiple TMDs tuned to different
modes are desirable when multiple modes of vibration con-
tribute to the response.

In a multi-hazard scenario, the tuning of TMDs is not
straightforward. Tuning in such cases depends on factors
such as (i) the frequency content of excitation as it dictates
which vibration mode is dominant in the response, (ii) the
structural component whose response is being controlled,
and (iii) the structural response to be controlled, i.e., accel-
eration and displacement. Factor (i) is related to the nature
of the hazard, whereas factors (ii) and (iii) are linked to the
location and characteristics of the TMD.

Different types of optimization methods can be used to
tune TMDs for different performance objectives. One of
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the most used tuning methods for single TMDs is based
on the Den Hartog’s formulation [8]. This formulation
has been adopted in this study for wind-induced vibration
control. For base excited structures, such as those under
seismic action, the formulation of Sadek et al. [27] is more
appropriate and is therefore adopted in this study. The
TMDs in this study are intended for reducing vibrations
in the transverse directions of the bridge. They are there-
fore assumed to be fixed in the longitudinal and vertical
directions. They are modeled as lumped masses attached
to the structure with a two-node link element. Apart from
different formulations for optimizing TMD parameters for
seismic and wind actions, the properties of the TMDs vary
based on which vibration mode they are tuned to.
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Based on the analysis of the uncontrolled response of
the bridge to ground motions and wind forces, performance
objectives are identified as reduction in (i) wind-induced
displacement of the deck, (ii) seismic-induced acceleration
of the towers, and (iii) seismic-induced acceleration of the
deck. Different combinations of TMD tuning and placements
are investigated to achieve these objectives. The combina-
tions and optimal TMD parameters are described below.

Case 1 The performance objective is reduction in seismic
response of the towers. Two TMDs, one at the top of each
tower, are used in this case. The TMDs are named TMD 1,
with 1 indicating its location, i.e., the top of the tower. These
TMDs are tuned to the fifth mode of the bridge, which is the
first mode of the towers. Each TMD has a mass equal to 1%
of the total mass of the bridge. The frequency and damping
ratio of TMD 1 are 0.23 Hz and 6%, respectively.

Case 2 The performance objective is reduction in wind-
induced displacement of the deck mid-span. The TMD is
tuned to the first vibration mode of the bridge. The mass of
the TMD is 1% of the total mass of the bridge. This TMD is
named TMD 2, with 2 indicating its location, i.e., the mid-
span of the deck. The frequency of the TMD is 0.049 Hz,
and its damping ratio is 6%.

Case 3 The performance objective is reduction in seismic
response of the deck. Since the seismic response is domi-
nated by the fifth mode of vibration, the TMD is tuned to
this mode. The TMD is placed at the mid-span of the deck
and is named TMD 2. Its mass is 1% of the total mass of
bridge. The frequency and damping ratio are 0.23 Hz and
6%, respectively, i.e., the same as in Case 1.

Case 4 Here, the control strategy is multi-hazard and
multi-performance. Two subcases are investigated. Case 4a

is combination of Case 1 and Case 2, i.e., to simultaneously
control seismic response of the tower and wind-induced dis-
placement of the deck. Case 4b is a combination of Case 1
and Case 3, with the objective of simultaneously controlling
seismic response of the tower and the deck. To achieve this,
TMDs are placed at the top of the towers and the mid-span
of the deck.

Control Effectiveness

The effectiveness of the control devices is measured as per-
centage reduction in response. Table 4 presents a summary
of control effectiveness of the different cases described
above. For seismic response, maximum, minimum, and
average reduction are presented. Case 1 results in reduction
of tower acceleration by ~ 11-41%, with an average value
of 24%. Reduction in tower displacement is also good, but
slightly lower than that of tower acceleration. A single TMD
placed at deck mid-span and tuned to the first mode of the
bridge, i.e., Case 2, reduces the peak wind-induced accelera-
tion and displacement by ~36 and 21%, respectively. Case
3 is effective in some cases, but results in amplification of
deck acceleration during some of the ground motions. Case
4a is effective in seismic response control of the tower and
wind response control of the deck, but not desirable for
seismic response control of the deck. On the other hand,
Case 4b is effective in controlling the response of the deck
under most of the ground motions, but it greatly ampli-
fies the wind-induced displacement. Comparison of Case
4a and Case 4b clearly show that a control system which
is designed for seismic control of the deck amplifies wind
response and vice versa. This is an important observation

Table 4 Response reduction

. . Case Hazard Performance Ground motion Wind
(%) effectiveness of different
cases of TMDs (negative Ave Max Min
numbers indicate amplification
of response) C-1 Earthquake Towers Accel 24.00 40.99 11.26
Displ 18.21 39.02 6.75
C-2 Wind Mid-span Accel 35.82
Displ 20.65
C-3 Earthquake Mid-span Accel 20.52 39.14 -3.69
Displ 15.25 23.34 6.77
C-4a Earthquake and wind Towers Accel 24.01 41.00 11.26 18.88
Displ 18.22 39.03 6.77 5.32
Mid-span Accel 0.60 8.92 -5.79 35.75
Displ 2.82 14.28 —-547 20.65
C-4b Earthquake Towers Accel 24.14 41.54 11.13 24.68
Displ 18.31 39.40 6.62 7.09
Mid-span Accel 21.28 39.86 -4.08 1.98
Displ 15.52 23.50 6.66 —30.63
C-5 Wind and earthquake Mid-span Accel 18.80 41.12 -1.27 37.33
Displ 11.24 19.99 0.32 19.48
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highlighting the multi-hazard interaction in vibration con-
trol of long-span bridges. If we consider that wind-induced
displacement of the deck is more important to control than
seismic-induced acceleration, we can conclude that Case 4a
is the best solution.

In terms of acceleration of the deck, seismic response
is much higher than the wind response. If we assume that
both seismic and wind loads are relevant for the structure,
although not acting simultaneously with high intensity,
reducing seismic-induced acceleration of the deck might be
important. But this reduction comes at a cost of amplified
wind-induced displacement, which is clearly undesirable.

To overcome this problem and provide response reduc-
tion in multi-hazard scenario, we investigated an additional
strategy which is called Case 5. Case 5 makes use of the
TMDs as in Case 4a with three additional TMDs distributed
along the deck. These additional TMDs are tuned to the fifth
mode of vibration of the bridge because the seismic response
of the deck is governed by this mode. The mass of each
TMD is 0.33% of the total bridge mass, and damping ratio
is 3.5%. The location of these TMDs is decided based on the
deflected shape of the deck in this mode, which is shown in
Fig. 4b. The deck deflects with two nodes and three peaks
in the transverse direction. One of the peaks is located near
the mid-span and the other two on either side of it. The dis-
tributed TMDs are therefore placed at quarter, half, and three
quarter the length of the deck. The results corresponding to
this case are also shown in Table 4. This case provides good
reduction of deck response due to wind load. Unlike Case
4a, seismic response of the deck is also effectively controlled
with only a minor amplification of acceleration response for
one of the ground motions. It provides similar levels of seis-
mic response reduction of the deck as Case 4b, but without
amplification of the wind response. The reduction of seismic
response of the towers is similar to in Case 1.

Conclusions

This study presents a case study of the Runyang Suspen-
sion Bridge (RSB) to illustrate multi-hazard and multi-per-
formance considerations in vibration control of long-span
bridges. Time history analysis of the bridge with and without
tuned mass dampers (TMDs) is carried out, using a set of
earthquake ground motions and spatially variable wind field
simulated over a grid, to investigate the effects of wind and
earthquake actions on the peak response of the deck and
the towers of the bridge. The main conclusions that can be
drawn from the results presented here are listed below.

(a) Wind load primarily excites the fundamental mode of
the bridge and is important for deck displacement.

@ Springer

(b) Seismic load excites the first vibration mode of the
tower and is important for its acceleration and dis-
placement response. Since this mode is coupled with
the transverse deflection of the deck, seismic load also
induces significant acceleration of the deck.

(¢) Tuned mass dampers (TMDs) can be effective in reduc-
ing seismic-induced and wind-induced response of the
RSB when designed and placed appropriately. It was
found that a TMD designed to reduce wind-induced
displacement of the deck results in undesirable effects
on its seismic response. Similarly, TMDs designed to
control seismic response of the deck were found to
amplify its wind-induced displacement by about 30%.
Importance of multi-hazard and multi-performance
considerations in passive vibration control is therefore
clearly demonstrated.

(d) To control different response parameters such as dis-
placement and acceleration of the different elements,
i.e., the deck and the tower, multiple TMDs tuned in
different ways are necessary. For example, of the solu-
tions investigated here, a system with a TMD on each
tower (tuned to the fifth mode), and three TMDs on the
deck tuned to the first mode and one additional TMD
on the deck mid-span tuned to the first mode provide
the best solution in the multi-hazard and multi-perfor-
mance consideration.

The results highlight the importance of multi-hazard con-
siderations in vibration control of bridges, an area that has
not been adequately addressed in the literature. This study
does not provide a comprehensive framework for such work
and has a limited scope. It does not formalize the uncertain-
ties of the different loading types and their joint distribu-
tions, nor does it provide advanced optimization approaches.
However, the study provides an illustration of some impor-
tant issues in multi-hazard vibration control of structures
affected by loads of different nature and frequency character-
istics and is thus potentially a beginning of a more thorough
and advanced future investigation in this area.
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Abstract

Seismic waves from near-fault earthquakes often produce pronounced pulse effects, significantly
influenced by vertical ground motion. This study investigates the seismic response of bridges under
near-fault pulse-type ground motions (NFPTGMs), emphasizing the vertical component, and
proposes a conceptual passive vibration control solution. A dataset of 100 NFPTGMs is used for
three-dimensional nonlinear time history analyses of short/medium-span beam bridges and long-span
suspension bridges. Plastic hinges are modeled in piers to simulate realistic damage, and seismic
performance is evaluated by comparing peak moment responses to bending resistance derived from
axial load-bending moment interaction domains. Statistical analysis produces fragility curves,
revealing that the vertical component substantially increases the probability of exceeding damage
thresholds. To mitigate seismic vulnerability, a 3D tuned mass damper (TMD) is proposed, positioned
on the pier for beam bridges and the tower for suspension bridges. The TMD’s parameters are
optimized using a genetic algorithm to minimize lateral deformation while accounting for vertical
excitation. Results demonstrate that the optimized 3D-TMD achieves over 60% reduction in peak
moment responses for both bridge types. This solution offers a practical and effective approach to
reduce seismic risk and enhance bridge resilience in near-fault regions, addressing the critical role of
vertical ground motion.

Keywords: Bridges, Near-fault pulse-type ground motions, Vertical component, Tuned mass damper,
Beam bridge, Suspension Bridge, Earthquake engineering, Fragility analysis



1. Introduction

Bridges are critical elements of the transportation network. The geometric configuration of bridges
makes them particularly vulnerable to seismic hazard. Unseating failure and serious damage of the
piers and foundations are among the most frequent causes of collapse of bridges under intense seismic
excitation [1]. In addition to peculiar bridge structural elements contributing to their critical seismic
response (e.g., defects in their supports, degradation of material parameters due to corrosion scenarios
[2,3], curvilinear configuration amplifying deck torsion and risk of traction in the supports [4]), the
level of seismic safety of existing bridges strongly depends on the earthquake specifications of the
installation site [5]. A simplified dynamic analysis approach for evaluating suspension bridges under
extreme blast loading is presented by Ali et al. [70]. Their method utilizes a bilayer solution with
blast loads modeled as nodal loads and the structural response represented by a 3D fishbone skeleton
finite-element model. The study identifies critical vulnerable locations, particularly the tower top
node, where blast loads could lead to zipper-type progressive failure of the bridge. The paper
emphasizes the importance of maintaining the demand-to-capacity ratio below 0.8 for all bridge
components under medium- to large-sized explosives to ensure safety under extreme limit states. The
challenging question arises whether bridges checked and constructed to comply with the so-called
design earthquake, which is a conceptual principle summarizing the frequency content and amplitude
of the earthquake excitation, are safe under any types of earthquakes.

During earthquake events, seismic waves propagate in three directions. These waves have different
peculiarities depending on three factors: rupture mechanism, slip direction, and tectonic displacement
causing a residual ground displacement. These source-related factors interact with ground layer
properties crossed by the seismic waves before reaching the foundation level. Various methodologies
have been proposed in the literature for classification of strong ground motion. The distance of the
structure from the fault rupture represents one of the most popular and internationally recognized
criteria for classification that directly influences the imposed peak displacement demand of a structure
[6]. In particular, so-called near-fault pulse-type ground motions (NFPTGMs) are those affecting
structures located in the vicinity of the fault rupture [7], whereas far-field records are those associated
with rupture distance of 20 km or more. Ground motion records within 20 km from the fault are
known to contain large velocity pulses [8], especially at sites which align with the direction of rupture
propagation on the fault, the effect being known as forward directivity [9]. Long-period short-duration
pulses and high ratios of peak ground velocity (PGV) to peak ground acceleration (PGA) are
characteristics of such NFPTGMs [10]. Additionally, the tectonic deformation resulting from the fault
rupture may be associated with a considerable residual (permanent) ground displacement termed
fling-step effect [11].

Fragility models play a critical role in understanding and predicting the failure risks of
infrastructure systems under natural hazards. For instance, spatiotemporal fragility models, such as
those used in predicting lightning-related failures of overhead contact lines, demonstrate the value of
probabilistic approaches to address uncertainties in external loads and system vulnerabilities [51].
Corrosion-induced degradation significantly affects the seismic performance of RC columns,
reducing their drift and shear force capacities over time. Ghosh and Padgett [50] developed
probabilistic models that integrate with fragility estimates to assess failure probability of aged bridges
comprehensively. The construction of fragility curves (FCs) for assessing the seismic vulnerability
of bridges is a widely recognized approach in earthquake engineering. Traditional methods often rely
on site-specific parameters such as local stratigraphy and topography, which can introduce variability



in FCs. Recent advancements, such as spectrum-consistent transformation methods, allow for site-
independent FCs that preserve consistency across diverse locations and soil conditions [52].
Incorporating soil spatial variability into the fragility assessment of bridges provides a more realistic
evaluation of seismic vulnerabilities. For instance, Jiang et al. [53] demonstrated that neglecting soil
spatial variability can lead to underestimation of both component and system-level fragility curves
for cable-stayed bridges. Large-scale seismic risk assessments of bridge clusters are essential for
understanding regional vulnerabilities. For example, Li et al. [54] employed artificial intelligence-
based methodologies to evaluate the seismic risk of RC girder bridges, demonstrating the
effectiveness of intelligent models in regional risk analysis. Time-dependent degradation of structural
properties, such as corrosion in RC frames, has been shown to critically influence fragility estimates.
Feng et al. [55] utilized a time-variant modeling strategy to simulate these effects, emphasizing their
role in seismic risk assessment. The time-dependent seismic fragility and risk assessment
methodology developed by Liljefors and Kohler [56] illustrated how aging and deterioration due to
corrosion affect the seismic performance of bridge piers. Fragility estimates for flexible structures
with outrigger systems were formulated using deep neural networks (DNNs) by Xing et al. [57],
considering uncertainties in seismic input parameters. Chloride-induced corrosion significantly
impacts the seismic performance of bridge piers, especially in marine environments. Guo et al. [58]
develop a comprehensive framework to assess the life-cycle seismic resilience of sea-crossing
bridges, incorporating the effects of corrosion and stochastic environmental conditions. Li et al. [54]
address the challenges of inconsistent macroseismic intensity scales across different regions,
proposing an updated macroseismic intensity measure (UCMS-20) that integrates instrument
intensity and probabilistic seismic hazard models, thereby improving vulnerability assessments for
structures. Recent studies on reliability analysis have proposed advanced models and methods for
evaluating structural performance under various stochastic processes and seismic hazards. Dang et
al. [60] introduced a loading contribution degree analysis-based strategy for time-variant reliability
analysis of structures subjected to multiple loading processes, while Chen et al. [61] developed a
probabilistic seismic capacity model of pier columns using a semiparametric regression approach.
Furthermore, Monti et al. [62] have advanced risk-targeted seismic hazard models for Europe,
contributing to a more refined understanding of seismic risk assessment. Kumbhojkar et al. [71]
conduct a fragility analysis of a base-isolated integral bridge subjected to two-component far- and
near-field earthquakes. Their study emphasizes the increased threat posed by near-field earthquakes,
including directivity and fling-step effects, to the performance of base-isolated bridges. By using
incremental dynamic analysis (IDA) with peak ground acceleration as the intensity measure, the study
develops probabilistic seismic demand models and fragility curves based on maximum deck drift and
shear strain in the isolator. The findings underscore the importance of carefully designing base
isolators to account for the heightened risk from near-field earthquakes. Ahmed and Dasgupta [72]
propose a novel methodology for assessing component-level fragility curves (FCs) for structures,
particularly integral abutment bridges, under seismic loading. The authors develop a new approach
for seismic demand assessment and a numerical technique for fragility computation, which enhances
the reliability of the results by avoiding the complexities of dynamic analysis. Their method offers a
more accurate and simplified alternative to traditional fragility formulations, which often rely on
rough lognormal or normal fits. The study provides a practical and precise means of assessing the
seismic vulnerability of bridge components, crucial for effective disaster mitigation strategies. Chen
[73] presented an improved probabilistic seismic demand—intensity relationship that addresses
heteroscedasticity in seismic demand models. The study systematically investigated the phenomenon



of nonconstant variance or covariance in seismic demand and proposes generalized methods for both
univariate and multivariate cases. Using nonlinear time history analysis of a four-span simply
supported girder bridge, the author develops Bayesian regression-based probabilistic seismic demand
models. The results demonstrated that incorporating heteroscedasticity leads to better-calibrated
predictions, offering a more accurate foundation for seismic fragility analysis and improved seismic
risk assessment for decision-making. In addition to the previously discussed methodologies,
Tabandeh et al. [74] offer an insightful review of importance sampling methods for reliability
analysis. Their paper provides a comprehensive examination of the mathematical foundations of the
technique and discusses two main approaches for constructing importance sampling densities. The
authors highlight the advantages and challenges of implementing these methods, especially for time-
variant reliability analysis, making their work a valuable contribution to the field of reliability
assessment in structural engineering.

Yu et al. [63] emphasized the importance of statistical validation methods, including the Accuracy
Likelihood and Distribution Match, for improving the robustness of regional risk models. Earthquake-
induced damage to bridges can significantly affect their performance. lannacone and Gardoni [64]
develop a probabilistic model that accounts for both gradual deterioration and shock processes in
seismic events, providing a more accurate estimate of bridge reliability under earthquake loading. In
their study, Qin [65] proposed a reliability assessment framework for the seismic performance of
highway bridge networks, considering failures due to traffic flow redistribution. Their work
highlights the use of fragility curves and stochastic user equilibrium assignments to evaluate network
efficiency and identify congestion-prone links in the aftermath of seismic events. Guidotti et al. [66]
developed an efficient method for evaluating the connectivity probability of large-scale highway
bridge networks by decomposing the network into smaller subnetworks. Their approach significantly
improves computational efficiency by reducing running time compared to traditional methods while
accurately assessing the network's reliability.

Jangid [67] conducted a performance analysis on a structure equipped with an inerter damper
(TID) isolation layer under stochastic seismic excitations. Their work presents a comprehensive
simulation-based dynamic response analysis and reliability assessment, demonstrating that the TID
isolation layer significantly enhances the structural robustness and reliability by mitigating the effects
of seismic randomness. Fadel Miguel and Beck [68] proposed a Reliability-Based Design
Optimization (RBDO) procedure to determine the optimal track shape of Friction-based Track-
Nonlinear Energy Sinks (T-NES II) in buildings subjected to seismic ground accelerations. Their
approach aims to minimize life-cycle costs associated with various damage states, with results
indicating that multimodal track profiles significantly reduce the oscillation of the host structure.
Fadel Miguel et al. [69] proposed a Reliability-Based Design Optimization (RBDO) approach to
determine the optimal track shape for supported Pendulum Tuned Mass Dampers (PTMDs) in
buildings subjected to seismic excitation. Their method uses Padé approximants as design variables,
reducing computational cost by 40% for circular track shapes. The optimized track shape significantly
reduces the building’s annual failure rate by 53%, with a track profile differing from the circular
equation, showing a higher slope for moderate displacements.

Velocity pulses are extracted and examined from NFPTGMs using several time, frequency, and
time-frequency methods. Several authors, among which Baker [12], Rupakhety et al. [13-17], Xie et
al. [18], Panella et al. [19], Kohrangi et al. [20], Quaranta and Mollaioli [21], elaborated various
procedures to identify NFPTGMs by collecting databases of recorded events and scrutinizing their
peculiar characteristics. Among such peculiar characteristics, the vertical shaking of NFPTMGs was



found to be markedly higher than conventional far-field records. The reason for this is related to the
fact that the number of wave refractions occurring in wave propagation from the hypocenter to the
site is generally quite limited and, thus, not only the P waves but also the S waves (arriving at the
surface with an inclined, not perfectly vertical, direction) contribute to the vertical seismic excitation.
Some emblematic Italian cases of NFPTGMs showing such distinct feature, including L’ Aquila 2009
and Casamicciola 2017 earthquakes, were recently discussed by Falsone et al. [22]. In most building
codes the vertical action of ground motion is assumed assumed to be roughly 2/3 of the horizontal
action [23]. Numerous studies from the literature, such as Chopra [24], Kalkan and Graizer [25],
Piolatto [26], Abdollahiparsa [27], Langston and Hammer [28], and Shrestha [29], investigated the
response of different types of structures when excited by ground motion in three directions with the
aim to quantify the vertical-to-horizontal (V /H) ratio of the excitation and related seismic response.
It was found that, due to the abovementioned reasons, NFPTGMs can have a vertical component that
is comparable to, or even higher than, the horizontal component [30,31].

In a previous work, Falsone et al. [22] investigated the impact of the vertical component of
NFPTGMs on one case study bridge structure, i.e., an ordinary beam bridge. In this work, interesting
research findings were disclosed related to safety checks of bridge structures when the vertical
component of NFPTGMs was included in the analysis, namely the reduction of bending moment
capacity and ductility of piers. However, the numerical results reported in the previous work [22]
were based on a simplified linear elastic model of the case study bridge, thus neglecting material
nonlinear behavior that is experienced by damaged portions of bridges (e.g., piers) under severe
seismic excitation. Moreover, only a couple (i.e., two in number) of near-fault records was
considered, thus making it impossible to draw general (statistically valuable) conclusions. The
seismic vulnerability of bridge structures to NFPTGMs and the prominent influence of the vertical
component of such kind of excitation certainly deserves further investigation. To this end, this paper
presents a more systematic study that expands and generalizes the previous work by Falsone et al.
[22] by providing the following four novel contributions:

1) This study advances the current literature by incorporating the vertical component of Peak
Ground Velocity (PGV) as an intensity measure (IM) in the fragility assessment of bridges.
While most existing seismic fragility models predominantly focus on horizontal ground
motions, our approach explicitly considers the vertical component, which has been shown to
significantly impact the seismic response of bridge structures, particularly during strong
ground shaking. In this study, 100 pulse-type ground motions are selected, with the intensity
measure (PGV) varying up to 2 m/sec for short-span bridges and up to 3 m/sec for long-span
bridges. This consideration of vertical PGV provides a more comprehensive evaluation of the
seismic vulnerability of bridges, offering new insights into their behavior under earthquake-
induced forces and improving the accuracy of fragility predictions.

2) Two representative existing bridge structures are comparatively analyzed, namely an ordinary
short/medium-span girder beam bridge (BB) and a long-span suspension bridge, the Runyang
Suspension Bridge (RSB), in order to cover a wider range of bridge structural behaviors.

3) Nonlinearity of structural response is considered to simulate the bridge seismic response
(especially under severe earthquake excitations) more realistically than the previous work [22]
that, as said above, adopted a simplified linear elastic model.

4) In addition to the two records previously considered in [22], the bridge structures are subjected
to a set of further 98 NFPTGMs that are carefully selected based on Peak ground velocity
(PGV) and other pulse indicators from the literature. The larger number of nonlinear time



history analyses has made it possible to draw more general conclusions by constructing bridge
fragility curves accounting for and neglecting the vertical component of the seismic excitation.
5) A conceptual scheme of 3D tuned mass damper (TMD) is proposed to mitigate the bridge
seismic response. Based on the selected group of 100 NFPTGMs, the tuning parameters of the
3D TMD are identified through genetic algorithm in the three directions independently, thus
considering the mitigation of the bridge lateral deformation along with the effect of the vertical
seismic excitation simultaneously. It is found that the proposed 3D-TMD reduces the peak
moment responses by more than 60% in the piers and towers of the two bridges, respectively,
thus proving to be a promising solution for mitigating the seismic risk of existing bridges
located in near-fault regions.
This study builds upon and advances the work of Falsone et al. [22], who explored the impact of
vertical near-fault pulse-type ground motions (NFPTGMs) on an ordinary beam bridge. While their
study highlighted the reduction in bending moment capacity and ductility of piers under vertical
excitations, it relied on a simplified linear elastic model and only considered a limited number of
ground motion records. In contrast, this paper presents a more comprehensive investigation,
incorporating a dataset of 100 NFPTGMs to provide a more robust and statistically significant
analysis. Moreover, the study considers nonlinear material behavior, thus offering a more realistic
representation of bridge performance under severe seismic conditions. One of the novel contributions
of this work is the incorporation of vertical Peak Ground Velocity (PGV) as an intensity measure in
the fragility analysis, which has been shown to significantly influence the seismic response of bridge
structures, particularly in the presence of strong vertical ground shaking. Additionally, this paper
proposes a novel 3D tuned mass damper (TMD) control strategy that addresses seismic effects in all
three directions—vertical, horizontal, and longitudinal—simultaneously. The tuning parameters of
the TMD are optimized using a genetic algorithm, ensuring that the bridge’s lateral and vertical
deformations are mitigated effectively. Through these innovative approaches, this study provides
valuable insights into the seismic vulnerability of bridges under NFPTGMs and offers a promising
solution for mitigating seismic risk in near-fault regions.

2. Methodology for fragility and reliability curve development

2.1. Nonlinear modeling
To investigate the seismic response of a bridge, researchers have used several methods, such as the
frequency domain random vibration method, the response spectrum method, and the time-history
analysis method [25]. In the frequency domain random vibration method, the system transfer function
calculates the auto-spectral density functions for the input excitation. This method is sufficient only
if the nonlinear effects are not expected to be significant. The response spectrum method is used to
estimate the maximum values of response parameters. However, this method is generally used in
design, and it is approximate and not an appropriate method for nonlinear analysis. The most preferred
approach for investigating the response of the bridge subjected to ground excitation is time-history
analysis. This method is an intensive computational method that can account for all nonlinearity
sources. This study used a step-by-step nonlinear integration analysis in the time domain to obtain
the bridges' seismic response. The mathematical modeling was made based on following
assumptions:
e The bridges without or with the TMD are modeled by dividing the deck and piers into several
small discrete elements interconnected at nodes. Three translational degrees of freedom and



three rotational degrees of freedom directions are considered at each node and the mass from
each adjacent element is lumped at the node.

e Mass contribution from the nonstructural elements, such as wearing course, parapet walls,
etc., are taken into account because they produce inertial forces. However, their stiffness is
negligible in the dynamic behavior of the bridge.

e For nonlinear analysis, columns are modeled as nonlinear elements with lumped plasticity by
defining plastic hinges at both ends of each column. The hinge's properties are based on
FEMA-356 [32]. To define the plastic hinge’s force—deformation behavior, five points are
labeled as A, B, C, D, and E in Figure 1. Line AB presents the linear response and points B
and C present the yield and ultimate capacity of the hinges. Beyond point C the degradation
begins and from D to E the strength is significantly reduced. The component strength is
essentially zero after point E. In this study, the modelled hinges incorporate P-M2-M3
interaction. Hinge properties are defined in terms of moment and rotation. The slope of line
BC is 10% and the acceptance criteria Immediate Occupancy (IO), Life Safety (LS), and
Levels of Collapse Prevention (CP) are selected based on FEMA-356 [32]. The hinge length
was calculated based on ATC-32 [33].

Force
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Deformation
Figure 1. Force-deformation of a typical plastic hinge.

In this study, the incremental iteration strategy and Newmark‘s method with direct integration
procedure are adopted for nonlinear analysis. This nonlinear inelastic dynamic analysis is presented
as a flow chart in Fig. 8 to illustrate the details of the iteration strategy at each time step. In the
nonlinear analysis, as in linear analysis, the inertial effects of lumped masses are considered at
elements joints. The incremental equilibrium equation of motion is:

[MI{AX} + [C1{AX} + [K]{AX} = {AF} (1)

where [M],[C], and [K] are mass, damping and stiffness matrixes. {AX}, {AX}, {AX}, and {AF} are the
incremental acceleration, velocity, displacement, and ground excitation force vector respectively,
from time ¢ to ¢ + At. Also, the Newmark's method parameters y and  are assumed as 0.5 and 0.25.
The damping matrix is defined as:

[C] = am[M] + ak[K] 2
where «,, is mass-proportional factor and ay is stiffness-proportional factor. To estimate the incremental

displacement we can use equation (3):
AX = AF/[K] 3)



where AF and [K] are incremental effective force vector and effective stiffness matrix obtained from the
following equations (4) and (5)

AF = {AF} + {2 [M] + 2[CT} {Xn} + 2[M1{X,} )
[K] = 3 M1 + 3 (€] + [K] 5)

then at the time ¢ + At, the acceleration, velocity and displacement are updated based on AX as:

Kna} = —{(Fn} - = {Xa} + 1 (A (6)
Knia} = —{Xa} + = (0%} %)
{Xn+1} = {Xn} + {AX} (8)

then for each subsequent time steps the effects of Residual Force {Ry} are considered for structural system.
The residual forces are calculated from the damping force, inertial force, total external force {F'} and updated
internal force {F;,.} form equation (9)

{ARf} = {Fn+1} - [M]{Xn+1} - [C]{Xn+1} + {Fint} (9)

then for the subsequent time step the structural response is updated as follows:

{aAX} = {AR;}/[K] (10)
{AX**1} = {AX*} + {AAX} (11)
(Rpor) = ~{Ko) — 2 (Ko} + 15 (X4 (12)
{Kni1} = —(Xn} +  {AX*1) (13)
{Xns1} = (X} + (AX* ) (14)

This direct integration time history analysis is applied to all 3-directions simultaneously. The axial
load and base moment for the pier are calculated in the time domain. Then, for evaluating the effect
of the vertical component of ground motion on the moment capacity of columns, an approach for the
axial force-bending moment interaction diagram for circular reinforced concrete columns proposed
by Quaranta et al. [34] has been used. This interaction diagram is based on the following formula:

Mg (h4v)(Pg) = P (Pg)Mg'** (15)

where, Mg (n4v) is design bending moment resistance for applied axial load for each time step (Pg),

MP*** is the maximum bending capacity of the column, and ¥ (Pg) is calculated based on the

following formulation:

Pg a

2——E 1
TREef ca(1-p%)

2w+1

Y(Pp) =1 (16)

where R, is the outer radius in circular elements, f.4 is the strength of the concrete, w is the total
mechanical ratio of longitudinal reinforcement, p,. is the ratio between the outer and inner radius of
the circular section, « is an exponent determined through an optimization process suggested by



Quaranta et al. [34]. For calculating the moment capacity of rectangular sections, at each time step,
the following formula is used:

: PE—Asfy) (17

Mg (h+v) = Asfy (d 2a1frch

where f'. is the concrete compressive strength, f,, is the steel yield strength, A the area of steel

reinforcement, b is the width of the section, d is effective depth of reinforcement, and a4 typically
ranges from 0.65 to 0.85 depending on the design codes (e.g., 0.85 for ACI 318), [35].

2.2. Fragility analysis

The influence of the vertical component of NFPTGMs on the seismic response of bridge structure is
investigated by comparing the bending moment capacity, meant as the flexural capacity of bridge
pier, and the bending moment demand, meant as the maximum absolute value induced by seismic
time-history analysis. Nonlinear three-dimensional finite element analyses on the two bridges are
performed under the three components of the earthquake excitation concurrently acting. Spatial
variability of the earthquake excitation is ignored in the numerical analyses. Upon neglecting shear
(brittle) failure mechanisms for simplicity, bridges are deemed to be in safe conditions provided the
bending moment demand obtained from the numerical analysis is less than the bending moment
capacity. The variation of the vertical load (primarily caused by the vertical component of the seismic
excitation) is considered to affect the fluctuations of the bending moment capacity of bridge piers
through simplified axial load-bending moment interaction domains [34]. In this way, the influence of
the vertical component on the safety conditions of the bridge can be directly analyzed. The
methodology for fragility curve development is as follows;

For the construction of the fragility curves, the value of PGV is assumed as Intensity Measure (IM).
Total number of IM samples and the range of /M values are defined. The observed PGV values from
real earthquakes data are given by;

IMyisting = {PGV4, PGV, ..., PGV} (18)
These values are read and processed to form an array. The Probabilistic Data (PD) is provided as
PD = {PDl, PDl, "'JPD100} (19)

for each earthquake record, where M is the number of data points per earthquake. For each PD dataset,
scaling factors are calculated to interpolate the probabilistic displacement across the new /M range
(FEMA P695 2009):

IM;

scaling factor;; = (20)

IMexisting,j
where 7 indexes the /M samples and j indexes the existing PD values. The scaled PD values PDew
for each earthquake record are then computed as:

PDneW,i‘j = PD] . scaling factorl-,]- (21)



where PD; is the original probabilistic displacement for a given earthquake.

To categorize the damage states of a bridge pier in terms of moment demand relative to its moment
capacity, the states are typically defined using empirical and analytical studies in seismic and
structural engineering. Drawing from existing research (FEMA 2008 [50]; Chen [45]; Karim and
Yamazaki [46]; Pang and Li [47]; Uenaga et al. [48]; and Chen and Li [49]), the damage states are
classified into four categories: slight, moderate, extensive, and complete. Table 1 summarizes the
relationship between these damage states and the corresponding moment demands.

Table 1. Damage state

Moment Demand (%

Damage State of Capacity) Description

Slight Damage - 259 Mlngr cracking or superﬁqlal damage, no
significant structural impairment.
Noticeable cracking, spalling, or minor

0 > )

Moderate Damage > 30% structural damage, but still functional.

Extensive Damage S 759 Severe structural damage, stability
threatened, close to collapse.

Complete Damage = 100% Pier collapse or failure, structure cannot

support any further load.

Limit states LSy are defined as thresholds for damage, derived from a Base value B:
LS, = fi, fr €{0.25Mpg, 0.5Mg,0.75My, Mp} (22)
k

where k indexes the limit states, representing different levels of structural damage and Mk is the
moment capacity of tower/pier.
For each limit state LS, and each /M sample IM; , the exceedance count Cy; is determined by:

Crj = X1 I(PDyew,ij > LSi) (23)

where 1 (+) is the indicator function, returning 1 if the condition is true and 0 otherwise.

The Probability Density Function (PDF) of absolute peak moment response of the bridges is
computed. To this end, a normal PDF is fitted to the discrete peak moment results obtained from the
numerical analyses according to following formula:

1 —(m-p)?
fomy = T exp (F52>), 0> 0 (24)

202

where (m) is the peak moment response, assumed as random variable, u is the mean of the peak
moment distribution, and o2 is the related variance. The PDF of the bending demand in Eq. (24) is
compared with that of the capacity (bending resistance) of the bridge piers/towers, under the two
distinct hypotheses of accounting for and neglecting the vertical component of the seismic excitation.
This check has been performed at the base of piers.
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Figure 2. Flowchart for fragility analysis of bridge structures.

For fragility analysis, it is assumed that the /M levels causing the collapse of the bridge (i.e., the
exceedance of moment capacity in the most critical pier) are lognormally distributed. According to
this hypothesis, the fragility function is defined as follows:

X

P(CIIM=x)= w (25)
where P(C|IM = x) is the probability that a NFPTGM associated with IM = x will cause structural
failure, @ is the the standard normal cumulative distribution function (CDF), 8 and f are the two
parameters of the fragility function, representing the median (i.e., the IM level with 50% probability
of collapse) of the fragility function and the standard deviation of InIM (dispersion of IM),
respectively.
Calibrating Eq. (25) for the considered bridge structures implies estimating 8 and £ from the seismic
analysis results. For parameter estimation of the fragility function, the maximum likelihood
estimation (MLE) is used. Multiple Stripe Analysis (MSA) approach is adopted by computing the



fraction of NFPTGMs at each stripe (the IM level) causing the bridge collapse [36]. The fragility
analysis of the bridge structure is visually outlined in the flowchart depicted in Figure 2.

3. Selection of near-fault pulse-type ground motions

To investigate the structural response of bridges under NFPTGMs and to draw more general and
statistically significant conclusions than those reported in the previous study by Falsone et al. [22],
in addition to the two near-fault records considered in ref. [22] (i.e., L’Aquila (2009) and
Casamicciola Terme (2007)) a further set of 98 NFPTGMs having a variety of frequency
characteristics and seismological properties were selected from the Pacific Earthquake Engineering
Research (PEER) database [37]. Therefore, a total number of 100 NFPTGMs are considered in this
numerical study, whose seismological characteristics are summarized in Table 1 of Appendix A.
Three components (two horizontal and one vertical) of each earthquake event were collected,
including the time history of acceleration, velocity and displacement. The classification framework
proposed by Baker [12] is adopted in this work. Continuous wavelet transform of the velocity time
history is performed, the largest pulse in the record is extracted and subtracted from the ground motion
so as to obtain a residual record in addition to the original (source) record. Three criteria are taken
into consideration in accordance with this classification framework:

i. PGV must be higher than 30 cm/sec in order to exclude low-amplitude records.

ii.  Pulse indicator PI, calculated according to Eq. (26) and representing the likelihood that a

record is actually pulse-like, must be higher than a threshold PI,;, = 0.85, that is:

PI = ! > Pl., = 0.85 (26)

1+exp(—23.3+14.6ppGy+20.505,)

where ppgy represents the PGV ratio, i.e., the PGV of the residual record divided by that of
the original record, while pg  is the energy ratio, i.e., the energy calculated as cumulative
squared velocity (CSV) of the residual record divided by that of the original record.

iii.  Only early-arriving pulses are considered through a criterion based on the time variation of
the CSV of original record and extracted pulse comparatively, i.e., t200,0rig > t10% pulse
according to Baker [12], in order to selectively limit the analysis to records with directivity
effects.

In the selected group of 100 NFPTGMs, each record satisfies the above-mentioned three criteria.
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Figure 3. Distribution of main seismological parameters for the 100 NFPTGMs selected in this study.

The distribution of the main seismological parameters is shown in the histograms of Figure 3, based
on which the following critical considerations can be drawn. First, the pulse periods (T,,) span a wide
range from 0.59 s to 13.12 s, with a mean value of 4.85 s and a fairly uniform distribution. This
implies that the considered set of ground motions are representative of different frequency contents
of the seismic excitation. Most of the rupture distances (R,,;,) of the selected events fall into the
interval 0-15 km, which confirms that the pulse-like feature of the selected ground motions is
generally correlated with relatively low epicentral distances (although the epicentral distance has not
been taken into consideration as an explicit criterion for selecting the NFPTGMs according to the
above-described classification framework [12]). The significant duration of the ground motion, meant
as the time duration between the 5% and 95% of the Arias intensity and denoted as Dy /o5, is relatively
short for the majority of the events (10-15 s), which confirms the short duration characteristic of the
selected NFPTGMs. By carefully analyzing the PGV and PGA values and ratios between the
horizontal and vertical components, it emerges that a large number of selected records are
characterized by high values of PGVy (horizontal PGV), even larger than 80 cm/s, associated with a
low value of the (PGA/PGV)y ratio (which is correlated to pulse duration of the ground motion [38]).
Moreover, a markedly high ratio between the PGA in the vertical and horizontal direction is observed,
much larger than the conventional value of 2/3 assumed in building codes and the literature [23] and
even exceeding the unity, which means that the PGA of the vertical component is higher than that of
the horizontal component. The latter result confirms the extreme importance of including the vertical
component of the seismic excitation to perform seismic analysis of bridges subject to NFPTGMs.
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Figure 4. Correlation trends of seismological parameters for the 100 NFPTGMs selected in this study.

It is interesting to analyze some correlation trends between the seismological parameters of the 100
NFPTGMs selected in this study, as depicted in Figure 4. In general, low values of the rupture distance
(Ryyup) are associated with a higher value of the PGAy, /PGAy ratio, which confirms that, as explained
in the introductory section 1, for near-fault earthquake events (i.e., Ry, < 15 — 20 km) the limited
number of wave refractions occurring along the short traveling path of the seismic waves from the
hypocenter to the site contribute to prominent effects of the vertical seismic excitation related not
only to the P waves, but also to oblique S waves. The contribution of the vertical seismic excitation
is more marked for those NFPTGMs having a low (PGA/PGV)y, ratio and a low value of the
significant duration Ds 95, Which are two parameters somehow related to the short pulse duration of
near-fault events. On the other hand, the horizontal value of the PGV (i.e., PGVy) is a characteristic
parameter correlated very well with the severity of the earthquake excitation represented by the Arias
intensity I4; hence, PGVy can be considered a measure of the strength of NFPTGMs and is, in fact,
selected as intensity measure in the construction of fragility curves discussed in the next section.

The pseudo-acceleration response spectrum, calculated as square root of sum of squares (SRSS) of
the three components (two horizontal and one vertical), is depicted in Figure 5a in terms of arithmetic
mean and mean * standard deviation (std). In Figure 5b the mean pseudo-acceleration response
spectrum of the three components independently considered (Spq 1, Spa,nz and Spq ) is illustrated
along with the fundamental periods of vibration of the beam bridge (superscript BB) and of the
Runyang Suspension Bridge (RSB) in the horizontal (subscript H) and vertical (subscript V) direction.
It can be clearly seen that the value of the PGA in the vertical direction (PGAy ) is higher than 2/3 -



PGAy (marked as horizontal dashed line in Figure 5b for comparison purposes), a ratio commonly
referred to in the literature [23].
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Figure 5. a) Pseudo-acceleration response spectrum (SRSS of the three components); b) comparison of horizontal and
vertical mean pseudo-acceleration spectra of the 100 selected NFPTGMs.

In accordance with the Alaska Earthquake Center (AEC) classification [39], the 100 NFPTGMs were
subdivided into subgroups to assess the seismic performance in a more critical and systematic manner.
Three different categorization methods were used. The first categorization method classifies records
into different classes depending on the moment magnitude M,,: the first group corresponds to light-
to-moderate earthquakes having magnitude less than 6, the second group is representative of
moderate-to-strong earthquakes with magnitude between 6 and 7, while the third and last group
concerns major and severe earthquakes associated with magnitude higher than 7.

Since the peak ground velocity represents a key feature for identifying NFPLGMs, as confirmed by
the observation of the previous correlation trends, the value of this parameter (PGVy, hereinafter
denoted simply as PGV) is assumed as basis for the second categorization method of earthquakes,
including again three different subgroups. As said above, PGV values higher than 30 cm/sec
represents a criterion for identifying pulse-type ground motions; additionally, some statistical
research has indicated that the destructive force of earthquake considerably increased when PGV
reached or exceeded 60 cm/sec [40]. Based on these considerations, the first group is associated with
PGV less than 30 cm/sec, the second group corresponds to PGV between 30 cm/sec to 60 cm/sec,
and the third group includes ground motions with PGV higher than 60 cm/sec (corresponding to
strong pulse-type earthquakes).

Another factor that governs the seismic response of structures under NFPTGMs is the ratio between
the period of the dominant pulse T,, of the excitation and the fundamental period of the structure T;,.
Therefore, in the third categorization method, the ground motions were divided into three groups for
each bridge, based on the T, /T, ratio, where T), is calculated as follows [41]:

InT, = —6.55 + 1.12- M, (27)

and T,, is the natural period of the bridge (T;, is 1.03sec for beam bridge and 20sec for the Rungyang
suspension bridge). Table 2 indicates the number of ground motions falling in each category.



Table 2. Number of NFPTGMs falling in each category out of the 100 selected records.

Magnitude M<6 6<M<7 7<M
No. of earthquakes 9 44 47
PGV PGV<30cm/sec 30cm/sec<PGV<60cm/sec 60cm/sec<PGV

No. of earthquakes 12 54 34
T, /T, for beam bridge T,/T, <08 08 <T,/T,, <15 15<T,/T,

No. of earthquakes 4 15 81
T, /T, for RSB T,/T, <0.2 02<T,/T, <05 05<T,/T,

No. of earthquakes 44 48 8

4. Control Strategies

TMD systems are considered for vibration control of bridge responses. The application of TMDs to
bridge structures has been extensively researched. For instance, Jami et al. [42] assessed the
effectiveness of multiple distributed TMDs for RSB. Their study considered different natural
vibration sources and various TMD system configurations to determine the optimal TMD design for
multi-hazard vibration control.

The study introduces a novel framework aimed at optimizing the parameters of 3D-TMDs and
assessing their performance in both vibration control and their impact on the moment capacity of
bridge columns, considering the vertical component. First, modal frequencies and mode shapes of the
considered bridges are determined. For this system, the equation of motion in matrix form is:

[M,]{ii(0)} + [CI{u(0)} + [K{u ()} = —[M,]{r}{iig} (28)

where the stiffness, damping, and mass matrices of the bridge are indicated as [K], [Cs], and [M]
respectively of order (3N + 3n) X (3N + 3n); N and » indicate the degrees of freedom of the bridge
and the TMD. Also, {u} = {X1, X2, ... Xn, %1 o X0, Y0, Yo, . Yo, V1 o Vs 21, Zoy o Zy, 24 o 20}, {113,
and {ii} are the displacement, velocity, and acceleration vectors, respectively. {iig} is the earthquake
ground acceleration vector, including ¥4, y,, and Z; as the earthquake ground acceleration in the
longitudinal, transverse, and vertical directions, and {r} is the vector of influence coefficients.
Further, {X;}, {Y;}, and {Z;} are the displacements of the i" node of the bridge in the longitudinal,
transverse, and vertical directions, respectively. Figures 6 presents the sketch of 3D-TMD installed
in the bridges.

A computer program is developed specifically to optimize the TMD parameters based on a selected
set of seismic records. Leveraging the Genetic Algorithm's (GA) capability, speed, and flexibility for
multi-objective optimization, it efficiently identifies the optimal values for the TMD parameters. The
parameters under optimization, based on setting the TMD mass at 1% of the total bridge mass, include
the frequency wr and damping ratio {; in three dimensions. To minimize the analysis time, we
considered a single mass and stiffness system in three dimensions, matching the mass and stiffness
of the bridge structure for our primary system. Then, a TMD was added to this system, resulting in a
6-degree of freedom system with the TMD. The combined equations of motion for the 6 DOF system
with the TMD can be written as:

[0 MT] [us(t) [CS+CT —CT] [us(t)] +[KS+KT —KT] [us(t)]:[—Ms{T}ﬁg(t)

ir@ LU ol ke ur) 5] @
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Figure 6. Schematic model of the 3D-TMD.

Restrained in y-direction,
free in x & z-direction

where Mr, K1, and Ct are mass stiffness and damping of the TMD respectively, and uy, ur, and iy
are the displacement, velocity, and acceleration of TMD for the three directions x, y, and z. The
damping of this structure has been calculated based on the frequency of the bridge with 5% of
damping. The procedure used for optimization process involves the following steps:

e The TMD parameters to be optimized are frequencies (wry, wry, and wr,) and damping
ratios ({ry, {ry, and {r,) along the x, y, and z directions.

e The objective is to minimize the maximum base moment in the horizontal directions (x and
y) and optimize the TMD's frequency and damping ratio in the vertical direction (z) so as to
increase the moment capacity of the columns. So, the objective function can be written as:

. _ A0man)+Otymae)’
Mg

ming,,. max(M,(t), M, (t)), (30)

JWTy,WTz,Tx.Ty{Tz}
where max(M,(t), M, (t) are the base moments in the x and y directions, respectively.
My max, and My, 4, are the maximum base moments in the x and y directions over the time
history.

e The initial population C = [wr; {7 ] has been built based on the following ranges in all
three directions for restricting the variables.
0.5 < wry, wry, w1, < 1.5 & 0.001 < {7y, {1y, {7, < 0.7 for Beam Bridge
0.1 < wyy, Wry, W7, <3 & 0.001 < {ry, {1y, {r, < 03 for RSB

e Also, the following parameters have been used; Constraint Tolerance = 1e-6, Population
Size = 200, Stalls Generations = 200, and Generations = 200. For the optimization process,

three-degree-of-freedom structure with a single mass equal to the total mass of the bridge is
considered.

The optimization process is visually outlined in the flowchart depicted in Figure 7. This flowchart
provides a clear depiction of the GA optimization process.
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Figure 7. Flowchart of the GA optimization.

To properly evaluate the effects of earthquake vertical components and the effectiveness of the 3D-
TMD system on bridges, two bridges with distinct dynamic characteristics are considered. Due to
these differing characteristics, each bridge requires an individual evaluation approach. Consequently,
the responses of each bridge are analyzed separately in the following sections.

5. Response mitigation of beam bridge

5.1. Probabilistic analysis of beam bridge

The first bridge model chosen for this study is an ordinary six-span simply supported beam bridge.
The deck of this bridge has three prestressed concrete I-shaped girders and an overlying 22 c¢m thick
reinforced concrete slab, with an overall width (including curbs) of 9.5 m. The bridge can be
representative of a short/medium-span bridge, as its span length is 30 m, and a static scheme of simply
support girders on neoprene bearings reinforced with steel shims is adopted. The piers have variable
height, ranging from 8 m (side pier) to around 20 m (central pier), a circular hollow cross section.
The reinforcement layout comprises 32 + 32¢20 (20 mm diameter) longitudinal bars arranged in two
layers and stirrups ¢p12 at constant spacing of 200 mm. The foundation of each pier consists of a
square pier cap (side 7.20 m, depth 2.00 m) on which five deep-type piles are attached. Abutments
and pier caps are made of reinforced concrete. Pier (C) represents the tallest structure within this
bridge (see Figure 8). Consequently, this study focuses on assessing the performance of Pier (C). The
finite element model of the beam bridge is realized with the structural analysis and design software
SAP2000 [43], in which piers and girders are modeled through beam elements, self-weight and dead
load is combined with seismic action according to Eurocode 8 provisions [44], supports are modeled
accounting for different horizontal and vertical stiffness, left-side abutment is of fixed type, whereas
right-side abutment is modeled with a simple roller support. Plastic hinges are defined at either ends



of each pier. The fundamental lateral vibration frequency of the beam bridge identified from modal
analysis is 0.98 Hz (period equal to 1.02 s), while the fundamental vertical vibration frequency is 2.67
Hz (period equal to 0.37 s). The geometrical sketch of the beam bridge along with the finite element
model are sketched in Figure 8.
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Figure 8. Geometrical data of the beam bridge: a) elevation view, b) deck cross section, c¢) pier cross section, d) finite
element model.

The set of 100 ground motions encompasses a wide range of intensities across all seismological
parameters such as Magnitude, PGV, or PGA. To better understand the impact of the vertical
component, the ground motions are scaled so that the bridge's response to the horizontal component
approaches the pier's capacity (C), while ensuring that the structure remains within safe limits due to
the horizontal excitation of ground motion and then evaluate the effect of the vertical component of
ground motion (see Figure 9). For this study, only results (axial force-bending moment response)
concerning the most critical pier of the beam bridge (i.e., the middle pier (C) with the greatest height)
are shown and discussed. Moreover, rather than focusing on moment in the transverse or longitudinal
direction, we consider and calculate the resultant moment using the following approach:

M(t)—\/(Mx(t)) + (M) €2

where, My is the resultant moment, My and M, are moments in longitudinal and transverse

direction respectively. The resultant moment has been chosen due to the circular cross-section of
columns, which offers uniform moment capacity in any direction and features plastic hinges. These
hinges interact as (P-M2-M3), meaning that if they are in a plastic state due to a moment in one
direction, they exhibit plastic behavior in another direction as well. In this model, the demand moment
in the transverse direction reaches the yielding point first during almost all earthquakes.
Consequently, the demand moment in the longitudinal direction is determined based on plastic
behavior. However, the response in the longitudinal direction has not reached the yielding point. To
better illustrate this concept, the moment response of the bridge to the Northridge 1994 earthquake,
specifically at the Rinaldi Receiving Station, is presented as an example in Figure 9. It is important



to note that the variation in moment capacity is negligible when only the horizontal component of
ground motion is considered in the analysis. Therefore, in such cases, a constant value for the pier's
moment capacity is used. For pier (C) the moment capacity is M = 19900 kNm. The variation of
moment capacity of the pier (C) subjected to the vertical component of ground motion is calculated
based on equations (15) and (16).
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Figure 9. Bending moment response of the pier C to Northridge 1994 earthquake, Rinaldi Receiving Station; Mnc is the
moment without control device, Mc is the moment with control device, Mrm) and Mg+ are the moment capacity of the
column neglecting and considering the vertical component of the earthquake, respectively.

As depicted in this figure, the maximum moment demand from the horizontal ground excitations is
less than the moment capacity of the column. However, upon considering the effect of the vertical
component of ground motion, the capacity of the column changes in the time domain. At a specific
time, the induced moment by ground motion surpasses the moment capacity of the column,
demonstrating nonlinear behavior in this case.

Results from the probabilistic analysis of the beam bridge are presented in Figure 10. This figure
illustrates the probability density function of the peak moment responses from the scaled set of 100
ground motions. As we can see in this figure most peak responses are less than Mr, However, the
inclusion of the vertical component results in an average reduction of moment capacity by
approximately 6%.
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Figure 10. Probability density of peak moment responses of beam bridge to the set of 100 NFPTGMs. Mnc is the peak
of resultant moment responses of the pier (C) without control devices. Mg is the moment capacity of pier (C). Mg+
is the moment capacity of pier (C) considering the vertical component of ground motion.

5.2. Control system evaluation for beam bridge

The optimization prosses described in section 4 is used to obtain the optimum parameters for TMDs.
The TMD is placed at the top of pier (C). The results of the optimization process are presented in
Table 3.

Table 3. TMD parameters for beam bridge

Bridge
Direction Mass ratio (%)  fundamental Tuning frequency (Hz) Damping ratio (%)
frequency (Hz)
Longitudinal 1 0.97 0.97 0.06
Transverse 1 0.98 0.92 0.06
Vertical 1 2.67 2.63 0.069

In the beam bridge, Pier (C) is identified as the critical pier due to its height, thus the TMD is
positioned at the top of this pier (see Figure 8). SAP2000 software [43] was used to analyze the
nonlinear models of beam bridge with no control, and with 2D-TMD and 3D-TMD. The difference
between 2D-TMD and 3D-TMD is that 2D-TMD is considered fixed in the vertical direction, whereas
3D-TMD is tuned to the vertical direction based on the parameters in Table 3. The analysis results of
the beam bridge highlight the advantage of 3D-TMD compared to 2D-TMD. Figure 11 not only
underscores the efficacy of the 3D-TMD in reducing moments but also highlights its beneficial impact
on column moment capacity. Table 4 presents a summary of the analyses conducted for beam bridge.

Table 4. Percentage of moment reduction and of moment capacity increase obtained from non-linear analysis of beam

bridge.
Moment reduction Moment capacity
Direction (%) increase (%) (3D-TMD)
Max Median Max Median
Resultant ) 122 138 1.8

Moment
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Figure 11. Probability density of peak moment responses of beam bridge to the set of 100 NFPTGMs. Mnc and Mc are
the peak of resultant moment responses of the pier (C) without control devices and with control devices respectively.
Mg is the moment capacity of pier (C). Mrm+v) is the moment capacity of pier (C) considering the vertical component
of ground motion. Mcrm+v) is the moment capacity of pier (C) with 3D-TMD considering the vertical component of
ground motion.

5.3. Fragility analysis of beam bridge

To gain a comprehensive grasp of the findings from this study and the impact of 3D-TMDs on
enhancing the resilience of bridge columns, fragility analysis was conducted for the both bridges
based on description in section 2.2. For the construction of fragility curves, the value of PGV is
assumed as intensity measure (IM). For fragility analysis, it is assumed that the IM levels causing the
collapse of the bridge (i.e., the attainment of the bending moment capacity in pier C) are lognormally
distributed. The damage states are classified into four categories: slight, moderate, extensive, and
complete (see Table 1).

The results of the fragility analysis reveal a notable influence of the vertical component on the
probability of reaching the limit state condition. It becomes evident that the seismic vulnerability of
bridges increases with the inclusion of the vertical excitation component. However, the presence of a
3D-TMD can notably increase the bridge's reliability. Specifically, the analysis results imply that the
considered 3D-TMD exhibits positive effects compared to 2D-TMD, particularly for strong ground
motion with high PGV. Figures 12, and 13 showcases the outcomes of the fragility analysis for
different damage states described in Table 4.8 for both bridges (Beam bridge and RSB).

In Figures 12 and 13, the NC(h+v) presents the probability of collapse when considering the vertical
component of ground motion without TMD. NC(h) presents the probability of collapse without
considering the vertical component of ground motion. 2DC(h+v) presents the probability of collapse
with 2D-TMD considering the vertical component of ground motion. 3DC(h+v) presents the
probability of collapse of column with 3D-TMD when considering the vertical component of ground
motion.
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Figure 12. Bending moment simplified fragility curves for Beam Bridge in longitudinal direction.
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6. Response mitigation of Runyang Suspension Bridge (RSB)

6.1. Probabilistic analysis of RSB

The second bridge considered for this study is the Runyang Suspension Bridge (RSB), a long-span
suspension bridge in China that has been open for traffic since April 2005. The main span is 1490m
long and hung through towers on each side. Each tower consists of two steel-concrete columns 210
m in height connected by three prestressed concrete cross beams. The diameter of the main cable is
0.9m made of steel with 1670 MPa strength. The deck is connected to the main cable through two
vertical suspenders at each suspension point. The steel girder has a 3 m height and 38.7 m width with
a 2% slope on each side (for more details, see Jami et al. [42]). Plastic hinges are defined at the base
of each tower. Figure 14 presented geometrical data along with the FE model of RSB. The SAP2000
platform [43] is used to prepare the FE model of RSB. The first lateral and vertical frequencies of the
RSB are 0.049 Hz and 0.088 Hz, respectively. The RSB has symmetric geometry, so one tower was
chosen for performance evaluation in this study.
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Figure 14. Geometrical data of the RSB: a) elevation view, b) suspension tower, c¢) deck cross section, d) finite element
model.

The same set of 100 NFPTGMs records described in section 3 is used for nonlinear analysis of RSB.
The results are categorized based on ground motion records categorization in section 3. Also based
on control strategies described in section 4, TMD parameters for this case are indicated in Table 5.
The RSB frequencies considered for the design of TMD are based on frequencies of the RSB's tower
in longitudinal, transverse, and vertical directions (see Table 5). RSB has symmetric geometry, so
one tower was chosen to evaluate its response. The 3D-TMD is installed at the top of the selected
tower (see Figure 14).



Table 5. TMD parameters for RSB

Bridge

Directi Mass fundamental f Tuning Damping
lrection ratio (%) frequency FEQUeney atio (%)
(Hz)
(Hz)
Longitudinal 1 0.47 0.462 0.061
Transverse 1 0.23 0.223 0.059
Vertical 1 0.52 0.525 0.067

The same procedure described in the previous section for the beam bridge was also used for the
probabilistic analysis of the RSB. Results are presented in Figure 15 illustrating the probability
density function of response to different categories of ground motions. It vividly demonstrates the
significant impact of the vertical component of ground motions on the capacity of the towers,
especially during strong earthquakes. While there are instances where the capacity of towers
increases, in most cases, strong ground motions have adverse effects, leading to a reduction in tower
capacity by up to 19%. Furthermore, the results highlight another observation. Despite RSB being a
flexible structure with a high fundamental period, the vertical component of ground motion, with
higher pulse period exhibits a more noticeable impact on tower capacities.

To delve into the results stemming from the analysis of the RSB, Figure 15 and Table 6 present the
outcomes derived from nonlinear analysis under various categories of ground excitations. These
results distinctly showcase the efficacy of the installed TMD for the RSB, displaying notable
reductions in peak moment responses. The installed TMD mitigates peak moment responses by up to
68% in the longitudinal direction and 50% in the transverse direction. In Figure 15, since we have
more control with the 3D-TMD in the vertical oscillations, the capacity is tending to the dashed
vertical lines corresponding to the cases without vertical component; correspondingly, we have a
reduction of the bending moment demand for the cases with the 3D-TMD.

Table 6. Percentage of moment reduction and moment capacity of column increase contacted from non-linear analysis

of RSB.
Moment reduction ~ Moment capacity
Direction (%) increase (%)
Max Median Max Median
Longitudinal 68 34 19 3
Transverse 50 28 19.2 2.6

The significant impact of TMDs on seismic reduction in bridges has been widely acknowledged in
prior studies. However, what deserves particular attention in this study is the observed influence of
TMDs on enhancing the moment capacity of bridge columns, particularly when tuned in the vertical
direction. This is a consequence of reduction in vertical forces experienced by the columns. Results
illustrate that under intense ground motions characterized by higher magnitudes, PGV, and the ratio
of T, to T, approaching the unity, the 3D-TMD exhibits excellent performance in increasing column
capacity. While the effect of 2D-TMD on column moment capacity is deemed negligible, the 3D-
TMD demonstrates remarkable efficiency, yielding up to a 19% enhancement in moment capacity in
both horizontal directions.
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Fig. 15. Probability density of peak moment responses of RSB to the different categories of ground motion. Mncx and
Mnc.y are the peak moment responses of the RSB’s tower in the longitudinal and transverse direction without control
devices. Mcx and Mc.y are the peak moment responses of the RSB’s tower in the longitudinal and transverse direction
with control devices. Mgrxn) and Mgy is the moment capacity of RSB’s tower in the longitudinal and transverse
direction without considering the vertical component of ground motion. Mgrxn+v) and Mgy+v) are the moment capacity of
RSB’s tower without TMD and in the longitudinal and transverse direction considering the vertical component of
ground motion. Mcrxm+v) and Mcrym+v) are the moment capacity of RSB’s tower with 3D-TMD in the longitudinal and
transverse direction considering the vertical component of ground motion.

6.2. Fragility analysis of RSB

For fragility analysis of RSB, we employ the same procedure that was conducted for beam bridge
fragility analysis. It is assumed that the IM levels causing the bridge collapse are lognormally
distributed, and the fragility function is defined as in section 2.2. Furthermore, the multiple stripe
analysis approach is adopted by computing the fraction of the set of ground motions at each stripe
that causes the bridge to collapse.

Figures 16 and 17 display the results of the fragility analysis in both longitudinal and transverse
directions, respectively for different damage states described in Table 1. These findings distinctly
highlight how the vertical component of ground motion influences the probability of collapse in each
direction. Additionally, the positive impact of control systems on enhancing bridge performance is
demonstrated. The results further reveal that the 3D-TMD outperforms the 2D-TMD, particularly
under ground motions with high PGVs.
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Figure 16. Bending moment simplified fragility curves for RSB in longitudinal direction
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Figure 17. Bending moment simplified fragility curves RSB in transverse direction.

In Figures 16 and 17, the NC(h+v) presents the probability of collapse when considering the vertical
component of ground motion without TMD. NC(h) presents the probability of collapse without



considering the vertical component of ground motion. 2DC(h+v) presents the probability of collapse
with 2D-TMD considering the vertical component of ground motion. 3DC(h+v) presents the
probability of collapse of column with 3D-TMD when considering the vertical component of ground
motion.

7. Reliability analysis of RSB and Beam bridge

The reliability analysis of the Beam bridge and RSB, as presented in Figures 17, 18, 19, and Table 7,
offers insight into how each bridge responds to various seismic conditions and damage states.

The PGV values for 50% reliability indicate the ground motion intensity each bridge can withstand,
with a 50% probability of avoiding collapse.

The reliability analyses of the Beam Bridge and the RSB, as illustrated in Figures 18 - 21 and
presented in Table 7, make it clear that vertical ground motion plays a key role in evaluating seismic
performance and that installing tuned mass damper (TMD) systems can significantly reduce the
likelihood of collapse. Focusing on the Beam Bridge first, we see that when the vertical component
is ignored (in the “NC(h)” scenario), the resulting reliability estimates appear higher than they really
are once vertical excitations are accounted for (“NC(h+v)”). In other words, not considering vertical
motion can lead to an overestimation of how safely the Beam Bridge will perform during a strong
earthquake. Fortunately, the introduction of TMDs provides a meaningful improvement. According
to Table 4.9, the 2D-TMD arrangement consistently boosts the ability of the Beam Bridge to handle
higher PGV levels, particularly in moderate to extensive damage ranges, while the 3D-TMD setup
goes even further by controlling vibrations in multiple directions simultaneously.

The RSB demonstrates a similar pattern. Comparing “NC(h)” with “NC(h+v)” reveals that leaving
out the vertical component overestimates how well the RSB can handle seismic loading. Even so, the
RSB tends to maintain a higher PGV capacity in moderate damage states than the Beam Bridge,
pointing to factors like increased stiffness or more robust structural framing. Table 4.9 underlines this
observation by showing a clear shift to greater reliability when either 2D-TMD or 3D-TMD systems
are applied to the RSB. Notably, the 3D-TMD configuration provides the biggest leap in reliability
at higher damage levels, stressing how critical it is to keep both lateral and vertical motions under
control in strong earthquakes.For extensive or complete damage, the PGV values required for 50%
reliability are very high, particularly for the RSB. Although the beneficial effects of TMDs remain
evident, the unrealistically high PGV values suggest that it may not be necessary to evaluate the
performance of TMD systems or the impact of the vertical component of ground motion in such
severe damage states. These extreme conditions suggest that further analysis might not yield practical
insights regarding TMD effectiveness.

All things considered, the data in Table 4.9 confirm that ignoring vertical ground motion can lead to
an overly optimistic—and potentially unsafe assessment of seismic reliability for both bridges. At the
same time, both 2D-TMD and 3D-TMD setups help mitigate the chances of severe damage, although
the 3D-TMD system shows the broadest benefits over a wider range of intensities. These results
underscore that, for both the Beam Bridge and the RSB, a three-dimensional perspective on seismic
loads, combined with a well-conceived TMD strategy, is essential for achieving greater resilience
when earthquakes strike.
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Figure 18. Bending moment simplified reliability curves for Beam Bridge in longitudinal direction.
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Figure 19. Bending moment simplified reliability curves for Beam Bridge in transverse direction.
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Figure 20. Bending moment simplified reliability curves for RSB in longitudinal direction.

——NC (h) ——NC (h+v) 2DC(htv)
Damage State 2

— T

3DC(htv)

Damage State 1

08 e > 0.8} NG S

06} fa Stk 0.6} e

04} s L iongEy

Probability of Exceedance
Probability of Exceedance
s

0 . . . . . 0 . . . . .
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
(

IM (PGV of Veritical Component, m/sec) IM (PGV of Veritical Component, m/sec)

Damage State 3 Damage State 4

| == = T I —— —_—

208t _
: Z 08}

0.6 TR

04| R

Z 04t b g

Probability of Exceedance
S
Probability of Exceedance

0 0.5 1 L5 2 25 3 ] 0.5 1 1.5 2 2.5 3
IM (PGV of Veritical Component, m/sec) IM (PGV of Veritical Component, m/sec)

Figure 21. Bending moment simplified reliability curves for RSB in transverse direction.

In Figures 18 — 21, and Table 7, the NC(h+v) presents the probability of collapse when considering
the vertical component of ground motion without TMD. NC(h) presents the probability of collapse



without considering the vertical component of ground motion. 2DC(h+v) presents the probability of
collapse with 2D-TMD considering the vertical component of ground motion. 3DC(h+v) presents the
probability of collapse of column with 3D-TMD when considering the vertical component of ground
motion.

Table 7. PGV (m/s) for 50% reliability of RSB and Beam bridge.
PGV (m/s) for 50% Reliability

Bridge  Direction Damage State
NCny NChtv) 2DCh+vy  3DChy)
Té _ Slight Damage 0.17 0.16 0.2 0.24
'g % Moderate Damage 0.2 0.9 0.24 0.27
'%n g Extensive Damage 0.23 0.22 0.28 0.32
Beam — Complete Damage 0.28 0.26 0.33 0.38
bridge o Slight Damage 0.17 0.16 0.19 0.23
§ S Moderate Damage 0.19 0.18 0.23 0.26
g g Extensive Damage 0.22 0.21 0.26 0.31
Complete Damage 0.27 0.25 0.32 0.37
Té g Slight Damage 0.6 0.58 1.02 1.18
5 .2 Moderate Damage 0.7 0.66 1.17 1.35
'én i*; Extensive Damage 0.82 0.77 1.36 1.58
RSB - Complete Damage 0.99 0.92 1.63 1.84
o . Slight Damage 1.81 1.37 3.21 3.51
§ % Moderate Damage 2.01 1.55 3.58 3.86
g _% Extensive Damage 2.3 1.77 3.84 4.01
Complete Damage 2.6 2.06 43 4.51

8. Conclusions

The objective of the present study is to examine the effect of the vertical component of earthquake
ground motions on the safety of bridges. An ordinary beam bridge and a long-span suspension bridge
are modelled through a three-dimensional finite element model, and its seismic response is assessed
under a set of pulse-like ground records. The axial load and bending moment are the critical response
indicators checked to assess the design safety requirements of the bridges. In the numerical analysis,
for obtaining the responses of the bridges, nonlinear analysis is used. For nonlinear analysis, plastic
hinges are considered for bridges columns/towers. In this study, bridges are considered to be safe if
the moment induced by the ground motion is lower than the corresponding bending resistance.

For the considered bridges and for the given set of pulse-type ground motions including the vertical
component, fragility curves are constructed to show the probability of exceeding the limit state
threshold representative of the safety of the bridges. The peak ground velocity is considered to be the
intensity measure for developing fragility curves. A critical comparison of fragility curves accounting
for and neglecting the vertical component of the seismic excitation is illustrated. It is observed that
the probability of crossing the limit state condition is affected by the consideration of the vertical
component.

For enhancement of the safety of the bridges, TMD was used as a control device for reducing the
bridge response from ground excitation. The results indicated that installing a 3D TMD (i.e., a TMD



tuned to three directions concurrently) could be efficient for reducing the bridge's response in both
horizontal and vertical directions. Results of this numerical study indicated that the TMD reduces the
peak moment responses up to 68% for RSB and 62% for beam bridge. The results also illustrate that
under intense ground motions characterized by higher magnitudes, PGV, and ratios of 7, to 7,
approaching the unity, the 3D-TMD exhibits excellent performance in increasing the column
capacity. While the effect of 2D-TMD on column moment capacity is deemed negligible, the 3D-
TMD demonstrates remarkable efficiency, yielding up to a 19% enhancement in moment capacity in
both horizontal directions of RSBs tower, and 13% enhancement in moment capacity of beam bridges
column. Table 7 further illustrates how adding TMD systems, especially the 3D-TMD configuration,
dramatically reduces the chances of severe damage by controlling multi-directional vibrations.
Overall, these results highlight the importance of a comprehensive, three-dimensional approach to
seismic design and the need for robust vibration-control solutions to keep our bridges safer and more
resilient under real-world earthquake conditions.

The reliability analysis of the Beam Bridge and the RSB makes it clear that disregarding vertical
ground motion can lead to overly optimistic and potentially unsafe estimates of how each structure
will perform under seismic loading. Incorporating the vertical component demonstrates a realistic
view of lower reliability for both bridges, with the RSB tending to withstand moderate damage states
better than the Beam Bridge.

Although the results of this study seem encouraging and offer a general view of the effects of the
vertical component, the diversity of earthquake characteristics requires further investigation to
develop novel technological solutions and appropriate structural control strategies.
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FRAGILITY OF LONG-SPAN BRIDGES TO NEAR-FAULT
PULSE-LIKE GROUND MOTIONS

Matin Jami!, Rajesh Rupakhety!, Bjarni Bessason?, Jonas Th. Snebjérnsson?

1" Earthquake Engineering Research Centre, Faculty of Civil and Environmental Engineering, School of Engineering and Natural Science,
University of Iceland, Selfoss, Iceland.

% Faculty of Civil and Environmental Engineering, School of Engineering and Natural Science, University of Iceland, Selfoss, Iceland.

3 Department of Engineering, School of Technology, Reykjavik University, Reykjavik, Iceland.

Abstract;

This study investigates the impact of near-fault ground motions on cable-stayed bridges. For a case
study, we focus on the new bridge planned for construction over the Olfus River in Selfoss. This bridge
is designed as a cable-stayed structure and exhibits significant mass participation in vibration modes
with periods ranging from 0.6 to 2 seconds. Consequently, there is a likelihood that specific vibration
modes of the bridge will resonate with the low-frequency near-fault ground motion velocity pulses,
imposing substantial demands on the structure. To address these challenges, non-linear finite element
models were developed using OpenSees. The bridge will be equipped with Lead Rubber Bearings
(LRBs) to enhance its seismic resilience. For the Lead Rubber Bearing (LRB) design, we have used the
set of near-fault ground motions to optimize LRB parameters. Subsequently, a set of near-fault ground
motions, collected and processed by Rupakhety et al. (2011), was employed for response history
analysis. To better understand the impact of Near-Fault Pulse-Type Ground Motions (NFPTGMs) on
the bridge structure, a set of 27,600 PTGMs was simulated and applied in the longitudinal and transverse
directions to the bridge structure for nonlinear analysis. This simulation was conducted using a set of
69 PTGMs as seeds to generate 27,600 pulse type ground motins. The study further investigates the
bridge's fragility for both near-fault pulse-type ground motions. The fragility analysis highlights the
significant seismic vulnerability of bridge bearings. It is crucial to establish a meticulous post-
earthquake monitoring system for these bearings, and their design should incorporate the capability for
replacement when necessary to ensure the long-term safety and functionality of the bridge.
Keywords: Cable-stayed Bridge, Probabilistic Analysis, fragility, LRB, Near-Fault Pulse-Type Ground

Motions and Earthquake Engineering.

1. Introduction

In today's world, bridges stand as vital infrastructures for the modernization of countries. Bridges come
in various shapes, including arch bridges, suspension bridges, and cable-stayed bridges, each with
unique characteristics. It is essential to note that each type of bridge has its own advantages and
disadvantages, and the choice of bridge type depends on several factors, such as construction
techniques, project-specific requirements, available materials, and the local climate. Cable-stayed

bridges offer several advantages, including efficient material usage, aesthetic appeal, relatively low



maintenance costs, improved structural performance, fast construction, and design flexibility (Troitsky
1988).

The concept of the cable-stayed bridge was first conceived in 1595 (Zahrai and Froozanfar, 2019), but
it took more than two centuries for this idea to materialize. After two cable-stayed bridges collapsed in
1818 and 1824 (Birnstiel, 2013), this bridge type fell out of favour for an extended period. However,
over time, cable-stayed bridge construction has evolved significantly, and today, advancements in
computing technology enable the construction of more complex cable-stayed bridges.

During seismic events, seismic energy propagates in the form of waves. Ground motions are categorized
based on factors such as rupture mechanism, slip direction, and tectonic displacement. Various authors
(including Baker, 2007; Rupakhety and Sigbjornsson, 2011 and 2014; Rupakhety et al., 2011;
Rupakhety et al., 2012; Xie et al., 2005; Panella et al., 2017; Kohrangi et al., 2019; and Quaranta and
Mollaioli, 2019) have outlined procedures to identify near-fault velocity pulse-type ground motions by
collecting databases of recorded events and analysing their distinctive characteristics. The distance of a
structure from the fault rupture is a widely recognized criterion that directly affects the imposed peak
displacement demand on a structure. Ground motion records within 20 kilometres of the fault often
exhibit significant velocity pulses (Xie et al., 2005). Specifically, NFPTGMs are those that affect
structures located close to the fault rupture, typically within 12 kilometres (Chopra and Chintanapakdee,
2001), while far-field records are associated with epicentral distances of 20 kilometres or more.

The destructive potential of NFPTGMs has garnered the attention of bridge engineers, leading to
extensive research on assessing the performance of cable-stayed bridges subjected to NFPTGMs.
Among the studies conducted in this regard, the following can be mentioned; Yi (2023), Xie and Sun
(2021), Li et al. (2017), Tochaei et al. (2020), Soyluk and Karaca (2017), Gautam et al. (2023), and
Wang et al. (2017). These studies utilize numerical simulations, physical testing, and real-world
observations to evaluate the impact of NFPTGMs on cable-stayed bridges. They consider factors such
as bridge geometry, ground motion characteristics, and the behaviour of bridge components under these
excitation forces. Key findings from these studies have highlighted the vulnerability of cable-stayed
bridges to damage and failure during NFPTGMs, emphasizing the need to account for NFPTGM
characteristics in the design and construction of such bridges to ensure their safety and performance.
Based on the existing literature, it becomes evident that earthquake induced forces can excite distinct
modes of vibration within cable-stayed bridges. To study the overall performance of cable-stay bridges,
it is imperative to evaluate the vulnerability of the bridge structure and tailor vibration control and/or
mitigation strategies according to the excitation, the structural components most susceptible, and the
targeted response parameter (e.g., displacement or acceleration).

This study, is set against the backdrop of Iceland's unique environmental and geological conditions, as
we evaluate the Olfus Cable-Stayed Bridge (OCSB) response when subjected to near-field ground

motion. Our approach entails the creation of a nonlinear model for the OCSB using the OpenSees



platform. Subsequently, we apply a series of NFPTGMs , ultimately generating fragility curves for a

comprehensive probabilistic analysis.

2. Case study of the Olfus Cable-Stayed Bridge

This section presents the case study of the Olfus cable-stayed bridge (OCSB) to illustrate how
NFPTGMs affect the bridge and its components in distinct ways. The findings are statistically detailed
to formulate bridge fragility curves for assessing bridge reliability in Near-fault zone. The subsequent
sections outline the mathematical model of the bridge, and the seismic excitations employed in the

study.

2.1. Selection of near-field velocity pulse type ground motions
To investigate the structural responses of bridges when subjected to NFPTGMs and derive broader,
statistically significant insights, we curated a collection of 106 NFPTGMs. This selection encompasses
a diverse range of frequency characteristics and seismological attributes drawn from the University of
Iceland's Earthquake Engineering Research Centre database. This study focused only on the horizontal
component containing the velocity pulse. This collection of NFPTGMs was assembled by Rupakhety
et al. (2011), following the methodology outlined in their earlier work (Rupakhety et al., 2010). The
properties of these ground motions, including aspects such as amplitude and frequency content, were

examined thoroughly in Rupakhety et al. (2011) study.
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Figure 1. Distribution of main seismological parameters for the 106 NFPTGMs selected in this study.

The distribution of the main seismological parameters is depicted in histograms (Figure 1), from which
critical considerations emerge. Most of the selected events' rupture distances (Repi) fall within the 0-30

km interval, confirming that the pulse-like feature of the chosen ground motions generally correlates



with relatively short epicentral distances. The velocity pulse periods (T,) span a wide range, ranging
from 0.42s to 14s, with a mean value of 3.37s and a relatively uniform distribution. This implies that
the considered set of ground motions represents various frequency contents of seismic excitation. These
ground motions' peak ground velocity (PGV) ranges from 10.6 to 294.2 cm/s, encompassing a broad
spectrum of amplitude variations. Correspondingly, these ground motions are associated with
carthquake magnitudes (My) ranging from 5 to 7.6 on the moment magnitude scale. A comprehensive
summary of the seismological properties of this ground motion dataset is provided in Appendix A. The
corresponding Fourier Amplitude Spectra (FAS) shown in Figure 2 indicates that for selected
carthquakes, the spectral content at the first mode of the bridge in both the longitudinal and transverse

directions is significant.
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Figure 2. FAS of the selected horizontal ground motion time series shown in Appendix A. The grey lines
correspond to Minimum and Maximum, and the black line is the average FAS. The vertical lines correspond to

the frequencies of the two modes listed in Table 2.

2.2. Description of numerical model of OCSB
2.2.1. Description of the OCSB
For this case study, a single-tower cable-stayed bridge has been selected (refer to Figure 3). This cable-
stayed bridge is planned for construction over the Olfus River in Selfoss. It's important to note that the
Olfus Cable-Stayed Bridge (OCSB) is asymmetric, with a span length of 145 m on the western side and
155 meters on the eastern side. The deck measures 23 meters in width and is composed of two steel
girders on the sides, a central steel beam, cross beams, and a concrete slab (see Figure 3(c)). Material
details and cross-section specifications for the deck elements can be found in Table 1.
In this model, a 55 m tall steel tower is considered (see Figure 3(b)), featuring a rectangular cross-

section with side lengths of 3.5 meters and a thickness of 40 mm. Additionally, there are four struts on



each side, each 40 cm in length and 2 cm thick (see Figure 3, section A-A). The tower's two legs are
anchored on a 4-meter by 4-meter concrete block (see Figure 3(b)). The cables are connected to the
tower at intervals of 1.5 meters and with an interval of 9.0 meters to the bridge floor on the west side
and 9.5 meters on the east side. The cables proposed for the preliminary design are constructed from
parallel wires with a cross-sectional area of 150 mm. The number of wires in the cables varies due to
the cable's length, ranging from 31 to 37. The bridge is equipped with LRBs to enhance its seismic

resilience. Six LRBs are used, two at each end and two aligned with the tower (see Figure 4).

Table 1. OCSB deck elements details

Cross-section
) Flange Web
Elements Material Height | Width
Section thickness thickness
(mm) (mm)
(mm) (mm)
Girder at the tower side Steel S355 Box 1540 800 70 30
Girder at the abutment side Steel S356 Box 1270 800 35 20
Middle beam Steel S357 Box 440 600 20 15
Cross beam Steel S358 Box 1140 600 20 15
slab west side concrete 300 20000
slab East side concrete 270 20000

It's worth noting that the bridge is situated in an active seismic zone known as the South Icelandic
Seismic Zone (SISZ). According to a study by Ragnar et al. (2014), the OCSB is approximately 2 km
away from the fault. The database from the Earthquake Engineering Research Center (EERC) indicates
that two significant earthquakes occurred in the Southern Fault Zone in 2000 and 2008, both registering
magnitudes between 6.3 and 6.5. The bridge exhibits substantial mass participation in vibration modes
with periods in the range of 0.6 to 2 seconds. It is, therefore, likely that some modes of vibration of the
bridge will resonate with the near-fault ground motion pulses, resulting in large demands on the
structure. On the other hand, the geographical location of Iceland in the middle of the North-Atlantic

ocean, requires that wind-induced force be considered as a potential hazard in the design of the bridge.



(a)

145 | 155

Figure 3. The OCSB (a) elevation. (b) Geometry of the tower. (c) Cross-section girder. (Dimensions in m)

2.2.2. Numerical model of OCSB

A nonlinear three-dimensional Finite Element (FE) model of the bridge has been developed within the
OpenSees platform (as depicted in Figure 4). This model is constructed based on the bridge
specifications available from the preliminary design and literature sources (Ingvar Hjartarson, 2019).

The modal shapes, frequencies, and mass participation ratios for the first four vibration modes of the
OCSB are presented in Figure 5 and summarized in Table 2. In this model, the bridge deck is
represented using linear elastic beam-column elements that pass through its shear center. The stiffness
properties and mass of the deck section are primarily concentrated in the spine beams. The inclined stay
cables are assumed to maintain their elasticity throughout their entire service life, with the capacity to
resist tensile forces exclusively. Consequently, the cable forces are applied to the bridge via truss
elements constructed from tension-only materials with initial strain. It is anticipated that the tower
elements may experience plastic deformation when subjected to extreme loads, such as strong
earthquakes or wind-induced forces. As a result, two plastic hinges have been incorporated into the
connection of the tower legs to the concrete foundation blocks. These plastic hinges are modeled using
zero-length elements with uniaxial Bilin material properties (OpenSees Wiki-Command Manual). The
connection of the bridge deck to the abutments is facilitated by bearings. Lead-rubber-X elements have
been employed for modelling the behaviour of these bearings. To determine the optimal parameters for
the lead-rubber-X element, a novel methodology, which is detailed in the following section of this study,

has been proposed.



LRB-1

Figure 4. 3D Finite Element Model of the OCSB.

Figure 5. First 4 modes of vibration of the OCSB (a) first mode shape (horizontal), bridge deck moves
symmetrically in the transverse direction; (b) second mode shape (horizontal), the bridge deck moves
asymmetrically in the transverse direction; (c) third mode shape (horizontal) the bridge deck and tower both
move in the longitudinal direction, and; (d) forth mode shape (rotational, vertical, and horizontal), the tower

moves horizontal in the longitudinal direction pulling the bridge deck asymmetrically in the vertical direction

Table 2. Modal frequencies, and modal participation mass ratio of OCSB for modes 1 to 4 (U

and R denote translation and rotation, respectively)

Modal mass participation ratio (%
Mode # Direction Frec%_lllency P P C)

(Hz) Ux Uy Uz Rx Ry Rz
1 Transverse 0.53 0 0 79.69 3.75 3.13 0
2 ROTta“"nal and | 60 0 0 3.88 0.18 7039 0

ransverse

3 Longitudinal 0.80 96.81 0 0 0 0 0.04
4 Rotational 0.86 0.06 0.27 0 0 0 95.19




2.2.3. Optimization of bearings lead diameter.
A lead rubber bearing consists of several materials, including sealing steel plates, a steel shim layer, a
lead core, and cover rubber (see Figure 6). Several procedures have been used for designing lead rubber
bearings (see references include Lee, 1994; Turkington et al., 1989; Hameed et al., 2008; Li et al., 2018;
and Cao et al., 2020). However, finding the optimum parameters for a lead rubber bearing in a nonlinear
structural model is a challenging task. In such cases, genetic algorithms (GA) can be a suitable method

which has been employed in various research endeavours to optimize control device parameters.

_ Energy dissipation core

Cover

> - Steel reinforcing plates
rubber

Internal rubber layers

Figure 6. LRB, (Chen and Duan, 2014).
In this study, the lead rubber bearing in the Opensees platform, is modelled using the "LeadRubberX"
command. This command constructs a three-dimensional LeadRubberX bearing element within a 12
DOF, 2-node discrete element framework. Designed to replicate the 3D continuum geometry of a lead
rubber bearing, this model expands upon the ElastomericX formulation by integrating strength
degradation effects resulting from lead-core heating. The LeadRubberX command requires several
geometric and material properties of the elastomeric bearing as input parameters. All the parameters
listed in Table 3 are required inputs for this command, including shear modulus, bulk modulus, rubber
layer thickness, lead yield stress, and thermal conductivity. These parameters define the six-directional

material behavior of the bearing within OpenSees (OpenSeesWiki) .

Table 3. parameters of Lead Rubber bearing (Units are in N, m, s)

Post-elastic stiffness ratio in shear 0.05

Shcr ol mbber v fom singof |05
Bulk modulus of rubber 2.00E+09 Pa
Thickness of steel shim plates 6.00E-03 m
Thickness of a single rubber layer 1.00E-02 m
Number of rubber layers 25

Outer diameter of lead rubber bearing 1.00E+00 m
Bearing cover 1.20E-02 m
Yield stress of lead initially 1.30E+07 Pa
Thermal conductivity of steel 5.00E+01 W/(m.K)




In this study, most design parameters are based on established references (see Lee, 1994; Turkington et
al., 1989; Hameed et al., 2008; Li et al., 2018; and Cao et al., 2020), except for the lead diameter. Since
the lead core is the primary component responsible for energy dissipation in the bearing, we conducted
an optimization process to determine the optimal lead diameter. To balance accuracy and computational
efficiency, we opted not to use the Genetic Algorithm (GA) approach for optimizing the lead diameter.
Instead, we predefined 20 different lead diameters for the LRBs, ranging from 10 ¢cm to 70 cm, and
modelled each case individually. The analysis was then performed for all 106 sets of ground motions
for each model. All six LRBs share the same geometry and material properties. To evaluate their
performance, the mid-span displacement response in the transverse direction for a 145-meter span,
which is relatively stiffer was considered. This displacement was chosen as the key output parameter to

determine the optimal lead diameter.

Max. mid-span displacement response to each ground motion
Average displacement for each bearing lead diameter
= = = Min. values for average max. Mid-span displacement plane. For bearing lead diameter, this line is 0.4m

Maximum Displacement (m)

Max. Mid-span Displacement {m)

(.6

_ s )
0.3 I ®
arng Leagd Diameter (m) " 0.7 0

Figure 7. The scatter plot shows individual data points (Max. mid-span displacement). The transparent plane
represents the average maximum displacement across bearing diameters. The red dashed line highlights the
optimal bearing diameter of 0.4 m, spanning all PGV values.

Figure 7, present the 3D scatter plot illustrates the relationship between bearing lead diameter (m), peak
ground velocity (PGV, m/s), and maximum mid-span displacement (m) for a set of 106 ground motion
records. Each scatter point represents the maximum displacement for a specific bearing lead diameter

and PGV combination. The semi-transparent plane highlights the average maximum displacement



across all bearing lead diameters, providing a visual representation of overall structural performance.
The red dashed line at a bearing lead diameter of 0.4 m highlights the trend of maximum mid-span
displacements across different PGV values. This specific diameter is identified as optimal based on
structural performance, as it consistently results in lower displacement values compared to other
diameters. To better understand this effect, we analysed the results in Figure 8, where the relationship
is further clarified by evaluating the mean peak mid-span displacement. This helps highlight how
different bearing lead diameters contribute to structural response and identify the most effective
diameter for minimizing displacement. Based on Figure 8, it is clear that the lead diameter of 0.4m has

the best performance.
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Figure 8. variation of mean values of OCSB peak mid-span response in the transvers direction to a set of 106
ground motions for LRBs with different bearing lead diameter.

However, it should be noted that changing the lead diameter has a direct effect on dynamic
characteristics of bridge system. As an explanation of the contributing factors, we can mention the
following:
e A smaller diameter (less than 0.4m) may lack sufficient stiffness, causing excessive
deformation, which leads to higher mid-span displacements and structural instability.
e A larger diameter (greater than 0.4m) may be overly stiff, reducing the bearing's ability to
dissipate seismic energy, resulting in higher force transmission to the structure (see Figure 9).
e The 0.4 m bearing lead diameter provides sufficient deformation capacity to absorb seismic
energy without excessive displacement (see Figure 9).
e The 0.4 m bearing lead diameter likely optimizes the hysteretic behaviour of the bearing
material, ensuring an efficient energy dissipation (see Figure 9).
e A bearing lead diameter of 0.4 m yields the best structural performance, as Figure 7 and 8

demonstrates, since it consistently achieves lower maximum displacements across a wide range



of PGV values. This suggests that a 0.4 m lead diameter of bearing optimally balances

flexibility and stability under seismic loading.
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Figure 9. Mid-span displacement and bearing force-displacement responses for an extreme ground excitation
case (Chi-Chi Earthquake, 1999), considering cases with bearing lead diameters of 10 cm, 40 cm, and 70 cm.

To better understand the effects of pulse-type ground motions on bridge response, a new set of 69 pulse-
type ground motions, as addressed by Sigurdsson et al. (2020), was considered. Based on the
specifications of this dataset, a total of 125 time series of seismic motion containing a velocity pulse
were simulated using the procedure explained in the following paragraphs.

The mean and standard deviation of PGV and T, were extracted from the original dataset. Using these
statistical parameters, a MATLAB program was developed based on Eq. 1 to simulate the pulse velocity

wave.

A 21 f, y y
vy =12 [1 + cos <Tp (t— t0)>] cos[Zrtfp(t —t)+v], to— 2, St<ty+ o, )

0 Otherwise

Where vy 18 velocity waveform, 4 and f,, are the amplitude and frequence of the pulse; v is the phase
angle; t, is indicated the time location of the pulse and 7y controls the zero crossings the pulse
(Mavroeidis and Papageorgiou, 2003).

The simulation range for PGV and 7, was defined as the mean + one standard deviation. Within these
ranges, five variations of 7, and five variations of PGV were considered, generating a grid of 25
combinations. For each combination, five ground motions were simulated with random phase angles

(v) and oscillatory characteristics (), resulting in a total of 125 ground motion time series.



For each of the 125 ground motions simulated, structural analysis was conducted seven times, with the
lead diameter of the bearing changing in each analysis. This resulted in a total of 875 analyses.

The same procedure as described in Section 3.3.3 for determining the optimal lead diameter was applied
here. For each lead diameter, the mean value of the maximum mid-span displacement was extracted
and plotted in Figure 10. The figure illustrates the relationship between the lead diameter and the
average Maximum Mid-span Displacement (MSDmax) of the structure under varying ground motion
conditions. Each point on the plot represents the average MSDmax for a specific lead diameter across
all combinations of PGV and 7, . The results indicate that the optimal lead diameter for mitigating the

effects of velocity pulse energy is 0.5 m.

Mean Max. Mid-span dis. (m)

02 H L L T H
0.1 0.2 0.3 0.4 0.5 LIXEY 0.7

Lead diameter (m)

Figure 10. The mean peak mid-span response in the transvers direction of the OCSB as a function bearing lead
diameter for a set of 125 near-field seismic pulses.

For a better perspective of the velocity pulse effects on different bearing lead diameters, the results are
plotted up in Figure 11, which illustrates the relationship between PGV, T,, and the MSDmax of a
bridge structure for various bearing lead diameters. The scatter points in the figure represent the
computed average MSDmax values across multiple combinations of PGV and 7,, with the lead
diameters color-coded, as shown in the colour bar. These points provide a detailed visualization of how
the structural response varies with ground motion characteristics. Two smooth surfaces are overlaid to
represent the mean MSDmax response for lead diameters of 0.4 m (green) and 0.5 m (orange). These
surfaces interpolate the MSDmax values across the ranges of PGV and Tp, providing insight into the
performance of each lead diameter under different conditions. The dashed black vertical line in the
figure highlights the specific ground motion parameters of PGV = 0.5431 m/s and 7, = 1.43 s, which
correspond to the Olfus South Iceland 2008 earthquake. The intersection points of this line with the
planes are marked by red and blue stars, indicating the MSDmax response for lead diameters of 0.4 m

and 0.5 m, respectively.



For T, values in the range of 1.0 to 2.0 s, which covers the natural period range of the lowest modes of
vibration of the bridge, the 0.4 m lead diameter surface shows lower MSDmax values compared to the
0.5 m plane. This suggests that a 0.4 m lead diameter performs better in mitigating displacements under
these conditions. However, for PGV values greater than 0.4 m/s or 7, values exceeding 2 s, the 0.5 m
lead diameter demonstrates lower MSDmax values, making it more effective in handling higher-
intensity pulse motions. In conclusion, the choice of lead diameter depends on the specific ground
motion parameters chosen for design. For moderate pulse intensities and excitation periods closer to the
bridge's natural period, a 0.4 m lead diameter is more effective. In contrast, for higher PGV or longer

T,, a 0.5 m lead diameter provides better performance in reducing mid-span displacements.
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Figure 11. 3D-Scatter plot for the mean peak mid-span response in the transvers direction for the OCSB as
function of the period and PGV of near-fault pulsed seismic motion for a range of bearing lead diameters. A

surface is drawn for bearing lead diameters of 0.4 m and 0.5 m.

2.3. Evaluating the bridge responses
In this section, the response of the OCSB to a set of ground motions is evaluated, with a focus on
highlighting key aspects of the bridge’s behaviour under seismic loading. To achieve this, the results
from the analysis are used to generate figures that illustrate the relationship between 7,, PGV, and

structural response, as well as the FAS of the displacement responses (see Figures 12 and 13).



Figure 12 shows how the displacement response at both the mid-span (transverse direction) and the top
of the tower (longitudinal direction) is strongly influenced by the ratio of the excitation period and the
natural period, 7,/T,. The figure highlights that peak displacements occur when 7, approaches or

slightly exceeds 7, which results in intensified structural demands due to resonance effects.
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Figure 12. 2D Scatter plot of PGV and displacement of as a function of the period ratio 7,,/T,. (a) Max. mid-
span in transvers-direction and the first natural period in transvers direction 7,,;. (b) Max. displacement of the
tower in longitudinal-direction and the first natural period in longitudinal direction, 773
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Figure 13. Fourier amplitude spectra (FAS) of displacement response at (a) mid-span in transvers-direction and
(b) top of the tower in longitudinal-direction.



Figure 13 presents the Fourier amplitude spectra (FAS) of the displacement responses. It reveals that
the first natural frequencies of the bridge align with significant energy components of certain seismic
events, such as the Chi-Chi Earthquake and the South Iceland Earthquake in 2008. This alignment
amplifies structural responses, particularly at the mid-span in the transverse direction and at the tower
top in the longitudinal direction. The spectral response also demonstrates that the severity of the
bridge's displacement is event-specific, with certain earthquakes inducing higher energy excitation at
frequencies close to the bridge's natural modes. This variability underscores the importance of adopting
tailored seismic design strategies that consider the unique characteristics of the local seismic
environment.

These findings form the basis for the subsequent Fragility Analysis, which provides a more
comprehensive and probabilistic evaluation of the bridge’s vulnerability to NFPTGMs scenarios. By
quantifying the likelihood of structural damage or failure, fragility analysis offers deeper insights into
the bridge’s performance. Transitioning from response analysis to fragility analysis bridges the gap
between deterministic modelling and probabilistic risk assessment, ensuring a holistic approach to

enhancing the resilience and safety of the OCSB.

2.4. Fragility analysis

To evaluate the structural integrity of a cable-stayed bridge under the influence of natural hazards,
specifically NFPTGMs, fragility analysis is employed. During strong near-fault ground motion, the
most susceptible component of the bridge is the bearing. This is because the primary purpose of the
bearing elements is to dissipate the energy generated by earthquakes, and their functionality during the
entirety of the event is of key importance. Therefore, when conducting a fragility analysis of a bridge
subjected to near-fault ground motion, it is crucial to assess the strength capacity of these bearing
elements. In this study, the shear strain of the bearings serves as a parameter for evaluating their damage
state.
Damage models are typically derived from experimental data, where observed damage and the
measured capacity of specimens are correlated with the level of applied demand. For fragility analysis
in the context of near-fault ground motion, different damage states are considered based on studies
conducted by Zhang and Hou (2009) and Billah and Todorov (2019):

Level 1 - Slight Damage: The shear strain of the bearing exceeds 100%.

Level 2 - Moderate Damage: The shear strain of the bearing surpasses 150%.

Level 3 - Extensive Damage: The shear strain of the bearing exceeds 200%.

Level 4 - Collapse: The shear strain of the bearing is greater than 250%
To develop fragility curves, we adopted the Multiple Stripe Analysis (MSA) approach by calculating
the fraction of NFPTGMs at each stripe (Intensity Measure level) that caused bridge collapse (Baker,
2015). A set of 106 pulse-type ground motions, described in the previous section, was scaled based on

each Intensity Measure (IM) level. We calculated the absolute peak bearing displacement response in



the longitudinal direction (Dx) and transverse direction (D) of the bridge and then statistically analysed
the results to construct the bridge fragility curves. The PGV was considered as the /M for the fragility
analysis. It was assumed that the /M levels corresponding to different damage states of the bridge follow

a lognormal distribution. Based on this assumption, the fragility function is defined as follows:

P(C|IIM=x)=® <%) (2)

In this equation, P(C|IM = x) represents the probability that a NFPTGM associated with IM = x
will cause structural damage. @ is the standard normal cumulative distribution function (CDF), and 8
and [ are the two parameters of the fragility function. 0 represents the median of the fragility function,
and S represents the standard deviation of In( /M) which characterizes the dispersion of /M. Calibrating
Equation 2 for the considered bridge structures involves estimating and 8 and £ from the results of
seismic analysis. For parameter estimation of the fragility function, we used the Maximum Likelihood
Estimation (MLE) method.

The fragility curves for earthquake hazard are indicated in Figure 14. To better understand the resilience
of the OCSB in the Icelandic environment, the PGV of the nearest earthquake to the bridge location
(the Selfoss earthquake of 2008). The fragility analysis highlights that the seismic vulnerability of
bearings is quite significant, especially in the longitudinal direction. This is because the bridge is more
flexible in the transverse direction, allowing part of the ground excitation to be absorbed by the deck.
However, in the longitudinal direction, the deck remains almost rigid, and all the ground motion energy
is absorbed by the bearings. This requires that after each earthquake, the bearings are carefully

examined, and the bearings should be designed in such a way that they can be replaced if necessary.
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Figure 14. Shear strain fragility curves for OCSB, using the maximum likelihood approach. (a) for longitudinal
direction, (b) for transverse direction.



2.5. Near-field velocity pulse response analysis

The evaluation of the near-field seismic velocity pulse response is a crucial factor for gaining a deeper
understanding of the impact of NFPTGMs on bridge structures. While the velocity pulse in an
earthquake alone may not encompass all the earthquake characteristics, it is anticipated that the peak
response of a structure to a NFPTGM is influenced by the velocity pulse within that ground motion.
To delve into this matter, we conducted a nonlinear analysis using a set of 106 velocity pulses (PTGMs)
that were extracted from NFPTGMs records by Rupakhety et al. (2011). The results were then compared
with the original NFPTGMs responses.

Figure 15 shows the ratio of peak mid-span displacement response in the longitudinal and transverse

directions for the original NFPTGMs plotted as a function of the ratio of the natural period of bridge

structure divided by the pulse period. In both directions, for % = 1, the peak displacement responses
14

for the original NFPTGMSs and the pulse are closely aligned. This indicates that the extracted pulses
from the NFPTGMs effectively captures the primary characteristics of the ground motion influencing

the structural response, particularly when the structural period aligns with the pulse period. In the

longitudinal direction, for smaller values of TLL, there are slight deviations in the response, but the
p

variation remains relatively constrained. This suggests that the extracted pulses (PTGMs) successfully
represent the dominant features of the NFPTGMs for longitudinal responses. Overall, there is stronger
alignment in the longitudinal direction compared to the transverse direction. This difference is likely

due to variations in the dynamic characteristics or sensitivity of the structure in these two directions.

In the transverse direction, when the ratio TLT is smaller than 0.5 (indicating a stiffer structure in this
p

direction), the pulse response is significantly lower than the original response. This happens for several
reasons: The pulse energy is delivered at a much lower frequency compared to the stiffness dominated
response in the transverse direction, leading to poor resonance. Or we can say that the pulse energy is
less efficiently transferred to the structure when the structural period is much shorter than the pulse
period. This mismatch results in a lower response to the pulse compared to the original NFPTGM,
which contains higher-frequency components that can excite the transverse direction more effectively.
Additionally, the transverse response might be influenced by other high-frequency content present in

the original NFPTGM but absent in the extracted pulse. This could explain why the original response

is higher than the pulse-only response for smaller values of TTLT
14
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Figure 15. Comparison of mid-span displacement response to the the original NFPTGMs and the corresponding
extracted pulsein (a) longitudinal and (b) transverse direction. DL, and DT,, are peak mid-span displacement
response to original NFPTGMs in longitudinal and transverse direction, respectively. DL, and DT, are peak

mid-span displacement response to the extracted velocity pulse in longitudinal and transverse direction,
respectively. Tp is the pulse period, and Tsy and Tsr are the first natural periods of the structure in longitudinal
and transverse direction.

To better understand the impact of NFPTGMs on the bridge structure, a set of 27,600 PTGMs was
simulated and applied in longitudinal and transverse direction to the bridge structure for nonlinear

analysis. This simulation was conducted using a set of 69 PTGMs as seeds to generate 27,600 PTGMs.

Figure 16 provides a flowchart summarizing the main steps of the simulation procedure.
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Figure 16. Flowchart summarizing steps of simulation of PTGMs.

Step 1, Simulating PGV,
For the i Original Ground Motion (Or-GMi) from the set of 69 NFPTGMs, the parameters R; and Mw;

are used with Eq. 3 to simulate PGVs. In this process, random values for n; (where, j = 1to 20 ) are
used. Based on these random 7 values, PGV is simulated (Sim-PGVj).

a+bM,, + cMy, +dlog(R*+e*) +nj+¢  if My, <Msq

3
a+ bMsqe + cMZ,e + dlog(R* + e®) +n; + ¢ otherwise ®

log(PGV;;) = {

Regression coefficients for the model of Eq. 3 are presented in Table 4. For description of Eq. 3 see
Rupakhety et al. (2011).
Table 4. Regression coefficients
A b c d e Mar €
-5.17 1.98 -0.14 -0.1 0.75 7.0 0.16




Step 2, Scaling and Residual Extraction:
The Or-GM; is scaled based on the mean PGV;; + (n & €), and the residual part of the motion is
extracted (Res-GMj).
Step 3, Simulating Pulse Periods and Motion:
Using M,; in Eq. 3, pulse periods (7, where k=1 to 20) simulated. a MATLAB program based on Eq.
1 (Mavroeidis and Papageorgiou, 2003) has been developed using 7uixand Sim-PGVj; to simulate Pulse
Motions (PMjj).

log(Ty) = aM,, + B + ¢ 4
where a,and 8 are model coefficients determined by regression analysis; and € is a Gauss ian-distributed
random variable with zero mean and standard deviation o (see Rupakhety et al., 2011).
Step 4, Generating Simulated PTGMs:
The PMjj are added to the Res-GM;; to generate simulated pulse-type ground motions (Sim-PTGMj).
Finally, Sim-PTGMj; is scaled to ensure it has the same PGV as the scaled Or-GM..

Figures 17 and 18 provide a visual representation of the nonlinear analysis conducted on the OCSB
using a dataset of 27,600 pulse-type ground motions. These 2D contour plots depict the bridge's seismic
response in both transverse and longitudinal directions, highlighting the relationship between PGV, T,
and the maximum mid-span displacement during simulated earthquake scenarios. The color-coded
contours indicates the ratio of maximum bearing displacement to the limit state, offering a clear
depiction of damage levels under varying seismic conditions. The contour lines represent the levels of
maximum mid-span displacement under varying PGV and T,. However, it is important to note that the
results beyond the collapse level may not be entirely accurate due to the nonlinear behaviour of the
structure under extreme conditions.

The connection between maximum mid-span displacement and damage levels, as influenced by 7,, and
PGV, offers valuable insight into the bridge’s seismic behaviour. As PGV increases, the intensity of
ground shaking grows, leading to greater mid-span displacements and higher damage levels, reflected
in the rise of bearing displacements. Similarly, 7,, which captures the duration and frequency
characteristics of seismic pulses, plays a significant role. Longer 7, values often align with the natural
period of the bridge, causing amplified displacements and heightened susceptibility to extensive or
collapse-level damage. This interaction between 7, and PGV underscores the need to account for both
the intensity and duration of ground motion when analysing seismic performance. By doing so,
engineers can better predict potential structural damage and develop more resilient designs and

retrofitting strategies.
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Figure 17. 2D contour plot of transverse seismic response: relationship between PGV, T}, , and maximum mid-

span displacement of OCSB with damage levels.

Collapse

| Extensive damage

1 Moderate damage

Level ol damage based on bearing displacement

Slight damage

PGV (m/sec)

Figure 18. 2D contour plot of longitudinal seismic response: relationship between PGV, T, , and maximum

mid-span displacement of OCSB with damage levels.



3. Conclusions

This study evaluates the seismic vulnerability of the OCSB under NFPTGMs, with a focus on

probabilistic fragility assessment. A detailed nonlinear finite element model of the bridge was

developed using OpenSees, and LRBs were implemented as seismic isolation devices. The LRB design

was optimized by evaluating the structural response under various lead core diameters using multiple

sets of NFPTGMs. To explore the effects of velocity pulse characteristics on bridge response, both

recorded and simulated PTGMs were utilized. A robust ground motion simulation framework was

applied, generating 27,600 PTGMs based on 69 seed motions. These simulations accounted for

variability in PGV and Tp, enabling an extensive analysis of structural behaviour under a broad range

of seismic input conditions.

The key conclusions drawn from the study's results are outlined below.

Given the historical seismic activity in Iceland, with fault lines close to urban areas, particular
attention should be directed towards NFPTGM:s in the design and construction of infrastructure.
The study highlights their significance in ensuring the structural integrity of critical
infrastructure such as CSBs.

The fragility analysis reveals that the seismic vulnerability of the bridge bearings is a key factor
in the performance of the bridge. It is essential to implement careful post-earthquake
examination of the bearings, and their design should allow for replacement when necessary to
ensure the bridge's long-term safety and functionality.

The comparison of peak mid-span displacement response suggests that the response of the
bridge to the velocity pulse of the near-field motion, closely corresponds to the response
induced by the original NFPTGMs, both in the longitudinal and transverse directions.
Consequently, it can be inferred that the velocity pulse within the near-field ground motion are
indeed a key influence on the overall peak structural response to a NFPTGM.

The analysis shows that an increase in amplitude and period simultaneously increases the
velocity pulse's destructive potential, reaching a critical point at a specific pulse frequency. It
is expected that as the pulse period approaches the structural period, the likelihood of damage
will increase.

The choice of bearing lead diameter depends on the specific ground motion parameters. For
moderate pulse intensities and periods closer to the bridge's natural period, a 0.4 m lead
diameter is found to be most effective for the case studied. In contrast, for higher PGV and/or
longer 7,, a 0.5 m lead diameter provides better performance in reducing mid-span

displacements.
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Appendix A

Seismological parameters of the 106 near-fault pulse-like ground motions considered in this study.

PGV

EpiD

Location Date Mw Station Component (cm/s2) | (km) Tp

San Fernando, CA, USA 09 February 1971 6.61 PCD SN 116.5 11.9 1.47
Coyote lake, CA, USA 08 June 1979 5.74 GA6 SN 51.5 44 1.06
Imperial Valley, CA, USA 15 October 1979 6.53 Aeroporto Mexicalli SN 443 2.5 1.85
Imperial Valley, CA, USA 15 October 1979 6.53 Agrarias SN 54.4 2.6 2.37
Imperial Valley, CA, USA 15 October 1979 6.53 Brawley airport SN 36.12 43.2 3.78
Imperial Valley, CA, USA 15 October 1979 6.53 EC county center FF SN 54.5 29.1 4.50
Imperial Valley, CA, USA 15 October 1979 6.53 EC Meloland Overpass FF SN 115 19.4 2.90
Imperial Valley, CA, USA 15 October 1979 6.53 E10 SN 46.9 26.3 4.20
Imperial Valley, CA, USA 15 October 1979 6.53 EO03 SN 41.1 28.7 4.50
Imperial Valley, CA, USA 15 October 1979 6.53 E04 SN 77.9 27.1 4.32
Imperial Valley, CA, USA 15 October 1979 6.53 EO05 SN 91.5 27.8 4.10
Imperial Valley, CA, USA 15 October 1979 6.53 E06 SN 111.9 27.5 4.00
Imperial Valley, CA, USA 15 October 1979 6.53 EO07 SN 108.9 27.6 4.20
Imperial Valley, CA, USA 15 October 1979 6.53 E08 SN 48.5 28.1 4.00
Imperial Valley, CA, USA 15 October 1979 6.53 El Centro Differential Array SN 59.6 27.2 3.85
Imperial Valley, CA, USA 15 October 1979 6.53 Holtville Post Office SN 552 19.8 3.90
Mammoth Lake-06 25 May 1980 5.94 Long Valley Dam (Upper L Abut) SN 33.1 14.0 1.07
Irpinia, Italy-01 2 Nf;;énber 6.9 Sturno SN 415 | 304 | 2.70
Westmorland 26 April 1981 59 Parachute test site SN 35.8 20.5 2.70
Coalinga-05 22 July 1983 577 Oil City SN 41.2 4.6 0.57
Coalinga-05 22 July 1983 5.77 Transmitter hill SN 46.1 6.0 0.74
Coalinga-07 25 July 1983 521 Coalinga 14" & Elm (Old CHP) SN 36.1 9.6 0.42
Morgan Hill, CA, USA 24 April 1984 6.19 Gilroy Array # 6 SN 354 36.3 1.05
Taiwan SMART]1 (40) 20 May 1986 6.3 SMART1 C00 SN 31.2 68.2 1.42
Taiwan SMART]1 (40) 20 May 1986 6.3 SMARTI M07 SN 36.1 67.2 1.40
Palm Springs, CA, USA 08 July 1986 6.06 NPS SN 73.64 10.6 1.35
San Salvador 10 October 1986 5.8 Geotech Investigation center SN 62.3 7.9 0.80
Whittier Narrows, CA, USA 10 October 1987 5.99 DOW SN 30.4 16.0 0.80
Whittier Narrows, CA, USA 10 October 1987 5.99 LB Orange Eve SN 329 20.7 0.82
Superstition Hills, CA, USA 24 N1°9V§7mber 6.54 PTS SN 1068 | 160 | 238
Loma Prieta, CA, USA 17 October 1989 6.93 Alameda Naval Air Stn Hanger SN 322 90.8 1.90
Loma Prieta, CA, USA 17 October 1989 6.93 Gilroy Array #2 SN 45.7 29.8 1.74
Loma Prieta, CA, USA 17 October 1989 6.93 Oakland Outer Harbor Wharf SN 49.9 94.0 1.84
Erzincan, Turkey 13 March 1992 6.69 ERZ SN 95.4 9.0 2.40
Cape Mendocino 25 April 1992 7 Petrolia SN 82.1 4.5 3.10
Landers, CA, USA 28 June 1992 7.28 LUC SN 140 44.0 6.50
Landers, CA, USA 28 June 1992 7.28 Yermo Fire Station SN 53.2 86.0 6.70
Northridge, CA, USA 17 January 1994 6.7 JFA SN 67.42 13.0 3.00
Northridge, CA, USA 17 January 1994 6.7 JFA generator SN 67.4 13.0 3.00
Northridge, CA, USA 17 January 1994 6.7 LA Wadsworth VA hospital North SN 324 19.6 2.50




Northridge, CA, USA 17 January 1994 6.7 LA Dam (LDW) SN 7521 | 118 | 1.75
Northridge, CA, USA 17 January 1994 6.7 NWS SN 8775 | 216 | 2.92
Northridge, CA, USA 17 January 1994 6.7 Pacoima dam (upper left) SN 107.1 20.4 0.95
Northridge, CA, USA 17 January 1994 6.7 RRS SN 1672 | 109 | 135
Northridge, CA, USA 17 January 1994 6.7 SCG SN 1303 | 13.1 | 3.00
Northridge, CA, USA 17 January 1994 6.7 SCH SN 1166 | 13.6 | 3.12
Northridge, CA, USA 17 January 1994 6.7 Sylmar Olive View Medical FF SN 122.7 16.8 2.23
Kobe, Japan 19 January 1995 6.9 Takarazuka SN 72.6 38.6 1.73
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 CHY006 SN 664 | 405 | 240
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU031 SN 598 | 80.1 | 5.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU036 SN 623 | 678 | 550
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCU038 SN 509 | 731 | 750
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCU040 SN 532 | 69.0 | 6.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU042 SN 475 | 784 | 7.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU046 SN 4433 | 689 | 7.40
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCU049 SN 45.1 389 | 10.50
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCU053 SN 419 | 412 | 12.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU054 SN 612 | 376 | 8.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU065 SN 1278 | 267 | 5.00
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCUO075 SN 883 | 207 | 5.60
Chi-Chi, Taiwan 20 ngf;;]ber 7.6 TCU076 SN 63.7 16.0 | 4.10
Chi-Chi, Taiwan 20 ngf;;‘ber 7.6 TCU082 SN 564 | 362 | 8.00
Chi-Chi, Taiwan 20 ngt;;nber 7.6 TCU103 SN 625 | 524 | 7.90
Chi-Chi, Taiwan 20 ngt;;]ber 7.6 TCU128 SN 783 | 633 | 5.80
Yountville 03 Sggg’g]ber 5 Napa Fire Station #3 SN 4293 99 | 0.70
Chi-Chi, Taiwan aftershock 20 ngf;;‘ber 6.2 CHY024 SN 33.1 255 | 3.00
Chi-Chi, Taiwan aftershock 20 ngt;;nber 6.2 CHY080 SN 7031 | 295 | 1.18
Chi-Chi, Taiwan aftershock 20 ngt;;]ber 6.2 TCU076 SN 589 | 208 | 1.02
Chi-Chi, Taiwan aftershock % ngf;;]ber 6.3 CHY101 SN 36.4 500 | 2.45
Parkfield, CA, USA 27 June 1966 6.19 co2 SN 751 | 310 | 220
Gazli, USSR 17 March 1976 6.80 KAR SN 653 | 128 | 420
Bucharest, Romania 04 March 1977 7.27 BRI Rad 73.9 NA 2.00
Tabas, Iran 16 ngt%nber 7.11 TAB SP 1177 | 552 | 538
Mexicalli Valley, Mexico 09 June 1980 6.33 VCT SN 76.9 11.8 3.72
Morgan Hill, CA, USA 24 April 1984 6.19 HAL SN 39.7 39 | 087
Palm Springs, CA, USA 08 July 1986 6.06 DSP SN 297 | 104 | 174
Superstition Hills, CA, USA 24 Nlogvg;nber 6.54 ELC SN 52.0 358 | 240
Loma Prieta, CA, USA 17 October 1989 | 6.93 LGP SN 1032 | 185 | 2.60
Loma Prieta, CA, USA 17 October 1989 | 6.93 STG SN 572 | 272 | 490




Sierra Madre, CA, USA 28 June 1991 5.56 COG Rad (filt) 10.6 NA | 1.20
Izmit, Tukey 17 August 1999 7.51 ARC SN 443 53.7 7.14
Izmit, Tukey 17 August 1999 | 7.51 SKR SP 804 | 332 | 9.52
Izmit, Tukey 17 August 1999 7.51 GBZ SN 41.4 47.0 4.76
Izmit, Tukey 17 August 1999 | 7.51 GBZ SP 277 | 470 | 6.10

Chi-Chi, Taiwan 20 ngt;;]ber 7.60 TCU052 SN 2200 | 39.6 | 14.00
Chi-Chi, Taiwan 20 ngt;;]ber 7.60 TCU068 SN 2942 | 479 | 12.00
Chi-Chi, Taiwan 20 ngf;;‘ber 7.60 TCU129 SN 71.5 142 | 7.70
South Iceland 17 June 2000 6.57 Flagbjarnarholt SN 72.2 53 2.20
South Iceland 21 June 2000 6.49 Thorsarbru SN 79.7 53 1.80
South Iceland 21 June 2000 6.49 Thorsartun SN 65.8 5.6 1.73
South Iceland 21 June 2000 6.49 Solheimar SN 98.9 11.0 1.73
Olfus, South Iceland 25 May 2008 6.30 EERC, Basement SN 41.1 8.0 1.23
Olfus, South Iceland 25 May 2008 6.30 Selfoss City Hall SN 33.0 8.0 1.58
Olfus, South Iceland 25 May 2008 6.30 Hveragerdi Retirement House SN 54.0 3.0 2.00
L'Aquila, Italy 06 April 2009 630 AQK SN 46.7 40 | 1.74
Parkficld, CA, USA 28 September | 6.00 Parkficld fault zone 12 SN 575 | 11 | 123
Parkfield, CA, USA 28 Sggg’fber 6.00 Parkfield Cholame 2 west SN 50.0 115 | 128
Parkfield, CA, USA 28 Sggg*f‘ber 6.00 Parkfield Cholame 2 east SN 23.7 1.6 | 1.15
Parkfield, CA, USA 28 Seprember 16,00 Parkfield fault zone 1 SN 642 | 84 | 129
Parkficld, CA, USA 28 September | 6.00 Parkfield Cholame 3 west SN 450 | 119 | 103
Parkfield, CA, USA 28 Sggg’fber 6.00 Parkfield Cholame 4 west SN 38.4 124 | 0.82
Parkfield, CA, USA 28 Sggg*f‘ber 6.00 Parkfield Cholame 4A west SN 222 130 | 122
Parkfield, CA, USA 28 Sggg*f‘ber 6.00 Parkfield Stone Corral 1 east SN 45.0 72 | 074
Parkficld, CA, USA 28 September | 6.00 Parkfield fault zone 9 SN 261 | 100 | 128
Parkfield, CA, USA 28 Sggg’fber 6.00 Parkfield Cholame 3 east SN 345 119 | 050
Parkfield, CA, USA 28 September | Parkfield Cholame 1 cast SN 528 | 116 | 125

2004
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