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ABSTRACT

During their service life, structural systems (e.g., civil and marine structures) may be
subjected to aggressive deteriorations such as corrosion and fatigue and/or extreme
events such as floods, collisions, earthquakes, and fires. These deteriorations may start
from the day the structures enter in service and, if not effectively managed, can cause a
significant reduction in structural functionality and safety. Maintaining performance and
functionality of structural systems under these adverse effects is gaining increased
attention. This highlights the necessity of effective assessment and management of civil

and marine structures in a life-cycle context.

The main objective of this study is to develop a risk, sustainability and resilience-
informed approach for the life-cycle management of structural systems with emphasis on
highway bridges, bridge networks, buildings, interdependent structural systems, and ship
structures. Risk - based performance indicators combining the probability of structural
failure with the consequences associated with a particular failure event are investigated in
this study. Furthermore, a wide range of performance measures is covered under
“sustainability” to reflect three aspects: economic, social, and environmental.
Sustainability is described as “meeting the needs of present without altering the needs of
future generations” (Adams 2006). Sustainability can serve as a useful tool in decision
making and risk mitigation associated with civil and marine structures. In addition to risk
and sustainability, resilience is another indicator that accounts for structural functionality

and recovery patterns after extreme events. Presidential Policy Directive (PPD 2013)
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defines resilience as “a structure’s ability to prepare for and adapt to changing conditions
while simultaneously being able to withstand and recover rapidly from functionality
disruptions”. Overall, risk, sustainability, and resilience assessment considering aging
and multi-hazard effects are of vital importance to ensure structural safety and

functionality of structural systems during their service life.

Risk is assessed for highway bridges under the effects of climate change and
multiple hazards, including aging effects, flood-induced scour, and earthquake, whereas
the adverse effects associated with aging and earthquake are investigated for bridge
networks. The sustainability of highway bridges and bridge networks is assessed
considering social, economic, and environmental metrics. The seismic resilience of
highway bridges under mainshock (MS) only and mainshock-aftershock (MSAS)
sequences is investigated to account for structural performance and recovery patterns
under extreme events. Additionally, the seismic performance of buildings and
interdependent healthcare - bridge network systems is investigated considering
correlation effects and uncertainties. Furthermore, a probabilistic methodology to
establish optimum pre-earthquake retrofit plans of bridge networks based on risk and

sustainability is developed.

For ship structures, a decision support system considering structural deteriorations
(i.e., corrosion and fatigue) and extreme events (e.g., collision) is established.
Specifically, the probabilistic ship collision risk and sustainability are investigated
incorporating the attitude of a decision maker. A novel approach is developed to evaluate
the time-variant risk of ship structures under corrosion and fatigue during the investigated

2



time interval. Furthermore, a multi-objective optimization problem, which accounts for
structural deteriorations and various uncertainties, is formulated to determine optimum
inspection planning that reduces the extent of adverse consequence associated with ship
failure while simultaneously minimizing the expected total maintenance cost.
Additionally, a probabilistic approach for reliability and risk updating of both inspected
and uninspected fatigue-sensitive details at both component and system levels is

developed considering uncertainties and correlation effects.

Overall, this study provides methodologies for the risk, sustainability, and resilience-
informed assessment and management of structural systems under structural
deteriorations and extreme events in a life-cycle context. Based on the inspection
information, the reliability and risk could be updated for the near real-time decision
making of deteriorating structures. The proposed probabilistic frameworks are illustrated
on highway bridges, bridge networks, buildings, interdependent structural systems, and
ship structures. The proposed methodology can be used to assist decision making
regarding risk mitigation activities and, ultimately, improve the sustainability of

structural systems in a life-cycle context.



CHAPTER 1

INTRODUCTION

1.1. OVERVIEW AND BACKGROUND

Both civil and marine structural systems play an essential role in the sustained economic
growth and social development of most countries. During their service life, these systems
are exposed to gradual deteriorations (e.g., corrosion, fatigue) and/or sudden hazards
(e.g., collision, earthquakes, and floods), which can hamper their performance and
functionality. The American Society of Civil Engineers (ASCE) reported, within the
2013 Report Card for America’s Infrastructure, 3.6 trillion USD was needed to improve
the condition of American infrastructure systems (ASCE 2013). Similarly, the failure of
marine structures under deteriorations (e.g., corrosion, weather condition, grounding,
fire/explosion, and collision) could bring devastating consequences to the economy and
society. These aspects highlight the need to implement optimal management strategies to
maintain performance of deteriorating structural systems above acceptable levels while
attempting to satisfy budgetary constraints. In an attempt to address this issue, risk and
sustainability-informed methods are gaining increasing attention in design, assessment,
maintenance, and management of deteriorating systems in a life-cycle context (Frangopol
2011).

In order to properly facilitate the life-cycle management framework of civil and
marine structures, a probabilistic performance assessment approach that has the

capability to consider the probability of structural failure, vulnerability of the
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deteriorating systems, and consequences of structural failure to the economy, society, and
environment, should be established. As there are uncertainties associated with structural
capacity, load, and modeling, a probabilistic approach is needed for the performance
assessment considering different performance indicators. Structural reliability, as a
measure of probability of a structure survival given a limit state, has been used within
civil and marine structures. Nowadays, risk and sustainability-informed assessment
approach is gaining increased attention. A risk-based performance indicator can provide a
means of combing the probability of components or systems failures with the
consequences of this event (Ellingwood 2005; Frangopol 2011). Since failures associated
with structural systems could result in significant economic and social impacts, risk-
based methodologies are more appropriate for structural system assessment than the
reliability. Methodologies incorporating risk within the life-cycle management of civil
and marine structures are presented in this study.

Sustainability, defined as the meeting of the needs of present without altering the
needs of future generations (Adams 2006), can cover a wide range of performance
measures and serve as a useful tool in risk-mitigation and decision making associated
with structural systems. Sustainability could also denote as the “Triple Bottom Line”
satisfying three objectives: economic, social, and environmental (Elkington 2004).
Sustainability, covering economic, social, and environmental metrics, should be
incorporated within the life-cycle assessment and management of deteriorating structural

systems.



Various modules associated with assessment of structural systems, analyses of
system and component performance interaction, optimization of management activities
(e.g., inspection, monitoring, and maintenance), and updating the life-cycle performance
based on information from structural health monitoring and/or inspection should be
integrated to achieve a comprehensive management framework. Accordingly, based on
the structural performance assessment, the following step of life-cycle management
would be the optimization of life-cycle management activities. There could be multiple
goals associated with the life-cycle management of civil and marine structures, including
maximizing the life-cycle structural performance and simultaneously minimizing the total
life-cycle cost of the interventions required to keep the system in its functional status,
among others.

Another essential task within the life-cycle management is decision making. In
general, decision making process may be divided into five separate stages: the pre-
analysis, problem set-up, uncertainty quantification, utility assignment, and optimization
(Jiménez et al. 2003). Furthermore, the decision making process should combine
information regarding the structural performance from structural health monitoring
and/or inspection to update the intervention plans. The inspection information of one
particular detail can be used to update structural performance of other uninspected details
considering correlation effects. Overall, it is of vital importance to incorporate decision

making and updating in the life-cycle management of civil and marine structures.



1.1.1. Life-cycle management of civil infrastructure systems
Maintaining performance of civil infrastructure systems at desired levels in a life-cycle
context has been an important research area (Ang and De Leon 1997; Frangopol 2011;
Frangopol and Soliman 2016). Civil infrastructure systems are subjected to abnormal
events such as earthquakes and floods throughout their lifetime. The capacity of civil
structures to resist hazard effects is reduced in time by the effects of aging and
deterioration.

The majority of the past studies on loss assessment of civil structures under extreme
events focus on single hazard without considering the aging and multi-hazard effects
(Stein et al. 1999; Vu and Stewart 2000; Ang and De Leon 2005; Ghosh and Padgett
2010; Simon et al. 2010; Akiyama et al. 2011). Effects of any other hazard (e.g., flood-
induced scour) can increase the seismic vulnerability of a structure. Additionally, most
previous studies of bridge seismic risk assessment have focused on the effects of a
mainshock while neglecting the aftershocks (Shinozuka et al. 2005; Deco and Frangopol
2013). However, aftershocks may produce disastrous economic and societal
consequences compared to a mainshock event (Yeo and Cornell 2009); therefore, the
effects of aftershocks should be incorporated within the probabilistic multi-hazard risk
assessment of highway bridges.

Quantifying the three metrics of sustainability of structural systems under hazard
effects at a system level considering time effects is a challenging task and needed to be
addressed in a comprehensive manner. Studies concerning performance of bridge

networks have been investigated (Kiremidjian et al. 2007; Shiraki et al. 2007; Bocchini



and Frangopol 2011, 2012), whereas the sustainability of highway bridge networks have
not been investigated by these studies. Risk and sustainability assessment of bridge
networks under hazard effects needs to be further developed.

As buildings consume significant amount of natural resources and account for a
paramount portion of greenhouse emission, research on sustainability performance of
buildings is needed. Although building rating systems, such as LEED (2008), evaluate
the greenness of new and existing building systems, the ratings do not measure building
hazard performance, which can impact building sustainability performance as well. A
methodology to evaluate the seismic sustainability of buildings is needed to meet current
performance requirements. As strong earthquakes can destroy infrastructure systems and
cause injuries and/or fatalities, it is also important to investigate seismic performance of
interdependent healthcare - bridge network systems to guarantee immediate medical
treatment after earthquakes. There are several studies focusing the seismic damage
assessment of hospitals (Myrtle et al. 2005; Yavari et al. 2010; Achour et al. 2011;
Cimellaro et al. 2011). However, the damage conditions associated with bridge networks
have not been incorporated within the healthcare system performance assessment process
and the correlation effects have also not been addressed in previous studies.

In addition to risk and sustainability, resilience is another indicator that accounts for
structural functionality and recovery patterns after hazard occurrence. The 2015 Global
Presidential Policy Directive (PPD 2013) defines resilience as “a structure’s ability to
prepare for and adapt to changing conditions while simultaneously being able to

withstand and recover rapidly from functionality disruptions”. An analytical model has



been widely implemented for resilience quantification of civil infrastructure systems after
an extreme event (Bruneau et al. 2003; Cagnan et al. 2006; Cimellaro et al. 2010;
Bocchini and Frangopol 2012; Deco et al. 2013). However, there are no explicit studies
that incorporate sustainability within the life-cycle management of structural systems to
form a comprehensive framework incorporating uncertainties. This study aims to address
this aspect.

Nowadays, climate change has become one of the big issuers around the world. The
United States Global Change Research Program (USGCRP 2008) reported that the
average precipitation has increased 5% during a 50 years interval and the frequency of
hazards has increased as well as they have become more intense. There is a need for an
investigation of bridge performance under the impact of climate change. The effects
associated with continuing change in intensities and probabilities of extreme events are
aimed to be investigated in this study.

Another important aspect associated with life-cycle management of civil
infrastructures is optimal maintenance actions under tight budget and performance
constraints. Multi-objective optimization techniques play an important role to allocate
limited resources in an efficient way to balance the cost and performance (Frangopol
1999; Frangopol 2011). There exists a significant need for the effective retrofit strategies
of highway bridge networks to improve structural seismic performance using cost-benefit

analysis and multi-criteria optimization techniques.



1.1.2. Life-cycle management of ship structures
As ship collision can have devastating impacts on the economy, society, and
environment, it is of vital importance to evaluate collision risk in order to plan preventive
actions and be sufficiently prepared for possible oil spills and other adverse
consequences. A predominant part of past studies regarding ship collision focused on
determining the probability of collision (Fujii and Tanake 1971; Macduff 1974;
Montewka et al. 2010). Very little research has been carried out that properly integrated
the probability of ship collision with the consequences associated with collision into a
comprehensive risk assessment (Otto et al. 2002; Altiok et al. 2012). The probabilistic
risk and sustainability associated with ship collision is a relatively new research area and
IS needed to be addressed.

In addition to the extreme events (e.g., ship collision), ship structures could also be
subjected to structural deteriorations and be used beyond their intended design life.
Consequently, it is crucial to evaluate the risk associated with marine structures subjected
to inclement weather and sea conditions when developing a decision management system
for ship routing. In general, the most significant structural deteriorations associated with
ship structures are corrosion and fatigue (Guedes Soares and Garbatov 1999; Kwon and
Frangopol 2012). Therefore, it is essential to mitigate the adverse consequences
associated with structural failure under corrosion and fatigue. Although the reliability of
ship structures considering flexural failure has been studied (Paik et al. 1998; Paik and
Frieze 2001; Akpan et al. 2002; Okasha et al. 2011; Deco et al. 2012; Saydam and

Frangopol 2013), fatigue failure has not yet to be comprehensively examined in a ship
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routing (Guedes Soares et al. 2003; Kwon and Frangopol 2012). There has been a lack of
research that focuses on risk-based performance assessment of ship structures under
corrosion and fatigue. The importance of risk as a performance indicator is emphasized in
this study. Additionally, there is very limited research regarding risk-informed life-cycle
maintenance optimization of ship structures under corrosion and fatigue.

The structural details associated with a given structural system are correlated due to
common parameters associated with materials, design, fabrication, loading, and
operational conditions. Based on the correlations, the inspection information of one
particular detail can be used to update deterioration performance of others uninspected
details. While previous studies have emphasized on reliability-based decision making
process considering updating (Ayala-Uraga and Moan 2002; Moan and Song 2000; Chen
et al. 2011; Huang et al. 2013; Maljaars and Vrouwenvelder 2014), research is needed to
transfer the information associated with a given inspection event to risk assessment of

other details at system level to aid the decision making process.

1.2. OBJECTIVES

The objectives of this study are:

1. Develop an approach for assessing performance of highway bridges and bridge
networks under multiple hazards considering economic, social, environmental
metrics, and climate change.

2. Propose an approach for performance-based seismic assessment of conventional

and base-isolated buildings incorporating resilience and environmental impacts.
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Develop a probabilistic approach for performance assessment of interdependent
healthcare — bridge network systems under seismic hazard considering uncertainty
and correlation effects.

Develop a probabilistic approach to schedule optimal retrofit and maintenance
activities of bridge networks under seismic hazard in a life-cycle context.

Propose a probabilistic approach for ship collision risk and sustainability
assessment incorporating the attitude of a decision maker.

Develop a decision support system of ship routing considering multiple
performance criteria: repair loss, fatigue damage, travel time, and CO2 emission.
Propose an approach for risk-informed life-cycle optimal inspection plans of
aging ship structures under corrosion and fatigue.

Develop an approach for integrating inspection information into life-cycle risk
assessment and updating of fatigue-sensitive structures at both component and

system levels.

SUMMARY OF THE APPROACH

The overall purpose of this study is to develop a life-cycle management and decision

making framework of structural systems under time-dependent structural deteriorations

and extreme events. Figure 1.1 shows the proposed schematic framework composed of

following 5 modules: identification of deterioration scenarios (i.e., module 1), structural

vulnerability analyses (i.e., module 2), structural performance assessment and prediction

(i.e., module 3), risk and sustainability-informed management and decision making (i.e.,

module 4), and integration of updating into decision making (i.e., module 5). In this
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study, the application of the life-cycle management and decision making framework is
applied to single bridges, buildings, bridge networks, interdependent structural systems,
and ship structures.

The framework starts with the identification of deterioration scenarios (i.e., module
1) that affect the component and system performances. The time-dependent structural
deteriorations and extreme events are considered in this study. Specifically, corrosion,
fatigue, ship collision, flood, and earthquake are emphasized. This study takes the
uncertainties associated with both the probabilities of occurrence and intensities of these
deteriorations into account. Additionally, the climate change associated with increase in
hazard intensity and frequency is considered in this module. In module 2, the structural
vulnerability of structural systems under the deterioration scenarios that are identified in
Module 1 is investigated. As there are uncertainties associated with structural capacity
and load effect, the probability-based concepts are incorporated within the evaluation
process. Limit state functions covering different failure modes are identified and the
corresponding probabilities of failure associated with these functions are computed using
reliability analysis. The advanced performance evaluation techniques, such as nonlinear
finite element analysis, hydrodynamic analysis, and first/second orders reliability
analyses are employed within this study to investigate the structural performance.

Module 3 is associated with the structural performance assessment and prediction.
Risk, resilience, and sustainability are considered as performance indicators as shown in
Figure 1.1. The structural prediction is related to the deterioration mechanisms and

extreme events, such as aging, corrosion, and earthquakes. Adverse consequences
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associated with economic, social, and environmental metrics are investigated to cover a
comprehensive evaluation process. Resilience, accounting for structural functionality and
recovery patterns after hazard occurrence, is another performance indicator investigated
herein. Furthermore, the effects of climate change on the life-cycle performance are also
considered in the performance assessment and prediction module. The uncertainties
associated with deterioration scenarios, structural vulnerability, and consequence
evaluation are incorporated within this module.

The following module, Module 4, within the life-cycle management framework is
risk and sustainability-informed optimization and decision making process. In this
module, multiple goals are considered simultaneously in the optimization process to seek
the optimal management strategy. For example, the objective could be minimization of
the total life-cycle maintenance cost considering inspection and repair costs, and
maximization of structural performance level considering sustainability and resilience.
Genetic algorithms are adopted to obtain the optimal solutions providing information
concerning the optimal sequence and timing of structural inspection and repair planning.
In this study, decision making associated with risk and sustainability-informed optimal
pre-earthquake seismic retrofit plan of bridge networks and optimal ship maintenance
strategies under corrosion and fatigue is investigated.

Finally, the last module is integration of updating into decision making process. The
inspection information is adopted to improve the assessment and prediction of structural
performance using Bayesian techniques. Approaches for updating inspected and

uninspected details at component and system levels are developed. Subsequently, updated
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maintenance plans could be obtained to yield more accurate prediction and management
module. The integration of updating within the management and decision making
framework can reduce the uncertainties associated with the prediction process. Overall,
the proposed methodology can be used in assisting decision making regarding
maintenance activities to improve the performance of structural systems in a life-cycle
context.

The entire study is developed by using self-developed, commercial and freeware
programs, including (a) MATLAB (The MathWorks 2014) codes for managing the
necessary calculation and connecting other software, (b) Finite Element (FE) software for
the structural performance analyses, such as SAP2000 (CSI 2009) and OpenSees
(OpenSees 2011), (c) the reliability programs RELSYS (Estes and Frangopol 1998) for
component and system reliability analyses, and (d) the program PDSTRIP (2006) which

is a hydrodynamic software for seakeeping analysis.

1.4. OUTLINE

This study is divided into two parts. Part | focuses on civil infrastructure systems,
including highway bridges, buildings, bridge networks, and interdependent structural
systems. Part 1l emphasizes aging ship structures. Part | develops a probabilistic approach
for life-cycle assessment and management of civil infrastructure systems under structural
deteriorations and extreme events considering risk, sustainability, and resilience. Part 1l
proposes a framework for risk-informed life-cycle assessment, maintenance, and
updating of ship structures under collision, corrosion, and fatigue. Specifically, the study

is organized as follows:
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Chapter 1 serves as introduction.

Part I — Life-Cycle Assessment and Management of Civil Infrastructure Systems

Incorporating Risk, Resilience, and Sustainability

Chapter 2 presents a framework for assessing time-variant sustainability of bridges
subjected to multiple hazards incorporation structural deterioration. The approach
accounts for the effects of flood-induced scour on seismic vulnerability.
Sustainability is quantified in terms of social, environmental, and economic metrics.
The effects of corrosion on reinforcement bars and concrete cover spalling are
accounted for. The seismic fragility curves at different points in time are obtained
through non-linear finite element analyses. The variation of sustainability metrics is
presented.

Chapter 3 proposes an approach for probabilistic seismic performance assessment of
highway bridges subjected to mainshock and aftershocks. The seismic ground motion
intensity, seismic vulnerability, and consequences evaluation under mainshock and
aftershock sequences are considered along with their associated uncertainties. The
probabilistic recovery functions associated with different damage states are integrated
within the proposed functionality and resilience assessment procedure. The
probabilistic direct loss, indirect loss, and resilience of bridges under mainshock only
and both mainshock and aftershock are investigated.

Chapter 4 presents a novel approach for probabilistic time-dependent multi-hazard
life-cycle loss assessment considering climate change. Life-cycle loss and resilience

of highway bridges under time-dependent hazards are investigated. The uncertainties
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associated with hazard intensity and frequency, structural wvulnerability, and
consequence are incorporated within the framework. The hazards of earthquake and
flood are investigated herein. Both the lateral and vertical failures of bridge under
flood are investigated. Additionally, the life-cycle losses with and without aging
effects and climate change are computed.

Chapter 5 proposes a methodology to evaluate the seismic sustainability and
resilience of both conventional and base-isolated steel buildings. The proposed
approach is used to explore the difference between the performance associated with
these buildings by considering the three pillars of sustainability: economic, social,
and environmental, and resilience, aiming to cover a comprehensive performance-
based assessment context. The uncertainties associated with performance and
consequence evaluation of structural and non-structural components are incorporated
within this study.

Chapter 6 presents a framework for the time-variant seismic risk and sustainability
assessment of highway bridge networks. The methodology considers the probability
of occurrence of a set of seismic scenarios that reflect the seismic activity of the
region. The sustainability and risk depend on the damage states of both the links and
the bridges within the network. The time-variation of sustainability metrics of a
highway bridge network under seismic hazard is identified.

Chapter 7 proposes a methodology for the healthcare - bridge network systems
performance analysis considering spatial seismic hazard, vulnerability of bridges and

links in the network, and damage condition of a hospital at component and system
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levels. The system level performance is evaluated considering travel and waiting time
based on the damage conditions of the components. The effects of correlation among
the seismic intensities at different locations are investigated. Additionally, the
correlations associated with damage indices of the investigated structures are also
incorporated within the probabilistic assessment process. The conditional seismic
performance of the hospital given the damage conditions of the bridge network and
the effect of bridge retrofit actions are investigated.

e Chapter 8 develops a probabilistic methodology to establish optimum pre-earthquake
retrofit plans of bridge networks based on sustainability. A multi-criteria optimization
problem is formulated to find the optimum timing of retrofit actions for bridges
within a network. The sustainability of a bridge network and total retrofit cost are
considered as conflicting criteria. The effects of the time horizon on the Pareto
optimal solutions are also investigated.

e Chapter 9 proposes an approach for the optimal bridge network retrofit planning
based on cost-benefit evaluation and multi-attribute utility theory. The total benefit of
a retrofit plan is quantified in terms of the reduction in the seismic loss during a given
time interval using multi-attribute utility theory. Moreover, retrofit actions associated

with varying improvement levels are considered.

Part 1l — Risk-Informed Life-Cycle Assessment, Maintenance, and Updating of

Aging Ship Structures under Collision, Corrosion, and Fatigue

e Chapter 10 proposes an approach to assess risk and sustainability of ship collision.

The probability of ship collision is computed by taking into account traffic data and
18



operational conditions. Economic, social, and environmental metrics are evaluated
and social and environmental metrics are converted into an economic metric
considering their associated monetary values. Epistemic and aleatory uncertainties
associated with damage conditions of ships and consequences are considered. Risk
attitudes are incorporated within risk analysis by utilizing utility functions.

Chapter 11 develops a generalized decision making framework performing a variety
of tasks, including, but not limited to quantifying the flexural and fatigue performance
of ship structures and employing multi-attribute utility theory to evaluate ship mission
performance. A structural reliability approach is utilized to compute the probability of
failure considering the uncertainty in structural capacity and load effects. Expected
repair cost, cumulative fatigue damage, total travel time, and carbon dioxide
emissions associated with a ship routing are considered within the decision making
process.

Chapter 12 develops a probabilistic approach to provide optimum inspection and
repair plans for ship structures considering corrosion and fatigue. Risk is assessed by
considering the losses associated with structural failure. A multi-objective
optimization problem, which accounts for structural deterioration scenarios and
various uncertainties, is formulated to find the optimum inspection and repair
planning of aging ship structures. The life-cycle risk associated with flexural failure
and expected total inspection and maintenance costs are considered as conflicting

criteria.
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e Chapter 13 presents a framework for fatigue risk assessment and updating using
inspection information. A quantitative risk assessment model using rating functions is
utilized to identify inspection priority among multiple fatigue-sensitive details.
Bayesian techniques are adopted for reliability and risk updating of both inspected
and uninspected fatigue-sensitive details at component and system levels. Correlation
of fatigue damage among different critical details is considered and incorporated
within risk assessment and updating process.

e Chapter 14 provides the conclusions drawn from this study and the suggestions for

future work.

1.5. CONTRIBUTIONS

The main contributions of this study are: (i) proposing a novel assessment approach of
structural systems subjected to structural deteriorations and extreme events incorporating
risk, (ii) proposing a performance assessment methodology at a system level considering
uncertainties and correlation effects, and (iii) developing a comprehensive management
and decision making framework using cost-benefit analysis and multi-attribute utility
theory.

The detailed contributions of this study are listed as:

1. Proposing a comprehensive assessment approach of deteriorating highway bridges
under multiple hazards (e.g., earthquake, flood, and aging effects) considering
risk. The uncertainties associated with hazard scenarios, structural vulnerability,

and consequence are incorporated within the assessment procedure.
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Developing a performance-based assessment approach of highway bridges under
mianshock and aftershock sequences. The functionality, risk, and resilience with
and without considering aftershocks are computed.

Proposing a comprehensive methodology for the probabilistic time-dependent
multi-hazard life-cycle loss of highway bridges under flood and earthquake. The
effects of climate change and time-dependent hazard model on the life-cycle loss
are investigated.

Proposing a novel performance-based seismic assessment approach for buildings.
The environmental impacts and resilience are investigated and compared between
the conventional and base-isolated buildings.

Proposing a novel assessment approach of bridge networks and interdependent
healthcare — bridge network systems considering the correlations and
uncertainties involved in the evaluation process. The correlations associated with
hazard intensities and damage indices among investigated structural components
are considered.

Proposing an integrated approach for optimizing the timing and types of retrofit
actions during the service life of a bridge network considering sustainability. The
ultimate aim of this framework is to reduce the extent of earthquake damage to
society, economy, and environment, while simultaneously minimizing the total

retrofit costs of a bridge network.
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7.

10.

Developing a probabilistic approach for ship collision risk and sustainability
assessment considering economic, social, and environmental metrics. Risk
attitudes are incorporated within risk analysis by utilizing utility function.
Developing a generalized decision making framework to quantify the flexural and
fatigue performance of ship structures and employ multi-attribute utility theory to
evaluate ship mission performance using Multi-Attribute Utility theory.

Proposing a risk-informed probabilistic approach to provide optimum inspection
and repair plans for ship structures subjected to corrosion and fatigue. A multi-
objective optimization problem, which accounts for structural deterioration
scenarios and various uncertainties, is formulated to find the optimum inspection
and repair planning of deteriorating ship structures.

Proposing an approach for system level risk assessment and updating using
inspection information to reduce uncertainty. A quantitative risk assessment
model using rating functions is proposed to identify inspection priority among
multiple fatigue-sensitive details considering the correlation among critical

details.
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CHAPTER 2
TIME-VARIANT SUSTAINABILITY ASSESSMENT OF BRIDGES

SUBJECTED TO MULTIPLE HAZARDS

2.1. INTRODUCTION

Civil infrastructure plays a vital role in the economy of a country. Structures are often
subjected to abnormal events such as earthquakes and fires throughout their lifetime. The
capacity of structural systems to resist these hazards is reduced in time by the effects of
aging and deterioration. Maintaining structural safety at desired levels in a life-cycle
context has been an area of interest for many researchers (Ang and De Leon 1997;
Frangopol 2011). A wide range of performance measures is covered by “sustainability”
to reflect these aspects. There is the need for well established methods for quantifying the
metrics of sustainability. In general, sustainability can be defined as the “development
that meets the needs of the present generations without compromising the ability of future
generations to meet their own needs” (Adams 2006). Sustainability has been quantified in
terms of social, environmental, and economic metrics in recent studies (Spencer et al.
2012). In fact, these metrics are measures of the costs and losses associated with different
hazards. However, quantifying the three metrics of sustainability associated with different
hazards at system level considering the time effects is a challenging task.

The majority of the past studies on loss assessment of structures focus on single
hazard without considering the time-variant effects (Stein et al. 1999; Ang and De Leon
2005). However, the effects of any other hazard, such as flood-induced scour, can
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increase the vulnerability of a structure associated with seismic hazard. For instance, the
flood-induced scour can cause loss of lateral support at bridge foundations and thus
amplify the effect of seismic hazard (Banerjee and Prasad 2012). There is the need for a
framework for accurate seismic loss assessment of bridges considering also the effects of
other hazards.

Concrete bridges are subjected to harsh environmental conditions through their
lifetime. Corrosion in reinforced concrete (RC) members is initiated when chloride ions
penetrate the concrete cover and react with the reinforcing steel. The corrosion induced
deterioration can affect the seismic response of bridges and reveal a significant increase
in seismic vulnerability over time (Ghosh and Padgett 2010; Akiyama et al. 2011).
Corrosion causes tensile stresses in concrete, which leads to concrete spalling (Vu and
Stewart 2000). Simon et al. (2010) showed that the spalling of concrete cover has impacts
on the seismic vulnerability of bridges.

In this chapter, a framework for assessing the time-variant sustainability of bridges
under seismic hazard considering the effects of deterioration is presented. The approach
accounts for the effects of flood-induced scour on seismic fragility. Sustainability is
quantified in terms of its social, environmental, and economic metrics. These include the
expected downtime and number of fatalities, expected energy waste and carbon dioxide
emissions, and the expected loss. However, the effects of other hazards can be
incorporated in the framework. The seismic fragility curves are obtained based on non-
linear finite element analysis of the structure. The assessment of costs and losses

associated with seismic hazard is based on a set of damage states which are mutually
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exclusive and collectively exhaustive. The proposed approach is illustrated on a single-
bent RC bridge. The effects of flood-induced scour on both seismic fragility and
sustainability are also investigated. This chapter is based on a published paper Dong et al.

(2013).

2.2. METHODOLOGY OF ASSESSING SUSTAINABILITY

The first step of the methodology for assessing sustainability consists of identifying
vulnerable components of the structure to seismic hazard. A flow chart summarizing the
methodology is presented in Figure 2.1. An FE model able to capture the non-linear
behavior of these components is used to assess the fragility. The set of ground motions to
be used in the fragility analysis should be identified. The seismic fragility curves can be
obtained by performing demand-capacity evaluation through non-linear time history
analyses (THA) of the FE model under the selected ground motion intensity. For a
desired intensity of earthquake, the probabilities of a structure being in various damage
states following the earthquake can be determined using the fragility curves. In order to
include the effects of other hazards on seismic fragility, the procedure described should
be repeated by updating the FE model. In this way, the effects of any other hazards can
be accounted for. For instance, the level of springs used to model the interaction between
the pile and the soil should be updated to account for the effects of flood-induced scour.
Each damage state may have different outcomes. For instance, the downtime for a bridge
in severe damage state is much longer than that of the same bridge in slight damage state.
The social outcomes (downtime and fatalities), the environmental outcomes (energy

waste and carbon dioxide emissions), and the economic outcomes (costs) associated with
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each damage state should be evaluated. Then, the expected metrics of sustainability
associated with each damage state can be quantified by multiplying these outcomes by
the probability of each damage state. The total value of a metric is the sum over all
damage states as the damage states form a set of mutually exclusive and collectively
exhaustive events. To clarify this issue, the quantification of total loss based on the
damage state is illustrated in Figure 2.2. In order to include the time effects (i.e., the
effects of deterioration), the described procedure should be repeated for each time instant,

including updating the FE model.

2.3. MODELING TIME EFFECTS

2.3.1. Bridge deterioration modeling
The performance of highway bridges under environmental stressors degrades with time.
The seismic performance of bridges may be highly influenced by the structural
deterioration. In this section, brief information on the corrosion and spalling models for
RC structures and the use of finite element (FE) method for performance assessment of
bridges is presented.

Corrosion of reinforcing steel initiates with the ingression of chloride ions from the
concrete surface through the concrete cover to the reinforcing steel. The effective cross-
sectional area of the reinforcing bar decreases and this causes additional tensile stresses
in the concrete. A corrosion model uniform along the length and the depth of the bar is
used in the illustrative example for the clarity of presentation. The effects of localized
pitting corrosion are not accounted for. The rate of corrosion is considered constant after

the corrosion initiation. Uncertainty in the corrosion rate is included. This model had
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been used in a number of previous studies (Vu and Stewart 2000; Simon et al. 2010). The
time-variant cross section area of the reinforcement bar subjected to corrosion can be

expressed as (Thoft-Christensen et al. 1997)

D? % for t<T,
4
At) ={[DO)] % for T, <t<T +D/r,, 2.1)
0 for t>T,+D,/r,

where D; is the initial diameter of steel reinforcement; reorr is the corrosion rate; and D(t)
is reinforcement diameter at the (+—7;) years, which can be represented as

D(t) =D, - (t-T) (2.2)

rCO rr

where Tjis time to corrosion initiation.

The corrosion rate can be represented in terms of the water-cement ratio and the

concrete cover as (Vu and Stewart 2000)

~0.438(1—w/c) ™
corr — C

The water-cement ratio is expressed using the Bolomey’s formula:

(mm/ year) (2.3)
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where fc'y is the concrete compressive strength in MPa; wi/c is the water-cement ratio; and

C is the concrete cover (mm).
2.3.2. Spalling of concrete cover
Simon et al. (2010) showed that spalling of the concrete cover of the bridge column has

significant influence on the seismic fragility of the bridge. The occurrence of the spalling
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of the concrete cover is induced by the tensile stress in the concrete due to the corrosion
of the reinforcing bar. According to Val and Stewart (2003) the spalling of concrete cover
occurs at approximately 10T¢r1 from the corrosion initiation for uniform corrosion rates.
The time-dependent probability of spalling can be calculated as

P, (t) = P(T, +T, <t) = P(T, +10T

< o1 <t) (2.5)
where Te¢r1 is the time from corrosion initiation to corrosion cracking (Maaddawy and
Soudki 2007).
2.3.3. Finite element model

A three-dimensional (3-D) finite element model can be established using the SAP 2000
(Computers and Structures Inc. 2010) which includes special types of elements, such as
elements with fiber sections, for modeling the desired components of the bridge, which
are expected to deform in the non-linear range. The interaction between the pile and the
soil can be modeled using springs. According to Ghosh and Padgett (2010), effect the
corrosion of the superstructure on the seismic performance of the bridge can be
neglected. The deterioration of the reinforcement and spalling of the concrete cover in the
column should be updated in the finite-element model at each time step in order to
account for the time effects in the fragility analysis. The time-dependent increase in

concrete strength due to the continuous hydration can be accounted by updating the

resistance model at each time step.
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2.4. SEISMIC FRAGILITY ANALYSIS

The seismic vulnerability of bridges, commonly expressed in the form of fragility curves,
is a key component for the seismic loss assessment. Due to the fact that the structural
performance deteriorates with time, the fragility curves should be updated during the
lifetime of the structure.
2.4.1. Generating seismic fragility curves

In this chapter, the fragility curves are based on the non-linear THA. These curves can be
used to predict the conditional probability of the seismic demand exceeding the seismic
capacity at different damage states under certain ground motion intensity parameter. Due
to the effects of aging and deterioration on the seismic vulnerability, the fragility curves
should be updated during the lifetime. The FE analysis is used to obtain the maximum
displacement under a ground motion record. Based on the fragility curves and
consequences of various damage states, it is possible to evaluate the loss for a certain
damage state given a seismic event. Shome et al. (1998) stated that a particular number of
ground motions is sufficient for the accuracy of fragility analyses under certain criteria
associated with different faults. Kim and Shinozuka (2004) showed that the seismic
vulnerability of only the columns of a bridge is adequate for seismic fragility analysis.
Aviram et al. (2008) presented a collection of recommendations for the seismic
vulnerability analysis of highway bridges using finite element software. Five different
damage states of the seismic damage for a bridge are defined based on the ductility
demand of the columns. The damage states and the corresponding ductility demands and
downtime associated with the damage states are presented in Table 2.1.
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The probability that seismic demand exceeds the capacity for a given PGA is

p; = P(g—S <1PGA) (2.6)

s
where Cs is the bridge seismic capacity and Ds is the seismic demand. The demand can
be based on the displacement ductility of the column. Choe et al. (2008) showed that the
deformation failure model dominates the vulnerability analysis, so the shear failure model
is not considered here. The displacement of the column in longitudinal and transversal
directions can be obtained based on FE analysis. The displacement ductility can be
computed using the displacement of the column at the top point. The ductility of the
column is the ratio of the peak displacement of the top of the column to the displacement
at the same location when the first yield of the reinforcement occurs. The probabilistic
characteristics of the demand can be represented by a lognormal distribution (Cornell et
al. 2002)

Ds =In(Sy. By) (2.7)
where Sq¢ and fq are the median value and the standard deviation of the demand of
displacement ductility, respectively.

The reduced rebar cross-sectional area and concrete cover spalling can make the
structure more vulnerable to the seismic hazard. Harvat (2009) studied the effect of
corrosion and concrete cover spalling without considering the time-variant deterioration
effects. The time-variation of the fragility curve parameters due to corrosion and concrete
cover spalling can be expressed as a function of time. Using curve fitting techniques, a

quadratic model of the parameters with respect to fragility curve can be obtained. The
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time-variant median value of seismic demand can be obtained from the regression
analysis (Hwang et al. 2001)

In(S, (t)) = a(t) + b(t) - In(PGA) (2.8)
where a(t) and b(t) are the time-variant regression coefficients. The time-variant fragility

curves for specific ground acceleration can be expressed as (Hwang et al. 2001)

~In(S, (t)/S, (1)
(5. () +(8, ) 1°°

P[DS > DS,[PGAt) = @ (2.9)

where DS; is a damage state of the bridge; £d(t) and pSc(t) are the lognormal standard
deviations of the demand and capacity, respectively; and ®(.) is the standard normal
cumulative distribution function.
2.4.2. Effects of flood-induced scour

Flood-induced scour can reduce lateral support of a bridge at foundation and has a major
effect on the seismic vulnerability of a bridge. The local scour can induce the erosion of
the soil around the column and reduce the capacity of the foundation. Although the joint
probability of occurrence of multiple hazards is small, past experience shows that
successive occurrences of extreme events happen. Hence, it is required to consider the
effects of flood-induced scour in the seismic loss assessment, especially for the bridges
located at the seismically flood-prone zone. The depth of the flood-induced scour can be
determined based on the HEC-18 guide (Richardson and Davis 2001). The effect of the
flood-induced scour in the FE model can be accounted for by eliminating the springs in
the region affected by scour. Banerjee and Prasad (2012) stated that the effects of flood-

induced scour do not worsen significantly beyond 3 m of scour depth.
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2.5. TIME-VARIANT SUSTAINABILITY ANALYSIS

The topic of sustainability in structures has become an important research area.
Sustainability can be quantified in terms of social, environmental, and economic metrics.
In this section, evaluation of the consequences associated with various seismic damage
states is presented.
2.5.1. Social metrics

Following an extreme event, a bridge can be closed for traffic resulting in detour and
downtime in the transportation network. In this chapter, the expected downtime and the
expected number of fatalities are considered as the social metrics of sustainability. The
expected downtime for a bridge due to hazards effects can be expressed as (Padgett et al.

2009)
DT(t) = 24: Py, jpen (1) € (2.10)

where i indicates the damage state; Ppsipca(t) is the conditional probability of the
structure being in damage state i after an earthquake with certain PGA at a given year t;
di is the downtime associated with the damage state i.

The estimated expected average number of fatalities following a seismic hazard

occurred at a certain time can be expressed as
4
FA(t) = D Pog e (1) FT; (2.11)
i=1

where FT; is average number of fatalities associated with the damage state i. A statistical

analysis is required to evaluate the number of fatalities after a hazard.
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25.2. Environmental metrics
The total embodied energy within a structure depends on the material and geometry of
the structure. The carbon dioxide is the primary greenhouse gas emitted through human
activities. The energy waste and carbon dioxide emissions due to downtime are other

factors contributing to environmental metric, as follows

T

M} (2.12)

EN(t) = Z:‘ Pos pea () - ADTD; - D, - d; -{Enpcar -(1—1%) + ENnpyue
where Enpcar and Enprruck are the environmental metric per unit distance for cars and
trucks, respectively (e.g., carbon dioxide kg/km); Dy is the length of the detour (km);
ADTD is the average daily detour traffic; d; is the duration of the detour (days); and T
represents the average daily truck traffic ratio. The expected energy waste and carbon
dioxide emissions due to the repair associated with each damage state are taken as a
fraction of the value for the entire structure based on the damage ratio for respective
damage state. The energy waste is measured in terms of MJ/m? and the carbon dioxide
emission is measured in terms of kg/m?®,

2.5.3. Economic metrics
The economic consequences are evaluated in terms of monetary values. The forecast of
future value must consider the dependency of future monetary losses on the present value
of consequences. Starting from the year of construction, the value of consequences for

each specific year t can be calculated as follows

1

PV = FV (t) 1)

(2.13)
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where FV(t) is the future monetary value referred to year t; PV is the present monetary
value; and r represents the annual discount rate of money.
The repair cost associated with a certain damage state can be considered proportional

to the rebuilding cost of the bridge (Mander 1999; Stein et al. 1999) and expressed as
Creri = RCR; - Cpeg -W - L (2.14)

where RCR; is the modified repair cost ratio for a bridge at damage state i; cres is the
rebuilding cost per square meter (USD/m?); W is the bridge width (m); and L represents
the bridge length (m).

In the case of bridge closure, the users are forced to follow the detour. The running

costs associated with a certain damage state can be expressed as (Stein et al. 1999)

T T
C... =|C l1-—)+c —— |D,ADTD. -d. 2.15
Run,i [ Run,car( 100) Run,truck 100:| | i i ( )

where Crun,car and Crun,truck are the average costs for running cars and trucks per unit length
(USD/km), respectively. ADTD is related to the functionality level of a bridge under
given seismic hazard.

The monetary value of the time loss for users and goods traveling through the detour

at a given damage state can be expressed as (Stein et al. 1999)

100

T 7[D,-ADTD, 4,
100

I
S + ADTE(g—S—O)}(Z.m)

-

CTL,i = |:CAW Ocar (1__) + (CATCOtruck + Cgoods)
where caw is the average wage per hour (USD/h); catc is the average total compensation
per hour (USD/h); cqoods IS the time value of the goods transported in a cargo (USD/h);

ADTE is the average daily traffic remaining on the damaged link; ocar and Otruck are the

average vehicle occupancies for cars and trucks, respectively; So and Sp represents the
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average speed on the intact link and damaged link (km/h), respectively; and S represents
the average detour speed (km/h).
The life loss cost depends on the number of casualties associated with a certain

damage state and can be expressed as (Rackwitz 2002)

Cq., = FT, - ICAFB (2.17)

where ICAFB is implied cost of averting a fatality for bridge engineering.

The total economic loss, which is the sum of costs weighted with the probability of
having this cost, consists of repair loss, running loss of the detouring vehicles, time loss
due to the unavailability of the highway segment and life loss. The total economic loss

can be expressed as
4
LENC (t) = Z PDsi\PGA (t) '(CREP,i + CRun,i + CTL,i + CSL,i) (2.18)
i=1

where the expected losses associated with different damage states are summed over the

number of damage states.
2.6. ILLUSTRATIVE EXAMPLE

The presented framework for quantifying the metrics of sustainability is applied to a
bridge (Mackie and Stojadinovic 2001) designed based on Caltrans’ Bridge Design
Specification and Seismic Design Criteria (Caltrans 2006). The bridge is a typical single
bent and two-span RC bridge as shown in Figure 2.3(a). The bridge has two lanes of
traffic in each direction. In this case study, it is assumed that the bridge was built 30 years
ago and the service life is 75 years. As shown in Figure 2.3 (b), an FE model is built as

described previously. The seismic fragility curves of the bridge are obtained also
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accounting for the effects of scour and deterioration. In this chapter, the expected metrics
of sustainability are quantified based on the various seismic damage states, which are
mutually exclusive and collectively exhaustive, after a certain level of ground excitation.
2.6.1. Time-variant fragility analysis

A 3-D finite-element model of the bridge is built using SAP2000 (Computers and
Structures Inc. 2010). The top regions of the columns, where plastic hinges occur under
seismic loads, are modeled using fiber elements capturing the non-linear behavior. The
seismic performance of the bridge is evaluated based on 20 ground motions assuming
columns as vulnerable members. The objective of this chapter is to propose a framework
for sustainability assessment of bridges under seismic hazard and more ground motions
should be used for better accuracy. The ground motion records used in the illustrative
example are obtained based on Coyote Lake (1979), Park Field (1966), Livermore
(1980), Morgan Hill (1984), Loma Prieta (1989), Kobe (1995), Tottori (2000), and
Erzincan (1992) earthquakes (Aviram et al. 2008). Non-linear THAs were performed
using the ground accelerations scaled with a uniform scale factor of 2.0 to guarantee the
development of response in nonlinear range within the bridge columns. The confined
concrete model proposed by Mander (1998) is used to capture the material behavior of
concrete columns. Geometric nonlinearity was also considered in the analyses. The
superstructure is assumed to remain in the elastic range under seismic loading. Nonlinear
springs are used to represent the interaction between soil and the piles along the length of

the pile.
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The uniform corrosion model is used in this example; however, any corrosion model
can be incorporated in the framework. The effects of deterioration in time are accounted
in the FE model based on Egs. (2.1) to (2.4). The corrosion parameters that were used in
the FE model are generated based on Latin Hypercube Sampling (McKay et al.1979),
with 10,000 samples, using the values of probabilistic parameters given in Table 2.2. The
mean value of the cross-sectional area of the reinforcing steel is used in the FE model.
The effects of spalling are accounted in the FE model by removing the concrete cover
along the length of the column (Simon et al. 2010). The probability of spalling is
evaluated using Eqg. (2.5). The probability of cover spalling through the lifetime is
presented in Figure 2.4. This figure indicates that the probability of the concrete cover
spalling increases significantly through the end of lifetime. For instance, the probability
of concrete cover spalling is about 69% at 60 years. In order to consider the expected
effects of spalling, the column top displacement values weighted with the probability of
spalling are used.

In this chapter, the procedure used to develop the probabilistic demand models are
based on the relationship between the maximum lateral drift from non-linear THA and
PGA of earthquakes. The time-variant fragility curves are computed based on the seismic
displacement demand obtained from FE analyses and Eqgs. (2.8) and (2.9). Figure 2.5 and
Figure 2.6 present the seismic fragility curves for various time instants with and without
the effects of flood-induced scour, respectively. In these figures, each curve represents
the probability of exceeding a damage state with respect to PGA. In these figures, the

increasing probability of damage states with time is due to the effects of corrosion of the
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longitudinal reinforcement of the columns and the spalling of concrete cover. In Figure
2.5, the conditional probability of exceeding moderate damage state under PGA = 0.59 is
about 0.37 initially; however this value reaches 0.48 at t = 40 years. The seismic
vulnerability of the bridge is affected significantly by the flood-induced scour. The depth
of flood-induced scour is treated as deterministic in the illustrative example. The effect of
flood-induced scour on the seismic vulnerability is investigated during the lifetime of the
bridge as shown in Figure 2.6.

2.6.2. Metrics of sustainability
As indicated previously, the time-variant sustainability of the bridge is evaluated in terms
of social, environmental, and economic metrics. The social and environmental metrics
can be converted into economic metrics if it is possible to evaluate the monetary value of
the consequences of these metrics. In this chapter, the social metrics are related to the
economic metric by considering also the costs. The energy consumption aspect associated
with the environmental metrics is also included within the total economic metric by
considering the cost of extra running of vehicles. However, it is challenging to evaluate
monetary value of carbon dioxide emissions due to the lack of data and knowledge, and it
is out of the scope of this chapter.

The social metrics quantified are expected downtime and expected number of
fatalities. They are computed according to Egs. (2.10) and (2.11), respectively. The
downtime values associated with each damage state are given in Table 2.1. In this case
study, the mean estimated number of fatalities per collapse due seismic hazard is

considered as 4.154 (Dennemann 2009). The time-variation of expected downtime and
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expected number of fatalities is illustrated in Figure 2.7 (a) and (b), respectively. The
difference between these metrics for the cases with and without scour increases in time.
The environmental metrics quantified are expected energy waste and expected carbon
dioxide emissions and computed according to Eq. (2.12). The values of the variables used
in Eq. (2.12) are presented in Table 2.3. The time-variation of expected energy waste and
expected carbon dioxide emissions is illustrated in Figure 2.7 (c) and (d), respectively.
Similarly, the difference between these metrics for the cases with and without scour
increases in time.

The consequences associated with damage states are computed according to Eqgs.
(2.14) to (2.17). The values of the variables used in these equations are presented in Table
2.3. An annual discount ratio r = 2% is used in the calculations. The expected value of
total losses, as the economic metric of sustainability, is computed according to Eq. (2.18).
The total economic loss associated with a damage state is the sum of consequences
weighted with the probability of having this consequence. The probability of being in a
certain damage state following an earthquake is computed as the difference between the
fragility curves (cumulative probability of exceeding certain damage state) of consecutive
damage states.

The time-variation of the expected value of total loss for five different PGA levels,
PGA = 0.2g, PGA = 0.4g, PGA = 0.6g, PGA = 0.8g and PGA = 1.0g, for the cases with
and without flood-induced scour is presented in Figure 2.8. In these figures, the time-
variant values on the each curve indicate the expected loss given that an earthquake with

a certain PGA occurred at a time instant. The expected loss reaches the maximum value
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at the end of the investigated time span as no rehabilitation and retrofit actions are
applied. The expected losses associated with higher PGA levels are higher and the
differences increase dramatically in time. The expected losses associated with higher
PGA levels are higher and the differences increase dramatically in time. For instance in
Figure 2.8 (a), at t = 50 years, the expected loss is $5.28x10° for the PGA = 0.4g and is
$1.78x107 for PGA = 0.8g. It is worthy to note that this illustration is made for a scenario
where the bridge suffers the effects of flood-induced scour occurred prior to the
earthquake.

In order to illustrate the variation in the loss, uncertainty in the parameters regarding
consequences are incorporated in the methodology. The probabilistic parameters used for
the random variables associated with the consequences are presented Table 2.3. Figure
2.9 (a) and (b) represent the variation of the economic losses at t = 40 years and at the end
of investigated horizon (t = 75 years). The coefficient of variation of the economic loss
increases with time due to the increased uncertainties.

The expected loss highly depends on the outage duration (di) after a hazard as the
consequences of outage are very large. To illustrate the effect of the outage duration (d;)
associated with various damage states, the loss analysis described is performed for
different values of di. The comparison of expected economic loss for 0.5d;, di, and 1.5di is
provided in Figure 2.10. The difference between the curves increases significantly with
time.

The proposed framework (i.e., information on time-variant sustainability metrics)

can be used as an intuitive tool for decision making. Furthermore, based on the
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framework presented in this chapter, the selection of design alternatives, and the type and
schedule of maintenance actions can be formulated as a multi-criteria optimization

problem in a life-cycle context (Frangopl 2011) to help decision making.

2.7. CONCLUSIONS

This chapter presents a framework for assessing the time-variant sustainability of
seismically vulnerable bridges under multiple hazards considering the effects of
deterioration and aging. Sustainability is quantified in terms of its social, environmental,
and economic metrics.

The following conclusions are drawn:

e Quantifying sustainability in terms of social, environmental, and economic metrics
provides insight understanding of present and future risk associated with the failure
of a structure following scenario hazards.

e The severity of seismic hazard has significant impacts on the metrics of
sustainability. Therefore, the bridges in seismically active zones need additional
attention in order to satisfy acceptable sustainability levels.

e As the deterioration can induce severe reduction in structural capacity, the
sustainability of bridges located in regions prone to high-corrosion can be an issue
compared to the bridges located in low-corrosion regions. Furthermore, the time
elapsed since the bridge was built has an impact on the metrics of sustainability as

the effects of the deterioration are increasing with time.
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e In quantification of the sustainability metrics, the assumptions play a crucial
importance on the accuracy of the results, especially in evaluating the consequences

(i.e., monetary values). One important measure is the downtime of a bridge

following an earthquake.
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Table 2.1 Damage states and corresponding ductility demands and downtime

Damage State Ductility Demand Downtime
1. No Damage [<1]2
2. Slight Damage [1,2.90]2 7 days ®
3. Moderate [2.90, 4.60] @ 30 days ®
4. Major Damage [4.60, 5.0] 2 120 days °
5. Complete [>5.0] 2 400 days ®

2 based on Banerjee and Prasad 2012; ®: based on Padgett et al. 2009.
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Table 2.2 Parameters of the random variables associated with corrosion of RC

column.
Random variables Mean COV__ Distribution
Co (surface CI concentration) 3.78 kg/m32 0.5  Lognormal
Cr (threshold Cl 1.4 kg/m3? 0.2 Normal
concentration)
Diffusion coefficient 3.5:108cm?/s®  0.07 Normal
Cover depth 42 mmP 0.2  Lognormal
Reinforcement nominal yield 448 MPa® 0.15 Lognormal
Concrete compressive 34.5 MPa® 0.15 Lognormal

- \/u (2003); P: Mackie and Stojadinovic (2001)
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Table 2.3 Parameters of the random variables associated with the consequences.

Random variables Mean Cov D'Sttr;/glétlon
ADT Varies ? DNA DNA
ADTT/ADT ratio 0.122 0.2 LN
Average compensation o6 97 g/ 0.15 LN
(truck drivers)

Average detour speed 50 km/h? 0.15 LN
Average \_/ehlcle 15a 0.15 LN
occupancies for cars

Average wage (car 22.82 USD/h® 0.15 LN
drivers)

Average \_/ehlcle 1052 0.15 LN
occupancies for trucks

Length of detour 2.9 km? DNA DNA
Rebuilding costs 1292 USD/m? 2 0.2 LN
Running costs for cars 0.08 USD/km 2 0.2 LN
Running costs for trucks  0.375 USD/km @ 0.2 LN
Time value of a cargo 4 USD/h? 0.2 LN
Energy waste of cars 3.8 MJ/km® 0.2 LN
Energy waste of trucks 7.8 MJ/km P 0.2 LN
Cars carbon dioxide 0.22 kg/km ® 0.2 LN
emissions

Tru_ck_s carbon dioxide 0.56 kg/km” 0.2 LN
emissions

Concrete embodied 2762 MJ/m? © 0.2 LN
energy

Steel embodied energy 245757 MJ/m3 ¢ 0.2 LN
Concrete embodied 376 kg/m® © 0.2 LN
carbon dioxide emissions

Steel embodied carbon 9749 kg/m? © 0.2 LN

dioxide emissions

LN=lognormal distribution; COV=coefficient of variation; DNA=do not apply;
2 Decd A, Frangopol (2011); *: Gallivan et al. (2010); & Tapia et al. (2011)
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CHAPTER 3
RISK AND RESILIENCE ASSESSMENT OF BRIDGE
UNDER MAINSHOCK AND AFTERSHOCK SEQUENCES

INCORPORATING UNCERTAINTIES

3.1. INTRODUCTION

Mainshocks are typically followed by a few aftershocks. Usually, these aftershocks occur
close in time to the mainshock. Therefore, repair or retrofit activities are often not
possible to be applied within this time interval; this, in turn, may increase the risk
associated with already damaged structures. Consequently, it is necessary to evaluate
structural performance after a mainshock and during aftershocks in order to aid
emergency management procedures and repair/retrofit decision processes. This chapter
presents a generalized framework that includes the consideration of seismic ground
motion hazard, seismic vulnerability associated with the bridge ability to resist aftershock
hazard, and consequences evaluation under MSAS sequences.

Most previous studies associated with bridge seismic risk assessment have focused
on the effects of a mainshock while neglecting aftershocks (Shinozuka et al 2005; Deco
and Frangopol 2013; Zhu and Frangopol 2013). However, aftershocks may produce
disastrous economic and societal consequences compared to a mainshock event (Yeo and
Cornell 2009); therefore, the effects of aftershocks should be incorporated within the

approach for probabilistic seismic risk assessment of highway bridges. The seismic
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performance of a bridge considering aftershocks is related to the seismic intensity of the
ground motions and conditional damage state of a structure under mainshock (Ryu et al.
2011). This chapter aims to compare the effect of mainshock alone with that associated
with the mainshock followed by aftershocks, and to investigate the effects of aftershocks
on seismic consequences and functionality associated with damaged bridges.

Various methods may be adopted for seismic demand assessment of structural
systems. One method is the three dimensional (3D) nonlinear time-history analysis,
which is complex and time consuming (Hatzigeorgiou and Beskos 2009). Another
reliable approach is associated with static nonlinear pushover analysis and can also be
used to determine seismic demand of structural systems (Chopra and Goel 2002).
Simplified force-displacement-based single degree of freedom (SDOF) models
representative of complex structural systems can be generated using pushover analysis
(Ruiz-Garcia and Miranda 2003; Goda et al. 2009). Generally, an idealized inelastic
SDOF system can be adopted to evaluate the nonlinear response of a structure whose
dynamic behavior is dominated by the fundamental vibration mode (Goda 2012). The
approximate method using SDOF may only produce accurate results for specific periods
of vibration. To account for aftershock effects, structural systems should be subjected to a
series of mainshock and aftershock sequences (Amadio et al. 2003; Goda 2012; Li and
Ellingwood 2007; Zhai et al. 2014). Most of the previous studies regarding aftershock
effects were focused on buildings. Overall, there has been limited research regarding
bridge seismic performance under MSAS sequences (Ruiz-Garcia et al. 2009; Alessandri

et al. 2013).
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Risk-based performance measures combine the probability of system failure with the
consequences associated with a particular event (Frangopol 2011). Since failures
associated with bridge structures under seismic hazard can have significant impact on the
economic, social, and environmental systems, risk-based methodologies are the most
appropriate for bridge management under extreme events. An approach to compute the
repair cost of bridges under seismic hazard that utilizes repair cost ratios associated with
different damage states has been formulated (Mander 1999). Similar methodologies have
been adopted in (Shinozuka et al. 2005; Werner et al. 2006; Deco and Frangopol 2013;
Dong et al. 2013; Zhu and Frangopol 2013). Research is required to handle risk—based
decision making concerning highway bridges while incorporating MSAS seismic
sequences.

In addition to risk, resilience is another indicator that accounts for structural
functionality and recovery patterns after hazard occurrence. Based on the functionality of
a bridge under extreme events, the probability of a bridge experiencing different
performance and functionality levels (e.g., one lane closed, all lanes closed) can be
obtained. Generally, the criteria regarding the decision-making process to open traffic on
bridges can be established on basis of functionality. Federal Highway Administration
(FHWA 2010) investigated bridge functionality considering different seismic damage
states; the functionality restoration process was modelled by a normal cumulative
distribution function. Presidential Policy Directive (PPD 2013) defines resilience as a
structure’s ability to prepare for and adapt to changing conditions while simultaneously

being able to withstand and recover rapidly from functionality disruptions. The
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quantification of seismic resilience should be processed through a probabilistic
framework because of the considerable amount of uncertainties in the seismic
vulnerability and consequence assessments. An analytical model that has been widely
implemented for resilience quantification of critical infrastructure systems after an
extreme event was proposed by Bruneau et al. (2003). This analytical model was
previously applied to bridge and transportation networks (Bocchini and Frangopol 2012;
Deco et al. 2013), healthcare facilities (Cimellaro et al. 2010), and power networks
(Cagnan et al. 2006). To the best of the authors’ knowledge, the effects of aftershocks on
structural seismic resilience have not been studied yet. This chapter aims to not only
quantify the seismic vulnerability of bridges but also to integrate the resilience
performance indicator within a seismic risk assessment process under MSAS sequences
through a probabilistic framework.

In this chapter, a framework for the seismic performance assessment of bridges
subjected to mainshock and aftershocks is presented. An analytical model of a highway
bridge subjected to MSAS seismic sequences, considering damage or collapse is
developed. The uncertainties associated with seismic scenarios, seismic vulnerability
analysis of bridges, and consequences evaluation under mainshock and aftershocks are
incorporated within this framework. Ultimately, the probabilistic risk and resilience of
bridges under mainshock and aftershock sequences can provide decision makers with a
better understanding of structural performance under seismic hazard and help them
implement appropriate risk-informed mitigation strategies. This chapter is based on a

published paper Dong and Frangopol 2015c.
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3.2. SEISMIC SCENARIOS OF MAINSHOCK AND AFTERSHOCK

The first step in seismic performance assessment of bridges is to identify representative
seismic events that characterize region under investigation. A flowchart summarizing the
proposed methodology is shown in Figure 3.1. A specific seismic scenario associated
with a mainshock should be generated and applied to structural systems. The earthquake
early warning system (EEWS) consists of a set of seismic stations that are located in
potentially active seismic zones, which can provide real-time data regarding the
mainshock magnitude within the first few seconds of an earthquake (lervolino et al.
2006). Based on P-wave signals received by the seismic stations, the seismic magnitude
can be obtained. Then, using historical data and real time information, the earthquake
magnitude and source-to-site distance can be updated using Bayes’ theorem. Based on
Bayes’ theorem, the probability density function (PDF) associated with the mainshock
magnitude and source-to-site distance can be updated considering prior information and
likelihood function. More detailed information regarding the Bayes updating process can
be found in lervolino et al. (2006). The posterior distribution of the mainshock can be
used to achieve a precise prediction of seismic losses, which can ultimately aid the
decision making process. In general, the prior probability distribution corresponding to
the magnitude of a characteristic earthquake can be defined as a truncated exponential
PDF (Cosentino et al. 1977). After the updating process, the posterior distribution of the
mainshock magnitude can be generated to reduce the seismic uncertainties. Based on
Satriano et al. (2007), the uncertainties associated with the source-to-site distance are
considered to be negligible compared to the uncertainties associated with the magnitude.
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Aftershocks happen over a period of time after the occurrence of a mainshock. Based
on Omori’s law, the frequency of aftershock decreases exponentially with time
(Reasenberg and Jone 1989), while Bath’s law (Bath 1965) predicts the average
magnitude difference (4M) between a mainshock and its largest aftershock. Helmstetter
and Sornette (2003) stated that this difference is not only controlled by the magnitude of
the mainshock but also by aftershock characteristics. Consequently, the difference
between the magnitude of the mainshock and largest aftershock should be probabilistic to
account for the uncertainties involved. Monte Carlo simulation can be adopted to
generate random variables associated with mainshock and aftershock sequences. The
level of structural seismic damage greatly depends on the distance between the epicenter
of an earthquake and the location of a bridge, in addition to the magnitude associated
with mainshock and aftershock intensities. The attenuation relation can be used to predict
the ground motion intensity at a certain site under investigation. In this chapter, the
median estimation of ground motion intensity (e.g., peak ground acceleration (PGA)) at
the location of a bridge is computed according to Campbell and Bozorgnia (2007). The
corresponding random locations and magnitude for aftershock seismic events can be
generated using a numerical simulation method. The attenuation equation is applied to
both mainshock and aftershock to compute the ground motion intensity at the location of
a bridge. Detailed information regarding the attenuation equation can be found in

Campbell and Bozorgnia (2007).
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3.3. SEISMIC PERFORMANCE ASSESSMENT

For a bridge subjected to MSAS sequences, the probability of incremental damage to the
already damaged structure can increase. Moreover, there may not be sufficient time
available to effectively repair the damaged bridge. Consequently, it is important to assess
the seismic performance of mainshock-damaged bridges. Seismic fragility curves are
used to predict the conditional probability of a structure exceeding a certain damage state
under a given ground motion intensity. Therefore, it is necessary to develop fragility
curves associated with bridges under mainshock (MS) only and MSAS sequences.

When both the seismic demand and structural capacity are lognormally distributed,
the fragility equation associated with damage state i can be expressed as (Hwang et al.

2001)

In(utg / 1)

P[C,—D < 0[IM] = @) ————t_
\/ﬂd + ﬂc,i + ﬂm

3.1)

where @(.) is the standard normal cumulative distribution function; IM is the ground
motion intensity measure (e.g., PGA, spectral acceleration amplitude); pq is the median
value for the seismic demands which is a function of the ground motion intensity; i, is
the median value associated with seismic capacity corresponding to damage state i; fqand
[c.iare the lognormal standard deviation of the demand and capacity, respectively; and fim
is the lognormal standard deviation that represents the modelling uncertainty. The five
damage states considered within this chapter are as follows: none (i.e., intact state),
slight, moderate, major and complete, denoted as DS;, DS;, DSs, DSs, and DSs,

respectively. The probability of a bridge being in damage state i can be computed by the
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difference between the probabilities of exceedance of damage states i and i+1, where
damage state i+1 is more severe than damage state i.

Nonlinear dynamic time-history analysis can be performed on either a full, intact
multiple- degree-of-freedom (MDOF) model, or an equivalent SDOF model using the
selected sets of ground motions. An equivalent SDOF structural model is used in this
chapter to evaluate seismic damage of highway bridges subjected to MS only and MSAS
sequences. In order to capture the nonlinear characteristics of a bridge, a non-linear static
analysis associated with pushover should be performed for the bridge under investigation.
In general, a SDOF structural system can be obtained using a nonlinear pushover
analysis. The mainshock and aftershock seismic sequences are applied to the SDOF
structure to capture the seismic performance (e.g., peak displacement). The peak ductility
demand due to both the mainshock and aftershock can then be obtained. Based on Goda
(2012), the inelastic responses caused by MSAS sequences are larger than those
associated with mainshock only.

The ratio associated with the displacement ductility demand due to MSAS sequences
with respect to MS only can be computed to evaluate the relationship between the
mainshock and aftershock effects on the seismic demand of a bridge modeled with a
SDOF system. The median value of seismic demand of a structure under seismic hazard
is (Cornell et al. 2002)

iy =a-(IM)° (3.2)
where a and b are regression coefficients associated with seismic demand. Regarding the

seismic demand analysis, a 3D FE model was established using SAP2000 2000
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(Computers and Structures Inc. 2010). Beam elements are selected to model the
superstructure, while elements with fiber sections are employed in modeling the bridge

column.
3.4. SEISMIC RISK AND RESILIENCE ASSESSMENT

3.4.1. Economic repair loss
The consequences associated with the damage state of a bridge can be evaluated in terms
of monetary value as indicated in Chapter 2. The repair loss associated with a certain
damage state can be considered proportional to the rebuilding cost of a bridge.

3.4.2. Functionality
Bridge functionality is quantified within this chapter by mapping the current damage state
to a value between 0 and 1.0. A functionality value equal to 1.0 is associated with DS;,
indicating no damage. Conversely, functionality equal to O denotes that a structure is
categorized as DSs, completely damaged. The expected functionality can be obtained by
multiplying the probability of being in each damage state with the corresponding

functionality ratio. Consequently, the functionality of a bridge can be computed as

Func = 25: FR - Py _os jm (3.3)
where FR; is the functionality ratio ass;(;lciated with damage state i and Ps=psiim Is the
conditional probability of a bridge being in damage state i under given ground motion
intensity. The functionality associated with different damage states should be
probabilistic. The performance levels can be defined based on functionality of the bridge

under seismic hazard (Mackie and Stojadinovic 2006). Several scenarios are considered
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for illustrative purposes: immediate access, weight restriction, half of lanes are open only,
emergency access only, and bridge closed; these functionality categories are mapped to a
functionality level between 0 and 1.0 as Func > 0.9, 0.6 < Func < 0.9, 0.4 < Func < 0.6,
0.1 < Func < 0.4, and Func < 0.1, respectively. Regarding the weight restriction case, the
traffic flow capacity is 75% of the value associated with the intact bridge. If half of lanes
are open, the flow capacity is 50% of the value associated with intact bridge. In
emergency, the flow capacity is 25% of the value associated with intact bridge. The
decrease in the performance level of the bridge will reduce its traffic capacity.

3.4.3. Indirect loss
Seismic hazard has the potential to cause disastrous consequences to society and the
economy. Consequently, the indirect loss associated with seismic hazard may be much
larger than the direct loss (i.e., repair loss) for highway bridges. After the functionality of
a bridge drops, traffic flow will be redistributed between the route segments containing
the bridge. Approximation of travel demand following earthquakes is challenging due to
the many socio-economic uncertainties involved (Fan 2003; Shinozuka et al. 2005).
Based on Chang (2010), (a) if an area does not have damaged facilities, its trip demand
will not be affected by an earthquake, and (b) if an area does not offer emergency shelters
or hospitals, the traffic demand can remain unchanged.

When a bridge experiences structural damage from an earthquake, its users (i.e.,
vehicle drivers) are forced to follow detour. The running cost associated with a detour
and time loss for users and goods traveling through the detour and damaged link can be

computed as based on Stein et al. 1999 as indicated in Chapter 2. The total value of
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economic loss is the sum over all performance levels as these levels form a set of
mutually exclusive and collectively exhaustive events. The investigated time interval
starts from the time when the repair/rehabilitation action is applied to the damaged bridge
and ends at a given time point. As the functionality of bridge increases with time (e.g.,
days) due to repair/rehabilitation actions, the daily indirect loss associated with the
damaged bridge decreases.
3.4.4. Risk assessment

Risk is defined as the combination of occurrences and consequences of events generated
by specific hazards. In general, the risk R associated with a structural system can be

expressed as (CI1B 2001)

R=”.--j5(xy f (X)dx (3.4)
where 6(X) represents the consequences and f(X) is the joint PDF of the considered
random variables X = (X1, X2, ... , Xk). The solution of this equation is not obvious;
therefore, risk can be evaluated by considering an approach that accounts for discrete
condition states associated with different bridge damage states as described previously.

Consequently, the risk (e.g., seismic loss) of structural systems under hazard effects can

be expressed as

R= ZDS CCanDs ’ PDS\H (3-5)

where DS is the damage state; Cconsips (€.9., indirect cost) is the conditional consequence
given a damage state (e.g., minor, moderate, major, or complete) and Ppsn is the
conditional probability of damage arising from hazard H. The uncertainties associated

with seismic scenarios and consequences evaluation are incorporated within this process
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for seismic risk assessment. By performing Latin Hypercube sampling (McKay et al.
1979), the probabilistic seismic scenarios and consequences can be generated using
MATLAB (MathWorks 2013). Subsequently, the statistical parameters associated with
the risk can be obtained.
3.4.5. Resilience

Resilience, as a performance indicator, attempts to quantify recovery patterns of
engineering systems under hazard effects. The bridge functionality restoration process
can be modeled by a normal cumulative distribution function corresponding to each
bridge damage state considered (ATC 1999). The recovery functions are highly
dependent on their associated damage states. A bridge categorized in a severe damage
state may need more time to be restored to its full functionality compared to a bridge
slightly damaged. After the occurrence of the seismic event, the bridge functionality
without repair or rehabilitation actions can be computed using Eq. (3.3). Subsequently,
the recovery actions are applied and the bridge functionality starts to increase with time
to a desirable level. Finally, the time-variant bridge functionality under a given recovery
scenario is obtained. Consequently, the relevant bridge resilience under the given
recovery scenario can be computed. The flowchart to compute the functionality
associated with a bridge under a given recovery scenario is shown in Figure 3.2. The
most widely adopted approach to quantify the resilience of a structural system is to

compute it as (Cimellaro et al. 2010; Frangopol and Bocchini 2011)

1

Resi —

[t @5)

h 0
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in which Q(t) is the functionality of the bridge under the recovery function; t, is the
occurrence time of the extreme event; and t, is the investigated time point. The resilience,
as computed by Eq. (3.6), can be illustrated graphically as shown in Figure 3.3 without
and with consideration of aftershock effects. As qualitatively shown in this figure, a
smaller value of resilience results when the effects associated with aftershocks are

incorporated within seismic functionality assessment process.

3.5. ILLUSTRATIVE EXAMPLE

The presented probabilistic framework for seismic risk and resilience assessment of
bridges under MSAS is applied to a bridge that was designed on the basis of Caltrans’s
bridge seismic design criteria (CSDC 2004). The bridge under investigation within this
illustrative example is a two-span reinforced concrete bridge with multiple-column bents.
The length and width of the bridge are 90 m and 16.5 m, respectively, as shown in Figure
3.4(a). A FE model able to capture the nonlinear behavior of the bridge is established in
SAP2000 (Computers and Structures Inc. 2010) to assess its seismic fragility. By
performing static nonlinear pushover analysis, an equivalent SDOF system of the bridge
can be obtained. The seismic demand of the bridge under MS only and MSAS sequences
can be obtained using the equivalent SDOF system. A similar approach has been adopted
by Raghunandan and Liel (2013) to evaluate the seismic performance of a building under
seismic hazard.
3.5.1. Probabilistic seismic scenarios
Based on historical data and real-time measurements obtained from the earthquake early

warning system, the mainshock magnitude can be updated. In general, after the updating
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process, the magnitude of mainshock can be modeled as a random variable that follows a
lognormal distribution. Based on Satriano et al. (2007), uncertainties associated with the
source-to-site distance may be considered as negligible with respect to those associated
with magnitude. The mainshock earthquake with mean magnitude of 6.9 (Richter scale)
is considered herein. Additionally, the earthquake is assumed to occur at a distance of
approximately 6 km from the location of the bridge. The detailed information associated
with the mainshcok considered in this chapter is shown in Table 3.1.

The parameters associated with the aftershock magnitude and source-to-site distance
are treated as random variables herein to account for the uncertainties associated with
aftershocks. In this chapter, the magnitude difference (4M) between a mainshock and its
largest aftershock is considered to follow a triangular PDF with mode equal to 1.2. More
information regarding probabilistic mainshock and aftershock scenarios can be found in
Table 3.1. Using Monte Carlo simulation, 10,000 samples of the seismic scenarios
associated with MSAS can be generated. The PGA is used as the measure of ground
motion intensity at the location of the bridge and can be computed based on Campbell
and Bozorgnia (2007).

3.5.2. Seismic vulnerability assessment
The FE model of the bridge is established in SAP2000, which can account for the
geometric and material nonlinear behaviors. The confined concrete model proposed by
Mander et al. (1998) is used to capture the material behavior of concrete columns. The
beam elements are selected to model the superstructures as elastic model. The columns’

plastic hinges are modeled using the fiber hinge in SAP2000 in order to account for

71



nonlinear behavior. The abutment model consists of a rigid element of finite length (i.e.,
superstructure width) associated with longitudinal, transverse, and vertical nonlinear
responses on both sides. The abutment model was developed based on SDC (2004) and
was adopted by Aviram et al. (2008). A pinned connection is adopted to model the
foundation boundary conditions and rigid soil conditions are assumed. Figure 3.4(b)
shows the 3D finite element model and the key components modeled in SAP2000.

The representative SDOF model of the bridge can be generated by performing static
nonlinear pushover analysis using SAP2000. Pushover analysis can evaluate the overall
strength of a structure under incrementally increased structural loading. The lateral load
pushover analysis associated with different directions (i.e., longitudinal, transverse, and
an angle with respect to principal directions of the bridge) can be performed on the
bridge. Although the transverse direction is emphasized in this chapter as shown in
Figure 3.5(a), other directions can also be considered. The elastic period of the bridge
associated with the transversal model is 0.783 seconds as obtained through the FE model.
The SDOF system is assumed to have the same period as the bridge, 5% damping, 5%
post-yield hardening stiffness, and an associated yield displacement that was obtained
using nonlinear pushover analysis. In this chapter, seismic ductility demand is defined as
the maximum inelastic displacement divided by the yield displacement associated with
the bridge structure.

The median values of bridge ductility capacities associated with different damage
states are based on Hwang et al. (2001) and Prasad (2013), while the seismic demand of

the bridge can be obtained using the equivalent SDOF model subjected to a set of ground
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motions. The ductility demand, defined as the peak displacement of an inelastic SDOF
system normalized by the yield displacement of the system, is computed herein. Goda et
al. (2009) developed a prediction equation for the peak ductility demand of the SDOF
system. This equation is adopted herein to compute the seismic demand of the bridge
under seismic scenarios. Using Eq. (3.2), the seismic demand of the bridge under
mainshock can be obtained. The regression parameters a and b that are used in this
equation are 2.108 and 1.338, respectively. The parameter S in Eq. (3.2) is assumed to be
0.25 for all damage states, while the modeling uncertainty parameter S is assumed to be
0.2 (Celik and Ellingwood 2010). Consequently, the probability of the bridge exceeding
certain damage state can be computed using Eq. (3.1). The fragility curves associated
with the bridge subjected to mainshock are shown in Figure 3.5(b). As shown, the
seismic vulnerability of the bridge decreases with increases in the ground motion
intensity.

The MSAS sequences are applied to the SDOF system to compute the seismic
demand of the bridge. The artificial and real aftershock sequences can be used as the
input for the seismic ductility demand analysis. The seismic demand of the bridge under
MS only and MSAS sequence greatly depends on several factors, such as the mainshock
magnitude and total duration of aftershock sequence (Goda 2012). In general, the median
value of seismic demand associated with the bridge increases due to MSAS effects.
Based on Zhai et al. (2014), the effects of aftershocks on the ductility demand can be

neglected when the ground motion intensity ratio PGAas/PGAws is less than or equal to
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0.5. The median value of seismic ductility demand of the bridge under MSAS 14, sns Can

be computed as

Hy msas = a'(PGAMS)b “DRyss (3.7)
1 PGA, / PGA,s <05
DRysas = (3.8)
c-(PGA, /PGAs) +d 0.5<PGA, /PGA,; <15

where DRwmsas is the ductility demand ratio that can be computed as peak ductility
demand of the bridge under MSAS sequences to ductility demand associated with MS
only; PGAws is the PGA at the location of the bridge associated with mainshock; and
PGAaxs is the PGA at the location of the bridge associated with the aftershock. A linear
relationship between the ratio associated with ground motion intensity measures
(PGAAs/PGANs) and ductility demand ratio (DRwmsas) is assumed. The regression
parameters that are used in Eq. (3.7) are ¢ = 0.3 and d = 0.85, respectively. The effects of
aftershocks on the standard deviation of seismic demand are not investigated herein.
Then, the fragility curves of the bridge under MSAS sequences can be obtained. Figure
3.6 depicts the fragility curves associated with slight, moderate, major and complete
damage states of the bridge under MS only and MSAS sequence. As shown, the exclusive
consideration of aftershocks can underestimate of the seismic vulnerability. In this figure,
the two values associated with PGAas/PGAwms = 1.0 and 0.8 are adopted for illustrative
purposes to investigate the effects of aftershocks on bridge seismic performance.
3.5.3. Probabilistic seismic risk and resilience
In this chapter, the statistical descriptors of the functionality under different damage

states are proposed on the basis of literature surveys and engineering judgment (ATC
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1999). Table 3.2 summarizes the values of the random variables and parameters adopted
for the recovery functions associated with different damage states. The functionality
associated with complete damage is 0, while the functionality corresponding to no
damage is 1.0. By using Eq. (3.3), the residual functionality of the bridge under MS only
and MSAS sequences without the recovery phase is shown in Figure 3.7(a). The expected
value of functionality is reduced when the aftershock effects are considered in the
computational process. The mean functionality is 0.212 and 0.169 for the cases
associated with MS only and MSAS, respectively.

The risk in terms of seismic loss associated with the bridge under seismic hazard can
be computed using Egs. (3.3) to (3.8). The probabilistic repair losses for the bridge
including and excluding the effects of aftershock are shown in Figure 3.7(b). As
indicated, there is a significant difference between these two cases; the mean value of the
repair loss under aftershock effects is much larger than that neglecting these effects.
Moreover, the dispersion of the repair loss increases significantly when the aftershocks
are considered. The uncertainties related to these aspects should be given special
attention, especially at late stages of the investigated time interval. The distribution of the
repair loss gives an indication of the dispersion of the collected data and can ultimately
aid in the seismic risk mitigation process.

Generally, the occurrence of aftershocks decreases exponentially with time
(Reasenberg and Jone 1989). Repair actions are applied to the bridge on the basis that no
severe aftershock will increase its seismic damage. The time interval associated with

resilience assessment starts from the recovery phase when repair/rehabilitation actions are
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applied to the damaged bridge. By performing recovery, the functionality of a bridge can
increase to a desirable level. The random variables associated with the recovery scenarios
are indicated in Table 3.2. The probabilities of the bridge being in different functionality
levels during the investigated time interval are computed and the results are shown in
Figure 3.8. As indicated, the probability of the bridge being in a severe functionality level
deceases with time, as repair/rehabilitations are applied to the bridge. The sum of the
probabilities of being in different functionality levels always equals one; thus, the
functionality levels can be defined as a set of mutually exclusive and collectively
exhaustive events. As indicated in Figure 3.8, the probability of opening this bridge to
traffic after 500 days from the recovery phase is almost 1.0. As shown in Figure 3.8, there
is a high probability of one lane being closed within 90 days from the recovery phase,
while this probability decreases significantly after this time interval.

The expected time-variant functionality of the bridge is investigated herein and
displayed in Figure 3.9(a). As shown in this figure, the aftershock events have great
effects on the functionality of the bridge. The difference between the functionality
associated with the cases without and with aftershock effects decreases as time goes by.
The expected value of the functionality of the bridge can be used for the computation of
the resilience. Using Eq. (3.6), the resilience of the bridge can be obtained. Consequently,
the resilience of the bridge is 0.810 neglecting aftershock effects; however, this value
reduces to 0.778 if aftershock effects are considered. The investigated time interval is 600
days herein and within the time interval the bridge has restored to its full functionality.

The resilience from these two cases is different. Given the threshold associated with
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resilience, different optimum retrofit and/or maintenance actions can be obtained for
these two cases (i.e., without and with aftershocks). The indirect loss associated with the
bridge considering partial functionality can be computed using Egs. (3.5) to (3.6). The
parameters that are used in these equations are shown in Table 3.3. The time-variant
indirect loss under the investigated time interval is depicted in Figure 3.9(b). The
expected daily indirect loss reaches zero at the end of the investigated time interval, as
the functionality of the bridge is completely restored. As revealed herein, the expected
daily indirect loss for the bridge under probabilistic recovery functions decreases over
time. To illustrate the effect of flow capacity associated with weight restriction and
emergency cases on seismic loss, the flow capacities corresponding to these two
functionality levels are both increased and decreased by 0.1. The comparison of daily
indirect losses is provided in Figure 3.9(c). Generally, the risk and resilience are relevant
performance indicators and can be used in the pre-event retrofit and post-event
rehabilitation optimization of bridge infrastructure

The effects of the uncertainties associated with earthquake scenarios and
consequences are also illustrated within the computational process. Figure 3.10(a) shows
the profiles of the mean (x= E(Q)) and mean plus (« + o) and minus (« — o) one standard
deviation (o) of the functionality throughout the investigated time horizon. As the results
indicate, the bridge functionality under probabilistic hazard scenarios associated with
MSAS increases over time. In order to illustrate the variation of the functionality, the
PDFs of functionality at t = 10 days, 100 days, 200 days, and 400 days are presented in

Figure 3.10(b). As shown, the expected functionality of the bridge increases with time but
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does not exceed 1.0. Additionally, the dispersion decreases when bridge functionality
approaches full recovery. The relevant results without considering aftershock effects are

also investigated herein, as shown in Figure 3.10(c) and (d).

3.6. CONCLUSIONS

This chapter presents a probabilistic framework for seismic risk and resilience assessment
of bridges under MSAS sequences. The seismic performances of a highway bridge under
MS only and MSAS sequence are computed separately and compared with each other on
the basis of fragility curves. The presented approach is illustrated on a highway bridge
under seismic hazard.

The following conclusions can be drawn.

1. The effects of aftershocks have an influence on the repair loss and residual
functionality of a bridge after a seismic event. The uncertainties associated with
repair loss will increase when aftershocks are considered. Consequently, it is of vital
importance to consider the effects of aftershocks on bridge seismic performance.

2. Integration of the uncertainties associated with seismic scenarios, modelling, and
consequences evaluation in the proposed framework is necessary for a rational risk
and resilience assessment of bridges under MSAS. As can be concluded from the
results, the resilience and economic loss are affected by uncertainties.

3. The assessment of functionality and probabilities of bridges having different
performance levels can aid the decision to open traffic on bridges after extreme

events.
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4. The presented approach can aid the pre-event decision making process on the basis
of proper retrofit strategies to meet the resilience and/or risk performance level that
the decision maker can tolerate. Moreover, it can also guide the decision maker to
plan post-event repair/rehabilitation activities to reduce economic and social

impacts considering MSAS sequences.
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Table 3.1 The parameters associated with probabilistic seismic scenarios

Parameter Mean cov Distribution type
Magnitude of 6.9 0.023 LN

mainshock

Parameter vav_er U_pp_e ' Mode Distribution type

limit limit
AM 0 2.4 1.2° Triangular®

Source-to-site

distance of 2 10 6° Triangular®

aftershocks

a: Bath (1965); °: assumed.
LN: Log-normal distribution; COV: coefficient of variation
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Table 3.2 The parameters associated with bridge restoration functionality in different

damage states

Mean (days)

Damage state Lower limit  Upper limit Mode  Distribution type cov
Slight 0.2 1 0.62 Triangular® 1@
Moderate 1 5 252 Triangular® 18

Major 30 120 752 Triangular® 0.562

Complete 120 360 230° Triangular® 0.482

& ATC (1999); °: assumed.
COV: coefficient of variation
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Table 3.3 The parameters associated with consequences assessment

Random variables Mean cov Distribution
type
ADT 395002 DNA DNA
ADTT/ADT ratio 13%2 DNA DNA
Bridge length (m) 882 DNA DNA
Bridge width (m) 16.2 2 DNA DNA
Length of link (km) 6° DNA DNA
Detour additional distance (km) 20 DNA DNA
Vehicle occupancies for cars 15¢ DNA DNA
Vehicle occupancies for trucks 1.05° DNA DNA
Rebuilding costs 2306 ¢ 0.2 LN®
Compensation for truck drivers 29.87 ¢ 0.3 LN®

($/h)
Inventory costs ($/h) 3.81°¢ 0.2 LN¢®
Operating costs for cars ($/km) 04° 0.2 LN¢®
Operating costs for trucks c e
($/km) 0.57 0.2 LN

Wage for car drivers ($/h) 11.91° 0.3 LN
Detour speed (km/h) 50 ¢ 0.2 LN¢
Link speed (km/h) 80° 0.2 LN¢

& FHWA (2010); *: Google Inc (2011); & AASHTO (2003); %: Deco et al. (2013);
¢ assumed; LN: Log-normal distribution; COV: coefficient of variation
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CHAPTER 4
TIME-DEPENDENT MULTI-HAZARD LIFE-CYCLE
ASSESSMENT OF BRIDGES CONSIDERING CLIMATE

CHANGE

41. INTRODUCTION

The United Nations Office for Disaster Risk Reduction reported that in 2011 natural
disasters (e.g., earthquakes, floods, and tsunamis) resulted in $366 billion of direct
economic losses and 29,782 fatalities worldwide (Ferris and Petz 2011). These staggering
statistics highlight the need for effective hazard recovery strategies for communities.
Earthquakes are a common natural hazard for the civil infrastructure systems. Seismic
loss and risk mitigation of highway bridges are of vital importance. Moreover, bridges
have suffered exposure of their pier foundations under flood-induced scour, which
significantly reduces the foundation bearing capacity and can cause structural damage or
even collapse during floods. Scour is one of the main bridge failure causes in the United
States accounting for about 58% of all failures (Briaud 2006). Consequently, it is of vital
importance to evaluate the performance of bridges under earthquake and flood. This
chapter presents a generalized framework for risk mitigation and recovery of highway
bridges under multiple hazards incorporating life-cycle hazard loss and resilience.

In the AASHTO LRFD Specifications (2015), the designed extreme hazards are

related to the return periods. For example, a design earthquake is set to 475- or 2500-year
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return periods for regular and important bridges, respectively. The bridge foundations
considering scour are designed for a 100-year flood event. However, the design return
period does not account for uncertainties and economic and/or social metrics.
Additionally, the time-independent occurrence models have been widely adopted to
investigate hazards. Therefore, it is necessary to incorporate the time dependence into
hazard loss assessment process. By using a time-dependent model, the probability of
earthquake occurrence will increase with the elapsed time since the last large or
characteristic earthquake associated with a fault. Furthermore, through their lifetime,
bridges are subjected to harsh environmental conditions. Aging and deterioration can
affect the performance of bridges by increasing their hazard vulnerability over time
(Akiyama et al. 2012; Dong et al. 2013). Within relevant published literature, only few
studies have quantified the annual seismic loss considering time effects (Dong et al.
2014; Deco and Frangopol 2013). Furthermore, to the best knowledge of the authors,
there is no study that assesses the life-cycle hazard loss of highway bridges considering
deterioration and time-dependent hazard.

The significance of resilience and risk-based management of highway bridges has
increased in the last few decades. Resilience is an important structural performance
indicator that accounts for structural performance and recovery patterns under extreme
events (Bruneau et al. 2003; Bocchini et al. 2014; Dong and Frangopol 2015). Overall,
hazard loss and resilience assessment considering aging effects and time-dependent

hazard are of vital importance to ensure structural safety and functionality during service
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life. In this chapter, the time-variant loss and resilience of highway bridges under
earthquake and flood are considered in a life-cycle context.

The United States Global Change Research Program (USGCRP 2008) reported that
the average precipitation has increased 5% during a 50 years interval; consequently, the
frequency of hazards (e.g., flood) has increased as well as they have become more
intense. Generally, climate change and increase in hazard intensity increase the
probability of bridge failure due to hazard effects. Understanding how climate change
affects the life-cycle performance of bridges can lead to improved preparedness prior to
extreme disasters. Consequently, there is a need for an investigation of bridge
performance under the impact of climate change. The effects associated with continuing
change in intensities and probabilities of extreme events are investigated.

In this chapter, a framework for time-variant hazard loss and resilience assessment of
highway bridges under multiple hazards considering time-dependent hazard is presented.
Additionally, the life-cycle losses with and without aging effects and climate change are
computed. The uncertainties associated with hazard scenarios, structural vulnerability
analysis, and consequence evaluation are incorporated within this framework. The work

in this chapter in based on Dong and Frangopol (2016c)

4.2. PERFORMANCE UNDER EARTHQUAKE AND FLOOD

4.2.1. Earthquake
The first step in seismic loss assessment is to identify the seismic intensity at the location
of the structural system. The next step is to compute the vulnerability of structural

systems under seismic hazard. The earthquake rupture could be given a “characteristic”
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magnitude-frequency distribution, modeled as a Gaussian distribution using the mean, a
standard deviation of 0.12, and a truncation at = 0.24 magnitude units above and below
the mean (USGS 2003). Generally, the mean magnitude associated with earthquake

rupture is (Hanks and Bakun 2002)

3.98+log,,(A.) A, < 468 km?

M = 4 5 (4.1)
3.09+§Ioglo(AF) A > 468 km
where Ag is the total area of fault segment (km?) and is
A =L W - Ry (4.2)

where Lr is segment length (i.e., the distance between two segmentation points) (km); Wr
is fault segment width (km); and Rs is a scaling factor accounting for the role of fault
creep in reducing the fault surface area.

A time-dependent hazard model associated with a given fault is characterized by its
recurrence-interval probability density function (PDF) (i.e., distribution of times between
large earthquakes). In California, time-dependent seismic hazard model could be
represented by using a log-normal recurrence interval distribution. The recurrence

interval in terms of a log-normal distribution is (Petersen et al. 2007)

1 2 2
ft)= @g.texp(— [in(t) - In(t,)F 12-,,%)) 43)
t =2.8-10°-L./V, (4.4)

where t is measured from the time of the last earthquake (year); tm is the median
recurrence interval (year); (m is the standard deviation; and Vs is the slip rate associated
with the investigated fault (mm/year). By using the time-dependent hazard model, the
conditional time-dependent probability of occurrence P in the time interval (te, te + At) is
given by
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P(t, <T <t_+At)
P, <T <)
where te is the elapsed time and AT is the time period of interest. The computational

Pt <T <t,+ AT >t,) = (4.5)
process of the conditional probability of occurrence associated with the time-dependent
hazard model is qualitatively shown in Figure 4.1(a) for illustrative purpose. An effective

Poisson rate, with respect to the time-dependent hazard model can be expressed as

Vg =—In(1l—P)/At (4.6)
where P is the conditional time-dependent probability of occurrence as computed using

Eqg. (4.5).

Fragility curves are commonly used methods to predict structural performance under
seismic hazard. Due to time effects, the fragility curves should be evaluated throughout
the lifetime of a structure. The time-variant fragility curves can be computed as (Bas6z

and Mander 1999, Dong et al. 2013)

£,

where ®(.) is the standard normal cumulative distribution function; IM is the seismic

0= P00

intensity measure (e.g., peak ground acceleration (PGA)); pi(t) is the standard deviation
of the damage state i of the structural fragility at time t; and m; is the median value of
ground motion intensity associated with damage state i. The time-variant median and
standard deviation of intensity associated with a certain damage state can be expressed as

(Dong et al. 2013)

m; (t) = my, '(1_71"[41) (4.8)
BO)=fo-A—y, t?) (4.9)
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where mio is median value of the ground motion intensity for damage state i and y1 and y.
are the aging coefficients. =1 indicates a linear deterioration, while > 1 denotes a non-
linear deterioration. Given the fragility curves at different points in time, the probabilities
of the bridge being in different damage states could be computed.
4.2.2. Flood

As bridges are subjected to the exposure of their pier foundations under flood-induced
scour, bearing capacities of their foundations could be reduced significantly causing
bridge damage or even collapse. Generally, a frequency analysis of annual peak-flow data
collected at a stream gage can provide an estimate of the flood magnitude and frequency.
The expected annual flow associated with given recurrence interval T can be expressed as

(Gotvald et al. 2012)

Q; =a,-Dra” - Apr® - Mel ® (4.10)
where Q. is the annual flow associated with T years recurrence interval (cubic feet per

second); Dra is the drainage area (square miles); Mel is the elevation (feet); Apr is the
annual precipitation (inches); and a, b., ¢, and d. are regression coefficients. Once the
flow discharge is determined, the flow velocity and depth, used in the scour analysis
process, can be computed.

Extensive research has been conducted on the prediction of local scour depth and a
number of predictive methods have been proposed (Melville 1997; Briaud et al. 1999;
Richardson and Davis 2001; Briaud et al. 2004). The equation proposed by Briaud et al.

(1999) is employed herein to compute the scour depth as follows

2 =0.18R%**® (4.11)
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t
Z=ﬁ (4.12)

ot

YA

I max

where z is the scour depth (mm); t is the time over which a given velocity is applied

(hour); z;is the initial rate of scour (mm/h); Z ., is the maximum depth of scour (mm); R

is Reynolds number equal to ViD/vw; Vs is the velocity of flow; D is diameter of the pier;
and oy is the water viscosity (10 s/m? at 20°C).

Given the flood intensity and occurrence probability, the bridge vulnerability under
flood should be analyzed considering both vertical and lateral failure modes. The load
capacity of a bridge pile is directly related to the interaction between the piles and the
surrounding soil. A lack of lateral confinement could result in lateral failure of the pile
under flow-induced load and the axial load arising from the weight of the superstructure.

Vertical failure refers to the bridge failure in the vertical direction, which can be
caused by inadequate soil support or pile instability. Most of the bridge vertical failures
under flood are due to the insufficient soil support. The vertical ultimate resistance is

given as (Briaud et al. 2014)

R, =4f,L,D+p,D*4f,Z-D (4.13)
where fy is ultimate side friction coefficient (kPa); pu is ultimate point pressure (kPa); As

is side friction area of the pile (m?); L, is embedded length of pile (m); and A, is tip

resistance area (m?). The performance function gv can be written as

Ov :Xu'dr'Rvu_XILv (414)
where xy and x; are the unbiased value of resistance and load effect, respectively; Ly is the

vertical load effect; and dr is the damage ratio where dr = 1 denotes total failure.
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Similarly, given the lateral capacity and load effect, the performance function g
associated with lateral failure could also be established.

The flow-induced load is the primarily lateral load that could possibly lead to lateral
failure of piles. The high velocity flow can induce large lateral forces on the bridge piles
threatening bridge safety. Basically, the pile behavior is dependent on the characteristic
length Lt of the pile. Lateral failure of a short rigid pile occurs when the lateral resistance
of the soil is exceeded, while the lateral failure of a long flexible pile occurs when the
moment at one or more points exceeds the moment resistance. To estimate the
performance of bridges during flood, lateral resistance of a bridge with and without
flood-induced scour should be identified. For example, the lateral load capacity Ly of the
pile in cohesionless soil could be computed using the following equation (Zhang et al.

2005)

L, =0.3(n-K,* +&-K-tand) -y - a, - D(2.7a,, —1.7L,) (4.15)
a, =[~(0.567L, +2.7¢) + (5.307L," + 7.29¢” +10.54-e-L)*°]/ 2.1996  (4.16)
where e is the eccentricity of loading (m); adr is depth to the point of rotation (m); K is

the passive earth pressure coefficient defined as K, = tan?(45 + ¢’/2); ¢’ is the internal
friction angle of the soil; # is the shape factor to account for the non-uniform distribution
of earth pressure in front of the pile; & is the shape factor to account for the non-uniform
distribution of lateral shear drag; ¢ is the interface friction angle between the pile and the
soil; and ys is the effective unit weight of soil (kN/m?). The distribution forms for both the
frontal soil resistance and side shear resistance are considered in the computational

process (Zhang et al. 2005). The model proposed by Zhang et al. (2005) is used herein to
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compute the pile lateral capacity, while other models could also be adopted for the
assessment of specific bridge piles (Reese et al. 2004; Ko et al. 2014).
The flow-induced load as a function of the average flow velocity in terms of the

pressure distribution form can be obtained as (AASHTO 2015)

2
Vw 'VW
pavg = CD ’ 2

where payg is average pressure of flowing water (N/m?); Vi, is velocity of water (m/s); yw

(4.17)

is density of water (kg/m®); and Cp is drag coefficient and Cp is 1.4, 0.7, and 0.5 for a
square, circular, and diamond-shaped piles, respectively. The drag force on a pile bent is
the product of the longitudinal pressure times the projected area of the bent. Accordingly,
the flow pressure distribution can be transformed into equivalent nodal forces as the
applied loads in the analysis.

Considering the lateral and vertical failure, the probability of bridge failure under
flood could be expressed as the probability of union of two component failure events as
follows:

P, = P[iLZJlgi(X) <0] (4.18)
where g1 and g» refer to performance functions associated with vertical and lateral limit

states, respectively.
4.3. CONSEQUENCE EVALUATION AND RESILIENCE

The annual seismic loss of bridges under hazard effects (e.g., earthquake and flood) is
presented in this section. Given the limit states of the bridge failure under earthquake and

flood, the probability of a bridge being in different damage states including failure could

101



be computed. Based on the theorem of total probability, the total hazard loss is the sum of
consequences weighted with the probability of having these consequences associated
with damage states. Therefore, the annual loss given the occurrence of the hazard can be
expressed as (Dong et al. 2013)

Ly (8) = 25 Ceongos O+ Pog (4.19)
where Cconspps(t) is the conditional consequence (e.g., economic and social) given a
damage state DS (e.g., major, complete) at year t and Ppsn(t) is the conditional
probability of a damage state given a hazard at time t. As the aging effects are considered
for the hazard vulnerability analysis, the hazard loss is related with time. The total annual
hazard loss Lt is the sum of consequences (i.e., repair, time, and operating costs)
weighted with the probability of having these consequences associated with damage
states and can be computed as (Dong and Frangopol 2015)

L, (t) = Lggp (£) + Ly () + Ly (1) (4.20)
where Lrep is annual repair loss (USD); Lrun is annual operation loss (USD); and Lt is
annual time loss (USD). More detailed information regarding these metrics can be found
in Chapter 2.

Resilience, as another performance indicator, is defined as the ability of a civil
infrastructure system to maintain its functionality and return to normality following an
extreme event. The resilience depends on the recovery patterns of structural systems. The
repair schedule of highway bridges under extreme events depends on the judgment of the
engineers and decision maker. Generally, the functionality of a bridge can be defined as

the ability of opening traffic after an extreme event. Different functionality levels should
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be considered for emergency response and post-earthquake recovery period. In the
emergency response planning, it is of vital importance to identify whether the bridge
located on a link is still available to convey the resources to the disaster area. In the post-
earthquake recovery phase, the functionality associated with the bridge under hazard
event can be defined as closed, limited use, and open which should be determined based
on the engineering judgment.

The most widely adopted approach to quantify the resilience of a structural system is
to compute it as the integration over time of the functionality under investigation as
explained in Chapter 3. The time-variant resilience of bridge considering aging effects
given the occurrence of the hazard is illustrated in Figure 4.1(b). As qualitatively shown
in this figure given the same investigated time interval (e.g., 4t1), a relatively smaller
value of resilience may result when the extreme event occurs at a later stage of the
investigated time. This figure aims to qualitatively show the aging effects on the
resilience assessment of a highway bridge under hazard effects. By repeating the
resilience assessment procedure at different points in time, the annual resilience of the

bridge under the occurrence of hazard could be established.

44. LIFE-CYCLE HAZARD LOSS

The life-cycle hazard loss estimation methodologies of civil infrastructure systems
traditionally ignore the effects of aging and deterioration during their service life. In
general, such assumptions of time-invariant structural resistance are not valid for

structures located near sources of environmental degradation. Considering the time
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effects on hazard performance of a bridge, the total life-cycle hazard loss during the time

interval [0, tin{] can be computed as (Yeo and Cornell 2005)

N (tint)

LCL, (t,,) = Zl L, (t,)-e7" (4.21)

=
where tint is investigated time interval; N(tint) is the number of hazard events that occur
during the time interval; Lt(t) is the expected annual hazard loss at time t; and y is the
monetary discount rate. If the aging effects are considered in the structural vulnerability
analyses, total annual hazard loss Lt results in a function associated with tx as indicated in
Eq. (4.21). Based on Yeo and Cornell (2005), given the Poisson model, the times tx have

uniform and independent distributions in [0, ting]. Given the N (tint) = n, the total expected

life-cycle loss could be computed as

E[LCL(t, )N (t,) =n] = E{i L () -eﬂ = YEIL (t)-e™]

n (4.22)
= > {EIL, (t.)]- E[e *1+Cov(L; t,), e )}

Cov(L, (t,), ™) = E[(L (t) — E[L; (t)])- (e — E[e ™ ])] (4.23)

EIL (6] = L (et (4.24)

E[e " ]= Tie‘“kdt (4.25)

where Cov is the covariance between two random variables and E is the expected value.
Given the hazard occurrence model and annual hazard loss, the expected total hazard
loss during a certain time interval could be obtained using Egs. (4.21) - (4.25). The
hazard occurrence could be assessed using time-dependent or time-independent models.
By using Eq. (4.6), an effective Poisson rate associated with the time-dependent hazard

could be obtained. The occurrence of earthquake using a homogeneous Poisson process,
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which is independent of time, has been investigated (Wen and Kang 2001; Yeo and
Cornell 2005). Furthermore, the aging effects are not considered in these studies.

The effects of climate change on the life-cycle hazard loss are also investigated
herein. Considering the climate change, the probability of occurrence of the natural
hazard is increasing. For example, the precipitation events have increased in frequency
during the past 50 years and are expected to further increase in the future; this in turn will
increase the flood intensity and occurrence probability. Based on Levinson (2006), the
magnitude of the 100-year storm flood would now recur at an interval of 75 years on the
basis of data from 1900 to 2005. This effect should be incorporated within the life-cycle
hazard loss assessment. Accordingly, the probability of occurrence and hazard intensity
would be larger than those associated with previous stages. In order to investigate the
climate change effect, two parameters are introduced herein: (a) Rse to represent the
possible change in flood occurrence frequency, and (b) Rint to represent the increase of

hazard intensity.

45. ILLUSTRATIVE EXAMPLE

The presented framework is illustrated on a typical two-span concrete box-girder bridges
in California. It was designed based on Caltrans Seismic Design Criteria (Mackie and
Stojadinovic 2003). The bridge has a single-column bent and Type | integral pile shafts
with uniform circular cross section (i.e., D = 1.2 m) and amount of longitudinal
reinforcement over the complete column and pile. The pile shaft length is 1.7 times the
length of the column above grade. The schematic layout of the bridge with the length L of

36 m and the width W of 8 m, is shown in Figure 4.2.
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45.1. Structural hazard vulnerability analyses
The probabilistic earthquake scenarios investigated herein are based on the seismic
rupture sources in the San Francisco bay area (USGS 2003). The investigated earthquake
magnitudes considered are related with the North San Andreas Fault as the bridge is
located in this region. The slip rate of the investigated fault is 27 mm/year. The segment
length and width of the fault are 191 and 11 km, respectively. By using Eq. (4.1), the
expected magnitude M associated with the investigated rupture is 7.52. Then by using
Monte Carlo simulation, the probabilistic earthquake magnitudes are generated by using
the mean, a standard deviation of 0.12, and a truncation at + 0.24 magnitude units above
and below the mean. Subsequently, the ground motion intensity at the location of the
bridge could be predicted using an attenuation equation (Campbell and Bozorgnia 2007).

The time-dependent earthquake analysis is adopted herein to investigate the
probability of occurrence as indicated in Egs. (4.3) - (4.5). Given the time-dependent
earthquake model, the conditional probability of occurrence in the investigated time
interval is computed using Eq. (4.5). Herein, the recurrence interval follows a lognormal
distribution as indicated in Egs. (4.3) and (4.4). Accordingly, the median value associated
with this lognormal distribution is 198 years (i.e., 2.8x10° x (191x10°) / 27) using Eq.
(4.3). The characteristic earthquake considered herein is 1857 Fort Tejon earthquake. As
the bridge was built in 1970, the time from this characteristic earthquake te is 113 years.
Additionally, by using Eqg. (6), an effective Poisson rate, with respect to the time-

dependent hazard model is computed.
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Over time, structural vulnerability increases due to aging effects (Akiyama et al.
2012; Dong et al. 2013). The investigated time horizon is considered to start from the
year when the bridge was built and extends 75 years. The initial values of the fragility
parameters are based on Bas6z and Mander (1999). The PGA is used as a measure of the
ground motion intensity. The parameters of deteriorated fragility curves are assumed to
decrease (Deco and Frangopol 2013; Dong et al. 2014). The time-variant parameters of
the fragility curves can be obtained using Eq. (4.8). The parameters y: and {1 associated
with time-variant median are 1.616 x 10® and 2.234 to account for the nonlinear
deterioration (Dong et al. 2014). In order to illustrate the aging effects on fragility curves,
the seismic fragility curves for the representative bridge are presented in Figure 4.3(a) for
t = 0, 25, 50, and 75 years. Each curve in this figure represents the probability of
exceeding a major damage state for a given value of PGA. It is evident from Figure 4.3(a)
that the probability of exceeding the major damage state increases with time.

The procedure for predicting bridge performance under flood includes the definition
of flood scenario, the simulation of the pile-soil system, and the estimation of flow-
induced loads. The vertical and lateral failure of the bridge under flood are computed
herein. The three flood scenarios considered are associated with 100, 200, and 500-year.

For the investigated bridge, the annual peak flows of three flood scenarios are
computed using Eg. (4.10). The drainage area and annual precipitation associated with
the investigated specific area are 110 km? and 0.4 m, respectively (Gotvald et al. 2012).
The values of parameters ao, bo, Co, and do associated with 100-year flood are 48.5, 0.866,

0.556, and 0, respectively (Gotvald et al. 2012). The values associated with 200 and 500-

107



year floods are 61, 0.863, 0.531, 0 and 79.3, 0.86, 0.503, 0, respectively (Gotvald et al.
2012). Based on Eg. (4.10), the expected annual discharges and flow velocity
corresponding to the three flood scenarios are computed. Given these parameters, the
maximum scour depth under the flood scenarios is computed by using Eq. (4.11); the
PDFs of the scour depth associated with 100 and 500-year floods are shown in Figure
4.3(b). As indicated, the expected scour depth associated with the 500-year flood is much
larger than that of the 100-year flood.

The probabilities of occurrence of the vertical and lateral failure modes are
investigated herein. The probability of occurrence associated with vertical failure mode is
computed using Eq. (4.14). The ultimate side friction coefficient fy is 32 kPa and the
ultimate point pressure py is 360 kPa (Briaud et al. 2014). Additionally, the model
uncertainty is considered by using the coefficients xu and x;, which are assumed
lognormally distributed with mean values 1.0 and 1.0, respectively, and the coefficients
of variation 0.21 and 0.3, respectively (Briaud et al. 2014). The expected vertical load
acting on the vertical direction of the bridge is 444.0 KN (Mackie and Stojadinovic 2003).
The probability of occurrence of the vertical failure under 100-year flood is 0.0279 by
using Monte Carlo simulation.

Similarly, the probability of occurrence of the bridge lateral failure is computed. The
soil failure mode dominates the failure modes of the investigated bridge under lateral
flood-induced load. Herein, the internal friction angle of the soil is 40° and the effective
unit weight of soil ys is 17 kN/m® (Zhang et al. 2005). The shape factors 5 and ¢

associated with the investigated circular pile are 0.8 and 1.0, respectively (Briaud and
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Smith 1983). These parameters are selected for this specific bridge. Accordingly, the
lateral load capacity is obtained by using Eq. (4.15). More detailed information could be
found in Zhang et al. (2005). Given the lateral load obtained using Eq. (4.17), the
probability of lateral failure under the flood is computed for different flood scenarios.
Given the flow intensity Qr associated with 100-year flood, the probability of lateral
failure is 0.087. Finally, for the limit states associated with vertical and lateral failure, the
series mode is adopted to compute the bridge system failure under flood as indicated in
Eq. (18). Consequently, using the parameters employed in the illustrative example the
probability of bridge failure under 100, 200, and 500-year flood are 0.110, 0.242, and
0.4353, respectively. These probabilities act as input for the hazard loss assessment.
45.2. Time-dependent hazard loss and resilience assessment

In this section, the hazard loss assessment of bridge under earthquake and flood is
presented. The seismic loss is computed firstly. The repair cost ratios associated with
slight, moderate, major, and complete damage states are 0.03, 0.08, 0.25, and 1,
respectively (Mander 1999). There are uncertainties involved in hazard assessment and
consequence evaluation. These uncertainties are considered in the probabilistic hazard
loss assessment framework. Given the distribution parameters, these random variables
can be generated using MATLAB (MathWorks 2014). By performing numerical
simulation, the expected value and dispersion of the hazard loss can be obtained
throughout the service life of the bridge. Based on Egs. (4.19) and (4.20), the annual
expected repair 10Ss urep, €Xpected loss plus, and minus one standard deviation orep are

shown in Figure 4.4(a). Under the given seismic scenario, the major and complete
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damage states contribute significantly to the total repair loss. The parameters associated
with consequence evaluation are indicated in Table 4.1. The expected annual seismic
total loss Lt and indirect loss Lip (i.e., Lio = Lrun + LtL) under the occurrence of the
earthquake are shown in Figure 4.4(b). As indicated, there is a significant difference
between the two cases (i.e., with and without considering the indirect loss). The indirect
loss contributes significantly to the total seismic loss. Therefore, it is of vital importance
to consider the aging effects and indirect consequences within the seismic performance
assessment.

The probability of bridge failure under the flood was computed previously. Given dr
= 0.75 in Eq. (4.14), the bridge would be in a major damage state; while for dr = 1, the
bridge will fail. The damage ratios associated with seismic damage are adopted for the
bridge states (e.g., major and complete damage states) under flood. Given the
consequences associated with different damage states, the annual loss due to flood is
computed. The expected annual loss associated with 100, 200, and 500-year floods is
4.633 x 10°, 5.852 x 10° and 7.251 x 10° USD, respectively. As indicated, a significant
difference exists among the loss under various flood scenarios. The flood loss associated
with occurrence of 500-year flood is about 60% larger than that of the 100-year flood.

The recovery functionality of bridge under hazard is based on ATC (1999), which
provides the recovery functionality associated with different damage states of the bridge
under hazard effects. Given the investigated time interval and recovery functionality
associated with seismic damage, the expected functionality is shown in Figure 4.5(a). As

indicated, the functionality is sensitive to changes in the time from recovery and to aging
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(ie., t =0, 25, 50, and 75 years). The functionality of the bridge increases with the time
from recovery and decreases with aging. Subsequently, the resilience of the bridge can be
obtained. The expected annual resilience of the bridge under seismic hazard is shown in
Figure 4.5(b). As indicated, the expected resilience of the bridge under the occurrence of
the earthquake decreases with time due to the aging effects.

The repair scheme associated with seismic damage is also adopted for the bridge
states (e.g., major and complete damage states) under flood. Similarly, the resilience
under the flood hazard is computed. The time-variant functionality of the investigated
bridge under 100, 200, and 500-year floods is shown in Figure 4.6. Then, the
corresponding resilience is computed. The resilience of the bridge under 100, 200, and
500-year floods is 0.934, 0.870, and 0.806, respectively. As expected, the 500-year flood
is associated with the smallest resilience.

4.5.3. Life-cycle total loss under earthquake and flood
The life-cycle total hazard loss of the bridge under earthquake and flood is computed
using Eq. (4.21). The time-dependent hazard model is employed for the earthquake
hazard. The effective Poisson rate (see Eg. (4.6)) is used for capturing the time-
dependency of the earthquake occurrence. Additionally, since aging effects are
considered for the seismic vulnerability, the annual seismic loss depends on time as
shown in Figure 4.4(b). Herein, the relationship between annual hazard loss L and tx can

be expressed as

L (t,)=at’+bt +cC (4.26)
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By using curve fitting techniques embedded in MATLAB (2014), the terms a, b, and
c are 294.9, -4846, and 6.644 x 10°, respectively. Then by substituting Eq. (4.26) into Eq.
(4.22), the expected life-cycle hazard loss given n earthquakes is
E[LCL, (t,,,) | N(t,,) =n]

= Zri:{E[LT (t)]-E[e 7]+ Cov(L, (t,),e )}

- Zn:{E[atkz +bt, +c]- E[e 7]+ Cov(L, (t),e ™)}

(4.27)
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By substituting Eqg. (4.29) into Eq. (4.28), the expected I|fe cycle hazard loss is

obtained as
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Finally, the expected total life-cycle hazard loss is computed using Eg. (4.30).

Herein, the total seismic losses associated with four different cases are investigated.
These cases are as follows: (a) Case 1 takes into account both time-dependent hazard and
aging effects; (b) Case 2 takes into account time-dependent hazard and disregards aging
effects; (c) Case 3 assumes time-independent hazard (i.e., Poisson process) and takes into
consideration aging effects; and (d) Case 4 assumes time-independent hazard and
disregards aging effects. The expected total seismic losses under each of these four cases
are shown in Figure 4.7(a). As indicated, the time-dependent hazard can affect the total
seismic loss significantly and should be incorporated within the life-cycle loss assessment
process. In general, disregarding aging effects can lead to the underestimation of seismic
loss. By using the parameters indicated in the illustrative example, the time-dependent
hazard model has a stronger effect on the total hazard loss than the aging effects.
Considering a time interval of 75 years, the total seismic loss associated with the case
considering time-dependent hazard model and aging effects (i.e., Case 1) is about 40%
larger than that associated with the case considering the time-independent process and no
aging effects (i.e., Case 4).

Additionally, the total expected life-cycle loss depends on the time from last
earthquake, discount rate of money, and remaining service life of the deteriorating bridge.
The discount rate is assumed to vary in the interval 1 to 4% while the remaining service
life of the bridge is assumed to vary from 25 to 100 years. The expected loss under

different discount ratios is shown in Figure 4.7(b). An increase in the discount rate tends
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to decrease the estimated life-cycle loss, while an increase in remaining service life
increases the expected life-cycle loss. The effects of t., elapsed time from the last
earthquake, are also investigated as indicated in Figure 4.7(c). Both the discount rate and
te have profound effects on the life-cycle loss and should be well estimated.

The annual flood loss under the occurrence of different flood intensities has been
investigated previously. By using Eq. (4.30), the expected life-cycle loss of the bridge
under flood could be computed assuming that the occurrence of flood follows a Poisson
process. Herein, the terms a and b are assumed 0, and ¢ is 4.633 x 10°, 5.852 x 10°, and
7.251 x 10° USD for 100, 200, and 500-year floods, respectively. The total loss under
different time intervals is shown in Figure 4.8(a). The 100-year flood results in the largest
total flood loss. Considering a 75-year interval, the total expected life-cycle flood loss
associated with 100-year is found to be about 2.2 times larger than that associated with
500-year flood. Though the annual loss under the occurrence of the 500-year flood is
much higher than that associated with100-year flood, the expected total life-cycle flood
loss associated with 100-year flood is higher than that associated with 500-year.

As described previously, there is a great amount of uncertainty in predicting how
climate change may affect hazard patterns. To assess the impact of the flood intensity and
frequency on the total life-cycle loss, the expected life-cycle flood loss is computed
considering different scenarios. Two terms are chosen herein to represent a wide range of
possible changes in flood frequency and flow intensity: (a) Rfe refers to decrease in
frequency and is smaller than 1, and (b) Rint denotes increase in intensity and is larger

than 1. The flood intensity and occurrence interval are computed as Rint X Qt (flow
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intensity) and Rsre X T (0ccurrence interval). The relevant expected life-cycle flood loss
under 100-year flood considering climate change is shown in Figure 4.8(b). The climate
change scenarios can be modified as more information becomes available. As indicated,
the total life-cycle loss would increase under the investigated climate scenarios.
Additionally, the comparison of total hazard loss under earthquake and flood is shown in
Figure 4.8(c). As indicated, the expected total life-cycle seismic loss is larger than that
associated with 200-year flood and smaller than that with respect to 100-year flood under

the investigated time interval.

4.6. CONCLUSIONS

This chapter presents a methodology for the time-variant hazard loss and resilience
assessment of highway bridges under earthquake and flood in a life-cycle context
considering uncertainties. The effects associated with time-dependent hazard and aging
effects are investigated. The methodology is illustrated on a highway bridge located in
California.

The following conclusions are obtained:

1. Structural deterioration and time-dependent hazard have effects on resilience and
expected total life-cycle loss. In order to provide a more realistic approach, time-
dependent hazard model should be adopted in life-cycle loss assessment process.

2. The difference between the life-cycle seismic loss with and without considering
aging effects increases as the investigated time interval increases. Moreover, due to

aging effects, the resilience of damaged bridges under seismic hazard decreases
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significantly with time. Additionally, the expected total loss depends on the indirect
consequences.

The results of the sensitivity study using the proposed loss model reveal that the
changes in total life-cycle loss are sensitive to changes in time from the last
earthquake, discount rate of money, and remaining service life. The loss estimates
tend to be more sensitive to the parameters associated with the time-dependent
hazard model than to the aging effects.

Given various hazard occurrence models and discount rates, the total hazard loss
associated with earthquake and flood during an investigated time interval is
different and the contribution of the hazards changes. The specific risk mitigation

strategies associated with the various hazards could be determined.
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Table 4.1

Parameters associated with the consequence evaluation

Random variables Notation Value References
Average daily traffic ADT 19750 FHWA (2015)
Daily truck traffic ratio T 13% FHWA (2015)
Length of link (km) Iy 6 FHWA (2015)
Detour additional distance (km) D 2 FHWA (2015)
Vehicle occupancies for cars Ocar 1.5 Stein et al. (1999)
Vehicle occupancies for trucks Otruck 1.05 Stein et al. (1999)
Rebuilding costs ($/m?) Creb 2306 Mander (1999)
Compensation for truck drivers ($/h) CATC 29.87 Stein et al. (1999)
Operating costs for cars ($/km) CRun,car 0.4 Stein et al. (1999)
Operating costs for trucks ($/km) CRuntruck  0.57 Stein et al. (1999)
Wage for car drivers ($/h) CAw 11.91 Stein et al. (1999)
Detour speed (km/h) S 50  Dong and Frangopol (2015)
Link speed (km/h) So 80  Dong and Frangopol (2015)
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Figure 4.1 (a) Probability density function associated with hazard recurrence interval
using time-dependent hazard model and (b) schematic representation of
qualitative time-dependent resilience of highway bridges under extreme

events in a life-cycle context
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CHAPTER 5
SUSTAINABILITY OF HIGHWAY BRIDGE NETWORKS

UNDER SEISMIC HAZARD

5.1. INTRODUCTION

Transportation network systems are critical for the economy and the society. After a
destructive earthquake, the functionality of highway networks can be significantly
affected, leading to disastrous effects on the economy. The 1994 Northridge earthquake
caused about 140 roads closures and over 40 billion USD in losses (ABAG 1997). In
recent years, the seismic risk assessment of transportation networks has become a popular
research area (Shiraki et al. 2007; Bocchini and Frangopol 2012). In order to evaluate the
seismic risk of transportation networks, it is necessary to develop a methodology that
integrates the probabilities of occurrence of seismic events in a region, the vulnerability
of the civil infrastructure, and the consequences of the seismic hazard to society,
environment and economy. Sustainability can serve as a useful tool in decision making
and risk mitigation associated with civil infrastructure systems. Quantifying the seismic
loss of transportation networks associated with the three metrics of sustainability at the
component and system levels still remains a challenging task.

The three main components of seismic risk analysis are hazard exposure,
transportation network configuration, and consequences analysis (Loh et al. 2003).
Kiremidjian et al. (2007) investigated the direct loss from damage to bridge and travel

delays under a specific earthquake scenario; Shiraki et al. (2007) evaluated the total
126



bridge network delay due to the seismic hazard based on user-equilibrium analysis;
Padgett et al. (2010) investigated the seismic risk associated with a bridge network under
several deterministic scenarios; Bocchini and Frangopol (2011) presented a novel
approach to assess the damage level of bridges in a network using fragility and network
flow analysis; Bocchini and Frangopol (2012) investigated the resilience of bridge
networks associated with total travel time and distance under seismic hazard. In general,
these studies did not account for the uncertainties associated with seismic hazard and the
time effects. Deco and Frangopol (2013) presented a framework for the quantitative
assessment of time-variant risk of single bridges within a bridge group. Sustainability
assessment for single bridges accounting for the effects of flood-induced scour on seismic
vulnerability was presented by Dong et al. (2013). In this chapter, the time-variant risk
and sustainability of highway bridge networks considering earthquake scenarios
accounting for the uncertainties associated with seismic hazard and their associated
consequences (i.e., environmental, social, and economic) are investigated.

Seismic risk should be treated by considering a large number of earthquakes that can
occur in the region. The selected probabilistic seismic scenarios should be able to
approximate the regional seismicity associated with the United States Geological Survey
(USGS) regional hazard maps. Chang et al. (2000) developed a method to identify a set
of seismic scenarios to approximate the regional seismic intensity; Vaziri et al. (2012)
improved this method to estimate long-term earthquake hazards by selecting a small
subset of earthquake scenarios to account for possible events; Jayaram and Baker (2010)

used importance sampling to simulate a reduced set of seismic scenarios. The intensities
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of ground motions at different sites under a seismic scenario should be correlated since
they result from the same earthquake. Wang and Takada (2005) computed the
correlations of seismic ground motions using dense observation data of earthquakes and
determined correlation lengths ranging from 20 to 50 km. Jayaram and Baker (2009)
estimated the correlation between spatially distributed spectral accelerations at various
spectral periods using data from several past earthquakes. Adachi et al. (2009) studied the
effects of spatial correlation of seismic intensities on the serviceability of water systems.
It is of vital importance to incorporate the correlation of ground motion into sustainability
assessment of spatially distributed bridge networks associated with probabilistic seismic
scenarios.

A transportation network is defined in terms of its nodes and links. Nodes are
locations where highway segments intersect. Links are the highway segments connecting
two nodes. The bridges are the vulnerable components in the network and should be paid
special attention (Liu and Frangopol 2006). At the component level (i.e., individual
bridge), fragility curves are the common tools to define the conditional probability of
occurrence of a representative event under certain ground motion intensity. At the system
level (i.e., bridge network), performance of the damaged link depends on the number of
bridges on the link and the damage states of these bridges. It is important to estimate the
damage state of the bridge and its impact on the system performance associated with
earthquake scenario. Throughout their lifetime, many bridges are subjected to harsh
environmental conditions. Corrosion induced deterioration can affect the seismic

performance of bridges by increasing the seismic vulnerability over time (Ghosh and
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Padgett 2010; Akiyama et al. 2012; Zhu and Frangopol 2013). Consequently, their
damage state of the link will worsen through the lifetime. The time-variant seismic risk
assessment in a life-cycle context on component and system levels is a relatively new
area of research to be explored and will be addressed herein.

In this chapter, a framework for the time-variant seismic sustainability and risk
assessment of highway bridge networks is presented. The sustainability of the network is
quantified in terms of its social, environmental, and economic metrics. The seismic
scenarios consist of the rupture of fault segments nearby the region of interest. The
performance of network links is quantified based on individual bridge performance
evaluated through fragility analyses. The time-variation of the sustainability metrics and
risk due to structural deterioration is identified. The effects of the correlation among the
seismic intensities at different locations are also investigated. The approach is illustrated
on a transportation network located in Alameda County, California. This chapter is based

on a published paper Dong et al. (2014a).

5.2. TIME-VARIANT METRICS OF SUSTAINABILITY

The first step of the methodology for assessing sustainability is to identify the
characteristics and inventory of the transportation networks that consist of spatially
distributed components. A flow chart summarizing the methodology is presented in
Figure 5.1. The three metrics of sustainability can be assessed based on probabilistic
seismic scenario events (e.g., earthquakes with different magnitudes). A set of seismic
scenarios of each active fault in the region should be identified to capture the seismic

intensity. For a prescribed earthquake intensity, the probabilities of a structure being in
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various damage states following the earthquake can be determined using the fragility
curves. All sets of ground motions that capture the seismic activity will be used in the
fragility analysis to evaluate damage state of every bridge in the network. Based on the
damage state of each bridge, the seismic vulnerability of the link can be assessed. The
time-variant seismic vulnerability of the bridges and links is evaluated through their
lifetime to capture the time effects due to structural deterioration. This procedure will be
repeated for all bridges within the network considering the entire set of earthquake
scenarios. The increase in the damage state of the link can reduce the link traffic capacity
and speed limit, which results in additional travel time. The amount of traffic volume that
exceeds the capacity of the damaged link has to follow the detour. The social metrics
(downtime and fatalities), the environmental metrics (energy wastes and carbon dioxide
emissions), and the economic metrics (costs) associated with each damage state should be
evaluated. Then, the expected metrics of sustainability can be quantified by multiplying
these outcomes by the probability of each damage state. In order to include the time
effects (e.g., the effects of structural deterioration), the described procedure should be

repeated for each time instant considered through the lifetime.

5.3. PROBABILISTIC EARTHQUAKE SCENARIOS

53.1. Seismic hazard
Seismic risk assessment should be based on a set of probabilistic earthquake scenarios
that will approximately provide the seismic activity of the region under investigation.
Each probabilistic seismic scenario is associated with a frequency of occurrence, derived

from the fault activity, magnitude, and location. The seismic risk should be considered as
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the sum of the risk associated with possible events generated by all fault sources in the
region. A set of earthquake rupture events should be selected first based on the region of
interest.

In a high seismicity area, the number of seismic scenarios to be used in order to
accurately reflect the seismic activity of the region may be very large. It is not practical to
consider all of the possible scenario events. The scenarios can be selected to approximate
the regional seismic activity using the USGS regional hazard maps. The selection of the
specific earthquake scenarios depends on the region of application.

5.3.2. Ground motion intensity and spatial correlation
The level of structural damage depends on the ground motion intensity at the location of
the structure. The attenuation relation has been used to predict the ground-motion
intensity at a certain site and is usually represented in logarithmic form (Boore et al.
1997, Campbell et al. 2008). In this chapter, the attenuation relationship proposed by
Graizer and Kalkan (2007) is implemented. This attenuation equation, which is for
shallow crustal earthquakes, is used as crustal earthquakes dominate in the region of the
investigated network (SSA, 2010). The Graizer-Kalkan model provides consistently good
approximations not only in the near-fault region but also at farther distances for a wide
range of magnitude levels. This approach can be used for earthquakes in other regions
and can give accurate predictions against the actual data at a wide range of magnitudes
and distances. The attenuation relation is described by the following expression (Graizer

and Kalkan 2007)
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where Y is the strong-motion parameter of interest; M is the earthquake magnitude;

A(M,F) is the magnitude and fault-type scaling function; R is the source-to-site distance;
Ro is the corner distance; R; is the distance threshold after which faster attenuation takes
place; Do is the parameter quantifying the intensity of bump on the attenuation curve; D
is the parameter that produces smooth transition to the faster attenuation at distances
larger than Ry; F is a parameter characterizing faulting style; VSso is the average shear-
wave velocity in upper 30 m; VA and b, are parameters associated with linear site
correction; and oy is the total standard deviation of InY. The earthquake magnitude M
and the average shear-wave velocity VSzo in the upper most 30 m are inherently uncertain
and, therefore the parameters are considered random. More detailed explanation of terms
in Eq. (5.1) can be found in Graizer and Kalkan (2007).

The characteristics of seismic excitations at different sites caused by the same
earthquake are correlated. It is demanding to consider the spatial correlation of peak
ground motions. Several studies (Bazzurro and Luco 2004, Lee and Kiremidjian 2007)
revealed that the PGA for a given seismic scenario at different sites is spatially related
and the correlation is higher for closer sites. The seismic performance of the structures
with similar characteristics is correlated through the source-to-site distance and soil
condition. The spatial relationship of ground motion intensity across the network affects

the functionality and seismic loss of the network. Wang and Takada (2005) computed the
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correlations using the ground motion time histories records during earthquakes, such as
the peak ground accelerations. In this chapter, their approach is adopted to account for

correlations.
5.4. SEISMIC VULNERABILITY OF TRANSPORTATION NETWORK

54.1. Time-variant seismic fragility curves
Fragility curves define the exceedance probability of a damage state for a given level of
peak ground acceleration or ground deformation. Due to the fact that the structural
performance deteriorates with time, the fragility curves should be updated through the
lifetime of the structure. In this chapter, the time-variant median value of intensity
associated with a certain damage state is assumed to vary in time. More detailed
information associated with the time-variant fragility curves could be found in Chapter 4.

These conditional probabilities can be mapped to the bridge damage index (BDI)
value (Shiraki et al. 2007) given in Table 5.1. BDI can be evaluated by mapping the
bridge damage states given the ground acceleration based on realization of a value
between 0 and 1. A BDI of 1.0 indicates a bridge damage state of collapse. A value of 0
corresponds to no damage state following an earthquake. The expected BDI can be
obtained by multiplying the probability of being in each damage state with the
corresponding damage factor. Accordingly, the time-variant expected BDI of a bridge for
a certain ground motion intensity is

BDI (t) = BDI, - Pyg  (t) + BDI, - Pog 1y (6) + BDI - P, (1) + BDI, - Pog 1 (8 (5.2)
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where BDI; is the bridge damage index for the respective damage state i as presented in
Table 5.1.
5.4.2. Damage assessment of link

The transportation network is defined in terms of nodes and links. A link is considered to
be a single element connecting the nodes of a network. The bridges are typically the most
vulnerable structures in a network and should be paid special attention (Liu and
Frangopol 2006). The common assumption that bridges are the only vulnerable elements
of the entire network is used herein. Information on seismic vulnerability of roads can be
found in Bird and Bommer (2004) and Jibson et al. (2004). Following an earthquake, the
damaged bridges can be open, closed, or partially open. Consequently, traffic flow in the
link can be different and speed limits might be reduced for different damage conditions of
the link. As there may be several bridges located on the link, the damage state of each
bridge can affect the functionality of the link. The performance of the link after an
earthquake can be expressed in terms of link damage index (LDI) which depends on the
BDIs of the bridges on the link. Due to the fact that the seismic vulnerability of the bridge
deteriorates with time, LDI should also be updated during the investigated time horizon
of the transportation networks. LDI can be expressed as (Chang et al. 2000)

LDI(t) = | > (BDI,(t))* (5.3)

j=1
where n is the number of the bridges located in the link; and BDI; is the expected bridge
damage index for bridge j. The level of link traffic flow capacity and flow speed for a

damaged link depends on LDI. The intact state, slight, moderate, and major damage states

represent LDI <0.5,0.5 <LDI<1.0, 1.0 <LDI < 1.5, and LDI > 1.5, respectively (Chang
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et al. 2000). In slight damage state, the flow capacity and the flow speed are 100% and
75% of those for the intact link. In moderate damage state, the flow capacity and the flow
speed are 75% and 50% of those for the intact link. In major damage state, the flow
capacity and the flow speed are 50% and 50% of those for the intact link (Chang et al.
2000). The increase in the damage state of the link will reduce the link traffic capacity

and speed limit.

5.5. TIME-VARIANT SUSTAINABILITY ASSESSMENT

As stated previously, sustainability is quantified in terms of social, environmental, and
economic metrics. These include the expected downtime, expected energy waste and
carbon dioxide emissions, and the expected loss. The structure is defined as sustainable if
the cost of repair, energy spent on subsequent repair or replacement, and carbon dioxide
emissions are less than their target values. The social and environmental metrics can be
converted into economic metrics in monetary unit if it is possible to evaluate the
monetary value of consequences associated with these two metrics. The earthquake can
disrupt traffic flow and affect the emergency responses and recovery operation which
may yield higher consequences than the repair or rebuilding of a damaged infrastructure
system. In this section, the evaluation of the consequences at both component and system
level (e.g., bridge and link levels) associated with the three metrics of sustainability is
presented.
55.1. Social loss
Following an earthquake, the performance of each component within the bridge network

may be affected. For instance, the traffic volume on a link might be reduced. The traffic
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might have to follow detours to arrive at the destination. Damage states of links depend
on the damage states of the bridges on the link, and the bridge is assumed to be the only
vulnerable component in the network. The social metric of sustainability is calculated
considering the extra travel time and distance experienced by vehicle operators in
addition to any fatalities that may occur due to bridge failure. The extra travel time and
distance may be representative of the functionality of a bridge network under seismic
hazard; large travel times and distances reveal a high reduction of functionality associated
with a bridge network (Bocchini and Frangopol 2011).
The extra travel time for the user in a bridge network can be expressed as (Dong et
al. 2014a)
ET(t) = Zn:i Posiim « (D)d; [ADE; (t)(SI—j —Sl—j) +ADT; (t)%] (5.4)
[E= Dj o,
where n is the number of links in the transportation network; N is the total number of
seismic scenarios under investigation; px is the annual probability of occurrence of hazard
k; Pups;,iiimk(t) is the conditional probability of the jth link being in damage state i after an
earthquake k occurs at time t; djj is the downtime associated with the ith damage state of
the jth link (days); ADT;; is average daily traffic that is detoured at the jth link in damage
state i; Dj is length of the detour for the jth link (km); S is the detour speed (km/h); ADE;;
is the average daily traffic remaining at the jth link in damage state i; I is the length of
link j (km); So is the traffic speed on intact link j (km/h); and Sp is the traffic speed on
damaged link j (km/h). Similarly, the extra travel distance due to detour can be computed

as (Deco and Frangopol 2013)
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n 4
ED()=> > Pyosiiim « (1 ADT; (1)D, (5.5)

=l i=1
The fatalities following an earthquake are associated with bridge failure as bridges are
assumed as the only vulnerable components within the network. A statistical analysis is
required to evaluate the number of fatalities within different damage states. The estimated

expected average number of fatalities following a seismic hazard occurring at a certain

time can be expressed as (based on Padgett et al. 2009)

FA(t) = iz Pagsijm (0 FT; (5.6)

j=1 i=1

where Pgpsijjim(t) is the conditional probability of the bridge j being at damage state i after
having an earthquake at time t with certain ground motion intensity; FTj; is the average
number of fatalities associated with the damage state i of bridge j; and m is the number of
the bridges in the transportation network.

5.5.2. Environmental loss

Due to the effects of the traffic detour on the link, additional carbon dioxide emissions
are produced and additional energy is consumed. Carbon dioxide is the primary
greenhouse gas emitted through human activities and has an important effect on the
environment. The energy waste and carbon dioxide emissions due to detour are the main
factors that contribute to environmental metric. They are expressed as (based on Stein et
al. 1999)

n 4

T, T,
EN DT (t) = ZZ PLDSij\IM (t) : ADTij (t) : Dj : dij ) Enpcar : (1_m) + Einruck ) ﬁ (57)
j=1 i1
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where Enpcar and Enprruck are the environmental metric per unit distance for cars and
trucks, respectively (e.g., carbon dioxide kg/km); and T; represents the average daily
truck traffic ratio (ADTT, %) of link j.

The total embodied energy within a structure depends on the material and geometry of
the structure. The expected energy waste and carbon dioxide emissions due to repair
actions associated with each damage state are another source of environmental metric.
Based on Padgett et al. (2009), the energy wastes associated with different damage states
can be taken as a fraction of the entire structure’s embodied energy based on the damage
ratio. The energy waste is measured in terms of MJ/m?® and the carbon dioxide emission is

measured in terms of kg/m?3. It is computed as

m 4
EN RE (t) = ZZ PBDSij\IM (t) ’ (EnpSteeI 'Vj,SteeI + Eanonc 'Vj,Conc) : RCRij (5-8)

j=1 i=1

where Enpsteel and Enpconc are the environmental metric per unit volume for steel and
concrete, respectively (e.g., carbon dioxide emissions kg/m?®); Vjsteel and Vjconc are the
volume of the steel and concrete of bridge j; and RCR;;j is the repair cost ratio for a bridge
at damage state i.

55.3. Economic loss

The repair cost of a bridge associated with a certain damage state can be considered
proportional to the rebuilding cost of the bridge (Mander 1999, Stein et al. 1999). The
repair cost of the transportation network sums up the repair cost of all the bridges in the

network (based on Stein et al. 1999)

m 4

Crep =20 Pasijim (1) - RCRy - Creg W - L (5.9)

i=1 i=l
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where cres is the rebuilding cost per square meter (USD/m?);W; is the bridge width (m)
for bridge j; and L; represents the bridge j length (m).

In the case of link damage, the users are forced to follow detour. The running costs of
a transportation network should sum up the cost of the damage links as follows (based on

Stein et al. 1999)

n 4 Tj Tj
CRUN (t) = Jz_:lz_l: PLDSij\ M (t) CRun,car (1_ ﬁ) + CRun,truck m Dj ADTij (t)dij (5-10)

where Crun,car and Crun,truck are the average costs for running cars and trucks per unit length
(USD/km), respectively. The monetary value of the time loss for users and goods

traveling through the detour can be expressed as (based on Stein et al. 1999)

ADE, (0]

I I D,
. ]+ ADT, (t)?J]

n 4 Tj Tj
CTL (t) = Zz PLDSij\ M (t)dij Caw Ocar (1_ 100) + (CATCOlruck + Cgoods) S (t) - S (t)
D 0

100
(5.11)

where caw is the average wage per hour (USD/h); catc is the average total compensation
per hour (USD/h); cqoods IS the time value of the goods transported in a cargo (USD/h);
and Ocar and Orryck are the average vehicle occupancies for cars and trucks, respectively.

The life loss cost depends on the number of casualties (Rackwitz 2002)

C,, (t) = FA(t)- ICAFB (5.12)

where ICAFB is the implied cost of averting a fatality for bridge engineering

In this research, the carbon dioxide emission is considered as the only source of the
pollution damage costs. The cost of carbon dioxide emissions can be transformed into

monetary value and can be expressed as (based on Kendall et al. 2008).
CEN (t) = [EN DT (t) +EN RE (t)] “Ceny (5.13)
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where Ceny IS the cost value of environmental metric per unit weight (e.g., carbon dioxide
USD/kg).

The total economic consequences, Cr(t), of a specific seismic scenario is the sum of
repair loss, running loss of the detouring vehicles, time loss due to the unavailability of
the highway segment, environmental loss and life loss.

C,(t)=Crer () +Cpy ) +C, (1) +C (1) +C () (5.14)

Seismic risk should consider all the possible earthquakes that can happen in a region.
However, it is impractical to take the entire set of earthquakes into consideration as the
number of possible earthquake scenarios may be extremely large. The selected
probabilistic seismic scenarios should be able to approximate the regional seismicity
associated with the USGS regional hazard maps. The total loss is the sum of losses
associated with seismic scenarios, which is the sum of costs weighted with the

probabilities of having this cost. The total expected loss for all the events is
N
E(L)=) E(G|E)-P (5.15)
i=1

where E(Ct|E) is the expected total loss of scenario event i defined by its magnitude,
rupture length, and occurrence location; Pi; is the probability occurrence of scenario event
i; and N is the total number of events in the region (e.g., selected probabilistic seismic

scenarios that approximate the regional seismicity).
5.6. CASE STUDY

The framework presented previously is applied to a transportation network located in the

San Francisco Bay Region (SFBR). The region is subjected to major hazards due to the
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northwestward motion of the Pacific Plate relative to the North American Plate. Figure
5.3 shows the schematic layout of highways and bridges within the bridge network. The
network connects the cities of Emeryville (California) and Millsmont (Oakland,
California) through the State 24, 13, and Interstate 580 by a total of 5 nodes and 15
bridges. The time-variant seismic vulnerability of the bridges and links in the
transportation network is assessed considering a specific set of seismic scenarios. The
PGA is used as a measure of earthquake intensity in this chapter. The time-variant
seismic losses for the network are based not only on component damage but also on the
non-functionality of the transportation network. The time-variant metrics of sustainability
are quantified through a time span of 75 years.
5.6.1. Earthquake scenarios

The scenario events can be characterized by uncertainties in magnitude and distance
between the rupture and site. The earthquake scenarios are selected based on the seismic
rupture sources in the SFBR in Figure 5.4. Kiremidjian et al. (2006) demonstrated that
the rare earthquakes with large magnitude contribute more to the seismic loss than the
frequent earthquakes with smaller magnitude in the SFBR. Annual likelihood of seismic
scenarios is accounted for based on USGS data (2003). This information provides the
rupture sources with mean magnitude associated with recurrence probabilities as
indicated in Figure 5.5. The annual occurrence rate of seismic hazard is used in this
illustrative example for the probabilistic sustainability assessment and non-stationary
nature of seismic activity is not considered. The model captures the simultaneous rupture

of two or more adjacent segments of the fault. Each earthquake scenario corresponds to a

141



single or simultaneous rupture of the segments in the fault. The process is repeated for all
the specific faults located in this region.

The level of expected structural damage relates to the ground motion intensity at the
site of the bridge. The attenuation relationship proposed by Graizer and Kalkan (2007) is
used in this chapter to predict the ground-motion intensity at a certain site as described in
Eq. (5.1). The intensity of ground motions at different sites under a seismic scenario is
considered as correlated due to the common source of the seismic scenario. The
correlation among the intensities at different locations is modeled as an exponential decay

function (Wang and Takada 2005)

p(h)=exp(-h/b) (5.16)
where h is the distance between two sites and b is the correlation length. The value of b
can be estimated based on the statistical analysis of the past earthquake data. It has been
demonstrated that this one-parameter exponential decay function can match the data well
and can be applied to other cases (Wang and Takada 2005). In this chapter, the value of b
is assumed 30 km for all earthquake scenarios. In the illustrative example, the correlation
model proposed by Wang and Takada (2005) is used to evaluate the effects of correlation
of ground motion on sustainability. Other correlation models (Jayaram and Baker. 2009,
Adachi et al. 2009) can also be incorporated in the proposed methodology. In this
chapter, correlations associated with hazard and bridge type are taken into account.
However, other correlations (e.g., correlations associated with the layout of the network)

are neglected.
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5.6.2. Bridge and bridge network seismic vulnerability
Over time, structural vulnerability increases due to aging and deterioration. The
investigated time horizon is considered to start from the year when the last bridge in the
network was built (1970) and spans over 75 years. The initial values of the fragility
parameters are based on Bas0z and Mander (1999) for different bridge types. The types
and the construction dates of the bridges within the network are provided in Table 5.2.
There are three different types among the 15 bridges in the network according to this
classification. The initial seismic fragility curves of these three bridge types are presented
in Figure 5.6. The bridge type A, which is a simply supported concrete bridge with multi-
column bents, has the highest seismic vulnerability. The bridge type C, which is a single
span concrete bridge, has the lowest seismic vulnerability. The parameters of deteriorated
fragility curves are assumed based on Deco and Frangopol (2013). A single value of the
standard deviation gi is considered throughout the lifetime in this example. However, if
reliable data is provided, the general approach can be implemented using time-variation
of fi. The parameter of the fragility curves is assumed to be 75% of the initial value after
75 years (Deco and Frangopol 2013). In order to illustrate the time effects on fragility
curves, the seismic fragility curves for bridge type A are presented fort =0,t=35,and t
= 75 years in Figure 5.7. Each curve in the figure represents the probability of exceeding
a damage state for a given value of PGA. In Figure 5.7(c), the conditional probability of
exceeding major damage state under PGA = 0.5¢g is about 0.45 initially (i.e., at t = 0);

however, this value reaches 0.59 at t = 75 years.
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The data on links of the network regarding the average daily traffic and detour length
are presented in Table 5.3. The functionality of the bridge network defined in terms of
link damage is affected by the damage state of bridges located in this network. The
damage state of the links related to bridge failure is estimated as time-variant
functionality due to aging consideration.

The time-variant probability of link being in a certain damage state is shown in Figure
5.8 associated with an earthquake scenario arising from the Hayward fault (see Figure
5.4). The probability of the link being in a certain damage state is updated during the
lifetime. These damage states are mutually exclusive and collectively exhaustive under
certain seismic scenario. The conditional probabilities of the link being in no damage,
slight, moderate, and major damage state are 0.470, 0.477, 0.053, and 0.0 at t = 50 years
under the seismic scenario arising from the Hayward Fault for the non-correlated PGAs,
respectively. The effect of the correlation among the ground motion intensities at
different locations is also illustrated in Figure 5.8. The effects of correlation of ground
motion on link damage states are evaluated throughout the investigated time span. This
figure indicates that the probability of being in a severe damage state increases with time.
By ignoring the correlation, the probabilities of link being in moderate and major damage
states are underestimated. For instance, the probability of link 4 that connects nodes 4 and
5 being in moderate damage state at t = 50 years is 0.064 associated with the non-
correlated ground motion; while this value reaches 0.11 for the case with correlated

ground motion.
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5.6.3. Life-cycle sustainability assessment
The three metrics (i.e., social, environmental, and economic) of sustainability of the
entire network are evaluated for each earthquake scenario. The social and environmental
metrics can be converted into economic metrics if it is possible to evaluate the monetary
value of the consequences of these two metrics. In this chapter, the social metrics are
converted to the economic metric by considering appropriate monetary value.

In this case study, the mean estimated number of fatalities per collapse due to seismic
hazard is considered as 4.154 (Dennemann 2009). The repair time depends on the bridge
type and level of damage states of that bridge. The time of repair for each damage state is
considered as a uniformly distributed random variable with tmin and tmax as lower and
upper bounds, respectively (Table 5.1). For instance, tmin is 60 days and tmax is 250 days
for the bridge at moderate damage state. Therefore, the time to complete the repair is
between these two values. Repair actions have to improve the state of the bridge and the
link of the network. The loss assessment should be performed over the time until the
bridge in the network is repaired. In this illustrative example, the repair time for the link
is assumed to be 50% larger than that for a single bridge. The environmental metrics,
computed according to Egs. (5.7) and (5.8), quantified are expected energy waste and
expected carbon dioxide emissions. The values of the variables used in these equations
are presented in Table 5.4.

Uncertainty in the parameters regarding consequences is incorporated in the proposed
approach to evaluate the uncertainties in the loss. The descriptors of the random variables

associated with the consequences are presented in Table 5.4. Latin Hypercube Sampling
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(McKay et al. 1979) is used to generate the samples of random variables. Figure 5.9
shows the probability density function (PDF) of the losses associated with repair at t = 40
years. The effect of correlation among the seismic intensity at different locations is also
illustrated in this figure. The ground motion correlation does not have significant impact
on the median value of the loss associated with repair. The median value of loss
associated with non-correlated ground motion is slightly higher than that in the case with
correlated ground motion. The difference between the cases with and without the
correlation is more significant for the losses below 0.78x10° USD and above 1.52x10°
USD.

The contribution of different types of losses to the total expected loss of the network is
illustrated in Figure 5.10(a). An annual discount rate of money r = 2% is used in the
calculations. The expected value of total losses, as the economic metric of sustainability,
is computed according to Eqg. (5.15). In Figure 5.10(a), the time-variant curves indicate
the expected loss associated with the earthquake scenarios throughout the investigated
lifespan of the bridge network. The expected loss reaches the maximum value at the end
of the investigated time span as no rehabilitation and retrofit actions are applied within
this time period. In this figure, the contributions of different type consequences are
evaluated through the investigated time span. The indirect losses such as the time loss
and environmental loss yield the largest contribution to the total loss. Figure 5.10(b)
shows the profiles of the mean (x) and mean plus (« + o) and minus (u — o) one standard
deviation (o) of the total economic metric through the investigated lifetime. As the results

indicate, the values of sustainability indicators as defined in this chapter for a
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transportation network under probabilistic hazard scenarios are increasing over time. In
order to illustrate the variation of the losses, the probability distributions of the total loss
at t = 40 years and t = 75 years are presented in Figure 5.11. As expected, the median
value and the dispersion are increasing with time. The expected loss is a relevant
performance indicator to be used in the life-cycle maintenance and retrofit optimization

of bridge infrastructure.

5.7. CONCLUSIONS

This chapter presents a computational framework for the seismic sustainability and risk
of highway bridge networks. The sustainability of the network is quantified in terms of its
social, environmental, and economic metrics. The time-variant sustainability metrics and
risk due to structural deterioration are identified. The approach is illustrated on a
transportation network located in Alameda County, California.

The following conclusions are drawn:

1. Structural deterioration affects both sustainability and risk of highway bridge
networks. Sustainability is time-variant not only due to the structural deterioration
but also the discount rate of money.

2. It is important to consider the ground motion correlation of spatially distributed
systems in the seismic risk assessment. Integration of correlation in the proposed
framework is illustrated in this chapter.

3. The values of sustainability metrics are sensitive to the parameters used in the
evaluation of consequences. For instance, environmental costs and time loss costs

contribute significantly to the values of the parameters used in the example.
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4. The performance of links is dependent on the performance of the bridges located on
the links. The accuracy of the sustainability analysis depends on the relation

between the link and bridge performance.
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Table 5.1 Bridge damage index, repair-cost ratio, and downtime associated with

different damage states

Bridge Damage  Bridge Damage  Repair-Cost __ Downtime (days) ¢

State Index @ Ratio Minimum  Maximum
No damage 0.00 0.00 NA NA
Slight damage 0.10 0.03 10 150
Moderate damage 0.30 0.25 20 200
Major damage 0.75 0.75 60 250
Complete damage 1.00 1.00 75 300

3 pased on Chang et al. 2000; ® based on Werner et al. 2006; ¢ based on Zhou 2006
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Table 5.2 Types of bridges in Figure 5.3 (based on National Bridge Inventory

Database)
Brllgge Build Year Classification Type
A 1970 Multiple-span continuous

concrete bridge
B 1970 Single-span concrete bridge
Multiple-span continuous

¢ 1970 concrete bridge

T
e e
P e e
G 1965 Multiple-span continuous

concrete bridge
H 1966 Single-span concrete bridge

Multiple-span continuous
concrete bridge

J 1963 Single-span concrete bridge

Multiple-span continuous
concrete bridge

1963 Single-span concrete bridge
Multiple-span simply-
M 1962 supported bridge with multi-
column bents

1961 Single-span concrete bridge

Multiple-span continuous
concrete bridge

I 1965

K 1963

) 1961
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Table 5.3 Average daily traffic data and detour length for the links in Figure 5.3

Average Detour
Link  Connecting Daily Year of Lenath
No. Nodes Traffic Traffic (kmg) b
Volume #
1 1,2) 147,500 2010 2.0
2 (2,3) 65,700 2010 2.5
3 (3,4) 56,500 2010 1.2
4 (4,5) 155,000 2010 2.5
5 (1,5) 176,000 2010 2.5

& based on the California Department of Transportation;
b hased on the local transportation network
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Table 5.4 Parameters of the random variables associated with the consequences.

Random variables Mean Ccov D'Sttr;/glétlon
ADT Varies ? DNA DNA

ADTT/ADT ratio 0.12% 0.2 LN
Rebuilding costs 1292 USD/m? 2 0.2 LN
Compensation for truck drivers 29.28 USD/h? 0.31 LN
Detour speed 30 km/h? 0.15 LN
Wage for car drivers 23.36 USD/h? 0.28 LN
Vehicle occupancies for cars 152 0.15 LN
Vehicle occupancies for trucks 1.052 0.15 LN
Running costs for cars 0.4 USD/km @ 0.2 LN
Running costs for trucks 0.56 USD/km? 0.2 LN
Time value of a cargo 3.81USD/h? 0.2 LN
Value of a statistical life 6,200,000USD ? 0.45 LN
Cars CO; emissions 0.22 kg/km® 0.2 LN
Trucks CO2z emissions 0.56 kg/km® 0.2 LN

LN=lognormal distribution; COV=coefficient of variation; DNA=do not apply;

2 pased on Deco and Frangol 2011; ® based on Gallivan et al. 2010.
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Figure 5.1 Methodology of assessing time-variant sustainability of transportation

networks
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Figure 5.3
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CHAPTER 6
PERFORMANCE-BASED SEISMIC ASSESSMENT OF
CONVENTIONAL AND BASE-ISOLATED STEEL
BUILDINGS INCLUDING ENVIRONMENTAL IMPACT

AND RESILIENCE

6.1. INTRODUCTION

According to the National Academies (2012), “Impacts of climate change and
degradation of natural defenses such as coastal wetlands make the nation more
vulnerable”. With increase in the global mean annual temperature associated with climate
change, the severity of seismic hazard, storm intensity, raising sea levels, and
accelerating coastal erosion is likely to worsen (Larsen et al. 2011). Consequently,
sustainability is an issue that should be recognized worldwide and increased attention
should be placed on strategies to design and maintain infrastructure systems that are safe,
damage tolerant, and sustainable. The research associated with structural sustainability
and hazard resiliency has been an important topic and relevant results are needed in this
area.

The Pacific Earthquake Engineering Research Center has developed performance-
based seismic design and assessment approaches considering consequences including
repair loss, downtime, and fatalities (Porter et al. 2001). However, the sustainability

metric (e.g., environmental) has not yet been considered in this approach. Building
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consumes significant amount of natural resources. Nearly 54% of energy consumption in
the United States is caused by building (Horvath 2004). Additionally, buildings account
for a paramount portion of greenhouse emission. Although building rating systems, such
as LEED (2008), evaluate the greenness of new and existing structural systems, the
ratings do not measure building hazard performance, which can impact building
sustainability performance as well. Hazard-resistant and green structure design that aim
to improve building performance is needed (Comber et al. 2012; Hossain and Gencturk
2014). This chapter aims to provide a comprehensive seismic assessment framework of
structural systems under earthquake hazard including environmental impact.

Several improvements have been made in codes to increase seismic resistance of
buildings (FEMA 2012). Loss associated with non-structural components could be much
larger than that of structural components (Liel and Deierlein 2013). The concept of base-
isolation can be adopted to reduce the floor acceleration of buildings; consequently,
reduce the damage of acceleration sensitive non-structural components. However, due to
the high initial construction cost, the performance benefits associated with base-isolated
buildings are not recognized. Several studies have investigated the nonlinear seismic
performance of isolated systems (Bruno and Valente 2002; Ryan and Chopra 2004; Liel
and Deierlein 2013; Terzic et al. 2014); the isolation device can reduce the seismic
demands compared with a base-fixed building. Smyth et al. (2004) investigated the cost
and benefit of retrofitting reinforced concrete frame buildings and concluded that this
benefit can outweigh the repair cost within the life-cycle. Sayani (2009) concluded that

the isolated building is more cost-effective when the life-cycle is longer than 250 years
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considering the direct loss only. Liel and Deierlein (2013) evaluated cost benefit of
several common retrofit solutions for older RC frame buildings and showed that the cost-
effectiveness became more significant when fatalities were considered. However, the
sustainability performance of base-isolated buildings has not been investigated in these
studies. A methodology to evaluate the seismic sustainability and cost-effectiveness of
base-isolated buildings is needed to meet current performance requirements.

The devastating earthquakes have turned attention to the challenge of making
buildings more resilient to mitigate loss. Disaster resilience covers the ability of a
structural system to mitigate the disaster risks to minimize loss or damage to life,
property, infrastructure, economic activity, and surrounding environment (UNISDR
2014). Generally, seismic resilience depends on the duration of downtime of building
systems after the destructive earthquake. This duration is affected by the damage states of
structural and non-structural components and the efficiency of the repair actions, among
others factors (Porter et al. 2001). There has been limited work (Moretti et al. 2014)
conducted to develop an assessment approach that includes losses and resilience of
conventional and base-isolated buildings. The seismic resilience associated with isolated
buildings is investigated in this chapter and comparative assessment between the
conventional and base-isolated buildings is emphasized.

In this chapter, a methodology to evaluate quantitative seismic sustainability and
resilience of both conventional and base-isolated buildings is presented. The
environmental impact and resilience of buildings under given seismic event are

computed. The benefit associated with base-isolated building is realized by considering
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the three pillars of sustainability: economic, social, and environmental. The uncertainties
associated with performance and consequence evaluation of structural and non-structural
components are incorporated within the assessment process. Comprehensive
performance-based earthquake evaluation tools are presented to estimate repair costs,
downtime, environmental impact, and resilience of buildings under seismic hazard. The
proposed approach is illustrated on conventional and base-isolated steel buildings. The

work in this chapter is based on a published paper Dong and Frangopol (2016b).

6.2. SEISMIC SUSTAINABILITY AND RESILIENCE ASSESSMENT

6.2.1. Sustainability
Within the civil engineering field, two definitions are commonly used for sustainability.
One is the “Brundtland Definition” which is stated as “meeting the needs of the present
without compromising the ability of future generations to meet their own needs” (Adams
2006). The other, denoted as the “Triple Bottom Line” treats sustainability as satisfying
three objectives: “not only economic, but social and environmental, as well” (Elkington
2004). The PEER approach has provided a framework for assessing building seismic
performance by accounting for direct losses, downtime, and fatalities. Sustainability of
the structure considers metrics of economic, social, and environmental, such as fatalities,
downtime, embodied energy, CO2 emissions, and damage loss (Dong et al. 2015). The
sustainability assessment of a building under seismic hazard is investigated herein. A
flowchart for sustainability and resilience assessment of structures under natural hazard is

introduced in this section as shown in Figure 6.1(a).
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Given a seismic hazard, a building can have different performance states, which are
characterized by the value of different performance indicators such as inter-story drift
ratio and peak floor acceleration. The two extreme cases associated with building
performance states under a given seismic scenario are collapse (denoted C) and non-
collapse (i.e., survival), denoted NC. The consequences associated with these states
should be assessed. The total sustainability is the sum of consequences weighted with the
probability of occurrence of the respective consequences. On the basis of the theorem of
total probability, a sustainability metric SM of a building under a given seismic event is

(Mitrani-Reiser 2007; Dong et al. 2013)

SM :TCConqc ‘ Pc\lM +TCConch -(1- Pc\u\n) (6.1)

where TCconsic and TCconsne 1S the conditional total consequence Cons (e.g., CO2
emission, downtime) given collapse C and non-collapse NC of the building, respectively,
and Pcyumv is the conditional probability of building collapse given the ground motion
intensity IM.

The environmental impact covers the emissions associated with extraction and
production of materials, transportation emission, and construction on sites (Chau et al.
2012). Generally, the total CO. emissions from the embodied of building material
contribute significantly to the total emissions associated with construction and repair
(Yan et al. 2010). Based on the gaseous emission of a material in terms of unit mass (e.qg.,
kg of CO, emission per kg), the masses of the materials associated with different
components can be converted to their environmental impact. The basic parameters

associated with CO2 emissions for different structural and nonstructural components have
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been investigated by Anderson et al. (2002) and Chau et al. (2012). Generally, the
amount of CO associated with the materials used in a building component can be
calculated based on the mass quantity of material and the unit emission coefficient of unit
quantity of material (e.g., kg CO2/kg) (Anderson et al. 2002). All the material used in the
components should be considered in the environmental consequence assessment process.
Then the total CO2 emissions associated with structural and non-structural components
can be computed.

6.2.2. Resilience assessment
To estimate the resilience and indirect losses resulting from the business interruption of a
building following an earthquake, downtime needs to be assessed. Building downtime is
generally defined as the period of time between the occurrence of a seismic event and the
completion of repair efforts. One portion of downtime is attributed to the time needed to
repair building damages and is considered as the rational component of building
downtime (Comerio 2006). The remaining portion of building downtime is difficult to
model because it is highly dependent on several components, which include financing,
relocation of functions, human resources, and economic and regulatory uncertainty
(Porter et al. 2001). The slow-track (i.e., components are repaired serially) and fast-track
(i.e., components are repaired in parallel) repair schemes have been investigated by
Porter et al. (2001), FEMA (2012), and Moretti et al. (2014).

The expected total building downtime under a given hazard level is determined
considering the collapse and survival cases. After collapse, the building has to be rebuilt.

Given building survival, the total repair time associated with a specific component group
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is computed. Subsequently, the total repair time of all the groups (e.g., structural and non-
structural) can be computed. Then, the repair time in operational unit (e.g., floor) can be
computed by dividing the total repair time (i.e., worker-days) by the number of workers
allocated to each floor. Repair actions associated with all floors can be assumed to occur
either simultaneously or successively. The required repair time (denoted RT) for the

damaged building in operational unit (e.g., floor) can be computed as follows (Porter et

al. 2001)
RTycim =00 RT; gy ) /(wh - wr - cn) (6.2)
=1
N
RT],NC\IM :anRTj,RT\DsiJM 'Pj,DsiMM (6.3)
=

in which Pjpsiim is the probability of the building component j being in damage state i
conditioned on the survival of structure under a given IM; RTjncyv is the total expected
repair time for the building component j under a given IM conditioned on the survival of
the structure; RTjrrpsi,im IS the repair time for the building component j at damage state i
conditioned on the survival of the structure and repaired to initial condition under a given
IM; n;j is the number of component j (e.g., structural and non-structural components) that
are sensitive to the same seismic demand located in operational unit (e.g., floor); N is the
number of damage states associated with investigated component; wh is the workday
hours; wr is the workday ratio of calendar days; cn is the number of crews available for
the repair action; and m is the number of assembly groups.

The three recovery states associated with building functionality can be defined as: re-

occupancy of the building, pre-earthquake functionality, and full recovery (Bonowitz
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2011). Re-occupancy occurs when the building is deemed safe enough to be used for
shelter and does not pose a threat to life safety, though functionality may not be restored
(Bonowitz 2011). Functional recovery occurs when the building regains its primary
function. Lastly, full recovery occurs when the building is restored to its pre-earthquake
condition, it follows from functional recovery once additional repairs for aesthetic
purposes have been completed. The most widely adopted approach to quantify the
resilience of a structural system is to compute it as the integration over time of the

functionality under investigation (Cimellaro et al. 2010; Frangopol and Bocchini 2011)

to+T,

L Qe 6.4

Reesi = T_r
where Q(t) is the functionality of the building; to is the occurrence time of the extreme
event; and T, is the investigated time horizon. The shape of the performance restoration
curve is a function of changes in system performance due to repair and recovery efforts.
Three typical recovery functions that are often assumed in resilience studies are linear
(Bruneau and Reinhorn 2007), trigonometric (Chang and Shinozuka 2004), and
exponential (Cimellaro et al. 2010; Bocchini 2013; Deco et al. 2013; Dong and
Frangopol 2015) functions. The time-variant functionality of structural systems under a
given extreme event is qualitatively shown in Figure 6.1(b). T is investigated time period
range that is usually prescribed by the decision maker. In this figure, to is time instant
when resilience starts to be evaluated and the building functionality drops from full

functionality Qrr to residual functionality Qrr, which is based on the damage states of the

structural systems. The investigated period range T, = t> — to is divided into two stages as
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shown in this figure. More stages could be defined to meet the requirements determined
by the decision maker. Stage | corresponds to the period from to to ti; at the end of this
period necessary repair actions are applied to the damaged building, consequently, it
regains partial functionality Qpr. As there are uncertainties associated with downtime, the
recovery time interval is probabilistic. The next stage, Stage Il, corresponds to the period
from ty to t2 and the building is partially functional before reaching full functionality Qrr.
Given the time-variant functionality of a building under a seismic hazard, the

corresponding resilience can be computed by using Eq. (6.4).
6.3. PERFORMANCE-BASED SEISMIC ASSESSMENT

6.3.1. Performance-based evaluation
As mentioned previously, the two cases associated with building performance under a
given earthquake are (a) collapse does not occur (i.e., survival), denoted NC and damage
in the building is repaired, and (b) collapse occurs and the building is rebuilt. Regarding
the performance assessment process, the performance at system level (i.e., building)
should be evaluated to determine whether the building is collapsing or not. If it is
collapsing, the rebuilding cost and repair time associated with the building failure have to
be computed. Given survival, repair actions are applied to the damaged structural and
non-structural components. The relevant cost and repair time can be computed. The

expected repair loss in the building under a given ground motion intensity is computed as

Lr\lM = LNC\IM + Lc\lM (6.5)

Lc\nvl =Cec 'Pc\nvl (6.6)
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where Lncim and Lcyim are the repair loss associated with the non-collapse and collapse of
the building under a given IM, respectively, and Cc is the rebuilding cost associated with
the collapsed building.

The computational process associated with repair loss of a non-collapsing building is
introduced herein. The building components are categorized into structural, non-
structural, and content components (Mitrani-Reiser 2007). The repair loss associated with
different components of a building system is investigated by considering different
seismic demand indicators (e.g., story drift, floor acceleration). The damage to structural
components is usually correlated with structural drift. The non-structural components
refer to the equipment and building facility, such as ceiling, elevators. The damage of
non-structural components is generally related with the story drift ratio and/or floor
acceleration. The structural response parameters associated with the building components
at each story can be calculated using nonlinear time history analyses. Finally, the
corresponding repair losses associated with structural components, inter-story drift ratio
sensitive non-structural, and floor acceleration sensitive non-structural are computed.

6.3.2. Vulnerability analysis
Given the seismic scenario, the ground motion intensity (e.g., peak ground acceleration
(PGA)) can be assessed. Then by using fragility curve, the corresponding probability of a
building or component being in different damage states can be computed. A fragility
curve defines the conditional probability of exceeding a specified damage state for a
given input of ground motion intensity. As indicated previously, a building can be

divided into different groups (e.g., structural and nonstructural components) for the
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seismic consequence assessment. For a given ground motion intensity, the probability of
a building component being in a damage state i is given by the difference between the
probabilities of exceedance of damage states i and i+1, where the damage state i+1 is
more severe than the damage state i.

6.3.3. Consequence assessment
The building repair loss associated with different groups of structural and nonstructural
components is computed. Then, the total expected repair loss given the non-collapse of

the building is computed (Mitrani-Reiser 2007)

CNC\IM - Z PStDr,DSi\IM 'CStDr,i + Z PNStDr,Dsj\lM CNStDr,j + Z PNStAc,DSk\IM CNStAc,k (6-7)

iel jed keK

where Cstpr,i is the repair cost of a drift sensitive structural component being in damage
state i; Cnstor,j IS the repair cost associated with drift sensitive non-structural component
being in damage state j; Cnstack IS the repair cost associated with acceleration sensitive
non-structural component being in damage state k; and Pstor,psijim, Pnstor,psjim, and
Pnstac,pskjim are the conditional probabilities of being in a given damage state under 1M
associated with drift sensitive structural, drift sensitive non-structural, and acceleration
sensitive non-structural components, respectively. The repair cost associated with each
damage state is expressed as a percentage of the replacement cost of the component. The
total repair loss can be computed by summing the repair losses associated with all the
damage states.

In addition to the repair loss, the indirect loss, such as the loss of rental income and
fatality is also computed. Generally, the indirect loss depends on the location and use of
the building. The total downtime is dependent on the repair scheme chosen by the
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building owner. The repair duration for each building operational unit (e.g., floor) is
dependent on the repair crew and damage condition of the building as indicated in Eq.
(6.2); therefore, the duration should be treated as probabilistic. The corresponding
downtime associated with the two investigated repair schedules (i.e., slow-track and
quick-track) are computed. The expected repair time given building under a seismic

scenario can be computed as

RTTMM - RTCMM + RTNC\ IM (6.8)
RTCMM =Tt - Pc\nw (6.9)

where RTmm is the total expected repair time of building under given ground motion
intensity; RTcywm is the repair time of the collapsed building under IM; RTncim is the
repair time of the not collapsed building under IM; and Ttc is the total repair time
associated with the collapsed building.

The indirect loss associated with downtime of a building under a seismic hazard is
calculated as the sum of the loss for all operational units. Then given the unit loss
associated with downtime (e.g., USD/day), the corresponding indirect loss of downtime
can be computed. The fatalities associated with a building under a seismic hazard are also
considered for the seismic indirect loss assessment. The expected fatalities are computed

using the following equation (Mitrani-Reiser 2007)

FAr\lM ZZPFAfai\DMi 'PDMi\nvl Ny (6.10)
iel

where PFAzijpwmi probability of fatality associated with building being in state i under 1M;

Pomijiv is the conditional probability of building being in state i under IM; and nsa is the
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number of people under the fatality risk. Then given the monetary loss associated with a

fatality, the expected fatality loss can be computed.

6.4. ILLUSTRATIVE EXAMPLE

The presented performance-based seismic assessment framework is applied to three-story
conventional and base-isolated steel buildings. Finite element models able to capture the
nonlinear behavior of conventional and base-isolated buildings are established in
OpenSees (2012). The seismic performance associated with the two investigated
buildings are compared. Furthermore, the environmental impact and resilience are
emphasized in the assessment process.

6.4.1. Description of conventional and base-isolated buildings
Three-story conventional and base-isolated moment resisting frame buildings designed
by Forell/Elsesser Engineers Inc. are investigated herein as shown in Figure 6.2(a)-(c)
(Sayani 2009). The two buildings are both designed for Los Angeles, CA, located on stiff
soil. The design force reduction factor is assumed 8 for the conventional building and
1.69 for the isolated building.

The two buildings have the same story height of 4.57 m and bay span of 9.144 m as
displayed in Figure 6.2(a)-(c). The steel structural components for the 3-story
conventional and base-isolated buildings are described in Sayani (2009). The steel used
in the buildings has a nominal strength of fy = 345 MPa. In the conventional building,
moment resisting and gravity columns are fixed and pinned at the base; fixed connections
are assumed at all beam-column joints at the base level in the isolated building. The

isolators are modeled as the lead rubber bearings, which are commonly used in
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engineering practice. The post-yield stiffness kp and the characteristic strength Qq are the
key parameters (Thompson et al. 2000; Constantinou et al. 2007; Sayani et al. 2011) as
shown in Figure 6.2(d). An elastic column element and an elastic-perfectly plastic spring
are assembled in parallel to obtain the composite bilinear lateral force-deformation
behavior for the isolator as revealed in Figure 6.2(d)-(e). The steel stress-strain and
moment-curvature relationships are assumed to be bilinear with a strain hardening ratio
of 3%. The columns are modeled by using force-based nonlinear beam-column elements
and gravity beams are modeled using elastic beams with moment releases at both ends in
OpenSees. The fundamental periods of the conventional and base-isolated building are
0.81s and 3.21s, respectively.
6.4.2. Building seismic vulnerability

The two reference seismic events, 1940 EI Centro and 1995 Kobe earthquakes, are used
to evaluate the seismic performance of the conventional and base-isolated buildings. The
group motion inputs associated with the two earthquakes are selected from the PEER
NGA database (Chiou et al. 2008; NEES 2009). The PGAs of these two seismic events
are 0.663 and 1.258 g, respectively. The PGA is selected as ground motion intensity,
which has also been used in many previous studies on seismic demand assessment of
isolated structures (Sayani et al. 2011; Perotti et al. 2013). Given the seismic input, the
nonlinear time history analyses are performed to compare seismic performance of
conventional and base-isolated buildings using OpenSees. The maximum value of story
drifts at any of the four corners of the building is adopted as seismic performance

indicator. The time-dependent inter-story drift of the conventional building at different
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stories under 1940 El Centro earthquake is shown in Figure 6.3(a)-(c). Additionally,
time-dependent total floor acceleration of the base-isolated building under the 1940 El
earthquake is presented in Figure 6.3(d)-(f). Similarly, the seismic performance of
conventional and base-isolated buildings under 1995 Kobe earthquake can be obtained.

Based on the results presented in Figure 6.3, the peak inter-story drift ratio of the
conventional and base-isolated buildings under the two investigated earthquakes are
shown in Figure 6.4(a) and (b). As indicated, the inter-story drift ratio associated with
base-isolated building is much smaller than that of the conventional building. For the
1940 El Centro event, peak inter-story drift ratio in the isolated building is reduced by 42-
53% relative to the conventional building. Given the 1995 Kobe earthquake, the inter-
story drift ratio in the base-isolated building are much smaller than that associated with
conventional building as shown in Figure 6.4(b). For example, on the first story, the inter-
story drift ratio of conventional building is 2.88%, while this value is reduced to 0.647%
with respect to base-isolated building.

The peak acceleration of different floors of the conventional and base-isolated
buildings is indicated in Figure 6.4(c) and (d). In general, floor acceleration, in terms of
g, indicates damage of acceleration sensitive non-structural components (Mitrani-Reiser
2007). As indicated in Figure 6.4(c), the peak roof acceleration in the isolated building is
attenuated by a factor of 2.07 in the 1940 El Centro earthquake. While the roof
acceleration in the conventional building is amplified to 1.225 g under the same seismic
event. Similar conclusions are drawn for the performance of buildings under 1995 Kobe

earthquake. The seismic performance with respect to collapse of the two investigated
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buildings is also considered herein. The median value associated with the ground
acceleration at collapse for the conventional and base-isolated buildings is 2.39 g and
1.93 g, respectively (Sayani et al. 2011). Based on these values, the conditional
probabilities of collapse and non-collapse (i.e., survival) of the building under given
seismic intensity can be calculated. Based on the seismic performance of conventional
and base-isolated buildings, the seismic loss is obtained and discussed in the following
section.

6.4.3. Seismic performance assessment
The structural and non-structural components are divided into three groups: drift-
sensitive structural, drift-sensitive non-structural, and acceleration-sensitive non-
structural. The peak inter-story drift ratio and acceleration have been obtained in the
previous section as shown in Figure 6.4. The fragility functions of the components are
represented using lognormal distributions, with given median and dispersion values.
Table 6.1 displays the parameters associated with fragility curves of structural and non-
structural components under different damage states. Additionally, the number of the
components per floor is also indicated in this table. The repair cost associated with each
damage state is expressed as a percentage of the replacement cost and the repair cost
ratios are also tabulated herein.

The repair loss of structural and non-structural components under given seismic
hazard is computed using Eq. (6.7). The relevant parameters used in Eq. (6.7) are
provided in Table 6.1. The structural and non-structural repair losses of conventional and

base-isolated buildings under 1940 EIl Centro earthquake are computed. The probability
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density functions (PDFs) of the repair loss of structural and non-structural components
are shown in Figure 6.5(a). The expected repair losses for structural and non-structural
component of conventional building are 1.082 x 10° USD and 6.001 x 10° USD,
respectively. As indicated, the repair loss associated with non-structural damage is much
larger than that of structural damage in a conventional building. Additionally, the repair
loss of non-structural damage within the base-isolated building is reduced to 40.5% of
that of conventional building under the EI-Centro earthquake. The total expected repair
loss of building under the given seismic scenario is computed using Egs. (6.5) - (6.6).
Based on these equations, the repair loss of buildings under seismic hazard is obtained.
The probabilistic repair loss of the conventional and base-isolated buildings under 1940
El Centro earthquake is shown in Figure 6.5(b). As indicated, the expected repair loss of
the conventional and base-isolated buildings are 7.121 x 10° USD and 2.456 x 10° USD,
respectively. Given the same ground motion, the expected repair loss of conventional
building is almost 2.9 times of that associated with the base-isolated building.

The structural performance of steel building is generally defined by using three
performance states: immediate occupancy, life safety, and collapse prevention, which are
defined as 0.7%, 2.5%, and 5% inter-story drift ratio, respectively (FEMA 2000). The
probabilities of being in these three performance states can be obtained. In order to
compute the total fatality number, the fatality associated with the three performance
states should be defined. Based on ATC (1985), the probability of fatality is 0.2 given the
building collapse. The probability of fatality is 0.00001 given the immediate occupancy,

while this value reaches 0.01 with respect to life safety performance state (ATC 1985).
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Regarding a three-story building, the number of occupants under fatality risk is 133
(Mitrani-Reiser 2007). The expected total number of fatalities is computed by using Eqg.
(6.10). The expected monetary loss associated with a fatality is assumed to the 4.16 x 10°
USD and the coefficient of variation is 0.4 (Mitrani-Reiser 2007). By multiplying the
fatality number with the monetary loss associated with the fatality, the total fatality loss is
shown in Figure 6.5(c). As shown, the expected fatality loss of conventional building is
nearly 4 times of that associated with base-isolated building under the same earthquake
hazard. The CO emissions of the conventional and base-isolated buildings under given
seismic event can be computed. The material types of different building components and
the random variables associated with CO2 emission of building materials are provided in
Table 6.2. Based on these parameters, the CO. emissions of conventional and base-
isolated buildings under 1940 EI Centro earthquake are shown in Figure 6.5(d).

The repair time is calculated by using the parallel scheme, assuming simultaneous
repair at all three floors, and the serial scheme, assuming sequential repair of floors.
These repair schemes can provide a good estimate of the lower and upper bound of the
repair time, respectively. The downtime associated with repair actions can be computed
using Egs. (6.2) - (6.3). The random variables associated with repair time of different
damage states of structural and non-structural components are shown in Table 6.3. It is
assumed that the daily loss due to downtime is 2880 USD for the three-story buildings
and the expected downtime of a collapsed building is estimated to be 1.95 years (Mitrani-
Reiser 2007). The workday hours wh used in Eq. (6.2) is 8 hours. The maximum number

of workers associated with floor repair is 15 per floor for low-rise buildings (Almufti and
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Willford 2013). Herein, the number of workers is 15 per floor and the workday ratio is
5/7. The total numbers of workers are 15 and 45 for slow- and quick-tracks, respectively.
Given all these parameters, the downtime associated with each floor is computed. Then
the total downtime of the building considering slow-track and quick-track is obtained.
The PDFs of the downtime associated with conventional and base-isolated buildings
under 1940 EI Centro earthquake are shown in Figure 6.6(a) and (b). As indicated, there
is an enormous difference between downtime associated with the fast-track and slow-
track scheme. The expected downtime of conventional building using slow-track is 163
days, while this value is reduced to 64 days by using quick-track.

Based on the PDF of seismic loss shown in Figure 6.5 and Figure 6.6, the expected
values are obtained. To quantitatively compare the seismic performance of the
conventional and base-isolated buildings, the expected repair loss, downtime, fatalities,
and environmental impact of the buildings under 1940 El Centro and 1995 Kobe
earthquakes are presented in Table 6.4. As indicated, the improvement associated with
seismic performance of base-isolated building is significant. Another observation that can
be made is that the total loss is substantially higher than the direct loss for each building.
Results in Table 6.4 indicate that the base-isolation can substantially reduce the expected
repair loss, downtime, fatalities, and CO2 emissions.

6.4.4. Resilience assessment
The resilience of conventional and base-isolated buildings under seismic hazard is
assessed herein. The seismic performance states (e.g., immediate occupancy, life safety,

and collapse prevention) are considered in the resilience assessment process. Given the

182



probability of building being in different performance states and the corresponding
functionality, the residual functionality of the conventional and base-isolated buildings is
computed on the basis of the theorem of total probability. The uncertainties of
functionality associated with different performance states are considered herein. The
triangular distribution is used for the functionality assessment associated with three
structural performance states: immediate occupancy, life safety, and collapse prevention.
The lower limit, upper limit, and mode of triangular distribution for immediate
occupancy, life safety, and collapse prevention states are assumed as (0.7, 0.9, 0.8), (0.4,
0.6, 0.5), and (0, 0.2, 0), respectively. The functionality associated with building collapse
is 0 while the functionality corresponding to no damage is 1.0. The PDF of residual
functionality is shown in Figure 6.7(a) and (b). The expected residual functionalities of
conventional and base-isolated buildings under 1940 El Centro earthquake are 0.747 and
0.815, respectively. As indicated in Table 6.4, the difference between the sustainability
metrics is much larger than that between the resilience of the two buildings. It is of vital
importance to integrate the sustainability metrics with resilience for the performance-
based seismic assessment. Repeating the computation process with respect to the 1995
Kobe earthquake, the residual functionality is shown in Figure 6.7(b). The expected
residual functionality of the base-isolated building is 0.791, which is about 3.4 times of
that associated with the conventional building.

As indicated in Figure 6.1(b), two stages are considered in the time-variant
functionality assessment process. If the residual functionality of the damaged building is

larger than the partial functionality Qer = 0.5, the functionality of the building would
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reach the full functionality Qrr = 1.0 at the end of the repair time interval. Otherwise, the
necessary repair actions are applied to the damaged building to recover its functionality
Qrr before reaching Qrr. After the total downtime period, the functionality of the
building will reach full functionality. Herein, the repair time is calculated using quick-
track and slow-track schemes. Using Monte Carlo simulation, the probabilistic repair
time and time-variant functionality can be obtained. Accordingly, the time-variant
expected functionality of the conventional building under El Centro earthquake using
slow- and quick-tracks is shown in Figure 6.8(a). Then by using Eq. (6.4), the
probabilistic resilience is obtained. Given the investigated time-interval Tr, the PDF of
resilience of conventional building under the 1940 El Centro earthquake using slow-track
at 100, 200, and 400 days is shown in Figure 6.8(b). Based on the simulation results, the
expected values of resilience of conventional and base-isolated buildings under 1940 El
Centro and 1995 Kobe earthquakes are revealed in Figure 6.9(a) and (b), respectively. As
indicated, under the seismic event, the expected value of resilience associated with the
base-isolated building is substantially larger than that associated with conventional

building.

6.5. CONCLUSIONS

This chapter has provided a framework for building seismic performance-based
assessment considering environmental impact and resilience. The uncertainties associated
with structural performance and consequence evaluation are incorporated within the
assessment process. The proposed approach is illustrated on conventional and base-

isolated steel buildings under given earthquake scenarios.
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The following conclusions are drawn:

1. The seismic performance improvement associated with base-isolated buildings is
significant compared with that of the conventional buildings. Based on the results of
seismic performance associated with conventional and base-isolated buildings, the
base isolation can reduce the seismic repair loss, downtime, fatalities, and
environmental impact.

2. The methodology estimates the environmental impact, and economic losses due to
repair cost as well as downtime and fatalities. The downtime losses are sensitive to
the repair scheme (i.e., quick-track and slow-track). The downtime loss for the
conventional building under 1995 Kobe earthquake using slow-track is almost 2.3
times of that associated with quick-track.

3. The seismic repair time and loss associated with structural and non-structural
components are computed for the conventional and base-isolated buildings under
given earthquake scenario. The base-isolated building can reduce the damage loss of
non-structural components.

4. The two performance indicators (i.e., sustainability and resilience) should be
investigated for the conventional and base-isolated buildings under seismic hazard
and integrated for a more comprehensive performance-based assessment content.
There is a need to expand upon the seismic resilience to include the sustainability

metrics.
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Table 6.1 Parameters associated with fragility curves and repair cost ratios of
different damage states associated with structural and non-structural

components

Fragility Repair cost

Damage Number Replacement

Components EDP  curves ratio
state  per floor Medianc.o.vMedianc.0.v cost (US $)
Reduced beam Slight IDR 22 022 015 0.3
section connection Moderate 40 o 3.6 0.16 0.25 0.3 60000/each
1,2 Severe ™) 56 017 10 04
Welded Slight 25 022 015 0.3
unreinforced Moderate IDR 37 014 025 0.3
flange-welded web 40 (%) 60000/each
connection 3 Severe 55 009 10 04
: Slight 16 029 01 0.2
A'”Tv'i”n“drgv‘;r?med Moderate 1060 '(E;)F; 32 029 05 02 696/Pane
Severe 36 027 10 0.2
Small cracks 039 0.17 02 0.2
. .. 5 ¢ Extensive IDR
Interior partition cracks 27100 %) 085 023 10 02 3.9/sf
(severe)
Small cracks 0.39 0.17 02 0.2
Interior finish 56 EXENsIVe 9454 IDR 2.48/sf
cracks (%) 0.85 023 10 0.2
(severe)
: Slight 027 04 01 0.2
S“Sfeei?i‘:\zdf”e Moderate 23397 P(Zf 065 05 03 02  3.16/sf
Severe 1.28 055 10 0.2

1. Engelhardt et al. 2000; 2 Gilton et al. 2000; ®: Ricles et al. 2002; *: Krawinkler
2005;

5 Porter et al. 2001; 8 Mitrani-Reiser 2007;

EDP: engineering demand parameter; c.o.v.: coefficient of variation; sf: square foot
IDR: story drift ratio; PFA: peak floor acceleration.
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Table 6.2

Random variables of material types of different building components and

CO- emissions of different building materials

Building

Unit mass (kg/m?)

CO; emission (kg CO2/kg)

compone M?terelal Factor Factor Distribution Factor Factor Distribution

nt yp | I type | I type

Brgfggki”d 19 042 LNY 00415 042 LN

Concrete  1.15 042 LN 0045 0.06 UF!?

. Galvanized 50 (42 LN 1 063 072 UF!
Interior steel

partition Glass 127 047 LN 0.184 0472 LN

Re'”t‘:gﬁc'”g 45 042 LN 046 042 LN

St?{géfss 001 08 UF ! 016 027 UF1

Aluminu  Aluminum 035 0472 LN1? 5035 0.4°2 LN1?

”\}vmrg\‘fvd Glass 1755 042 LN 0184 0.42 LN

Aluminum 04 042 NE 5035 0.42 LN T

Interior Ga';’tire"lzed 04 042 LN 063 0.72 UF!?

finish Plaster 267 042 LN 00231 0.42 LN

Stone 805 042 LN 0009 0.2 LN 2

Aluminum 065 042 LN? 5035 042 LN?

Suspende  Galvanized 5 g5 42 LN 063 0.72 UF !
d ceiling steel

Plaster 28 042 LN 2 00231 0.42 LN 2

1 Chau et al. 2012; 2 assumed; LN: lognormal distribution; UF: uniform distribution.

In the case of the lognormal distribution, Factors | and 1l refer to mean and coefficient of
variation, respectively; in the case of uniform distribution, Factors | and 1l refer to lower
and upper bounds, respectively.
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Table 6.3 Parameters of repair time (hours) associated with the investigated

components
Component Damage state Repair hour Unit
Mean C.0.V
Slight 44 0.3
Reduced beam
section connection 2 Moderate 190 0.3 Each
Severe 240 0.4
Welded unreinforced Slight 44 0.3
flange-welded web Moderate 190 0.3 Each
connection 2 Severe 240 0.4
. Slight 1.45 0.3
Alurc\;innu drgvrlrgmed Moderate 5.75 0.3 Pane
Severe 11.5 0.4
_ L Small cracks 1 0.4
Interior partition Extensive cracks 4 04 64 sf
P Small cracks 1 0.4
Interior finish Extensive cracks 7 0.4 64 st
Slight 0.05 0.5
Suspended ceiling 2 Moderate 0.1 0.5 250 sf
Severe 0.2 0.5

1. Aslani and Miranda 2005; 2: Mitrani-Reiser 2007:

c.0.v: coefficient of variation; sf: square foot
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Table 6.4

Expected sustainability metrics of conventional and base-isolated
buildings under 1940 EI Centro and 1995 Kobe earthquakes

1940 EI Centro Earthquake

1995 Kobe Earthquake

. Base- . Base-
Consequences Conventional . Conventional .

buildin isolated buildin isolated

g building g building
Repair loss (USD)  7.121 x 10° 2"1%? X 4818x10°  6.695 x 10°
Fatality loss (USD)  2.164 x 10° 531%% X 4178x10°  1.600 x 10°
Downtime  Slow-track ~ 4.679 x 10° 211%% X 1811x10°  3.309 x 10°

loss .

Quick- 5 1.157 x 5 5
(USD) U9 182710 e 7842x 105  1.746 x 10
CO, emissions (kg) ~ 8.093 x 10° 4'51‘(‘)‘2’ X 1308x105 5642 x 10°
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CHAPTER 7
PROBABILISTIC ASSESSMENT OF AN INTERDEPENDENT
HEALTHCARE - BRIDGE NETWORK SYSTEM UNDER

SEISMIC HAZARD

7.1. INTRODUCTION

The World Health Organization (WHO) (2007) stated that healthcare systems “must be
physically resilient and able to remain operational and continue providing vital health
services” after disasters. Thus, healthcare systems need to be resilient enough to cope
with earthquakes and to provide timely medical treatment. In this chapter, the seismic
performance assessment of a healthcare system located near a bridge network is
investigated considering both component and system performance levels.

The assessment of healthcare — bridge network system performance depends on the
seismic vulnerability of bridges located in a bridge network and hospital, as well as on
the ground motion intensity. After a destructive earthquake, the functionality of a
highway network can be affected significantly; this, in turn, may lead to hinder the
emergency management. Additional travel time would result due to the damaged bridges
and links; consequently, injured persons may not receive treatment in time. Thus, it is
important to account for the effects of damage condition associated with highway bridge

network on the healthcare system performance. In this chapter, the extra travel time of
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injured persons through the damaged bridge network to a hospital under the seismic
hazard is investigated.

Myrtle et al. (2005) carried out a series of surveys on performance of hospitals
during several earthquakes to identify the important components; Yavari et al. (2010)
investigated performance levels for interacting components (i.e., structural, nonstructural,
lifeline, and personnel) using data from past earthquakes; Achour et al. (2011)
investigated the physical damage of structural and non-structural components of an
hospital under seismic hazard; and Cimellaro et al. (2011) introduced a model to describe
the hospital performance under earthquake considering waiting time. However, the
damage conditions associated with bridge networks have not been incorporated within
the healthcare system performance assessment process. Additionally, the correlation
effects have also not been addressed in these studies.

After an earthquake, it is common to experience a sudden increase in the number of
patients for a period of time, which in turn can bring delay in treating them. The
estimation of hospital capacity after an extreme event is of vital importance to determine
the waiting time of the injured persons. Hospital functionality may be disrupted by
damage associated with structural and non-structural components or medical equipment.
A proposed approach considering both structural and non-structural components (e.g.,
medical equipment) is presented in this chapter to investigate the hospital performance
under a given seismic scenario. The relationship between structural and non-structural
seismic demands (e.g., peak inter story drift ratio and peak floor acceleration) is

considered. Additionally, the correlations among the damages of structural and non-
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structural components is also considered in the hospital functionality assessment process.
Finally, the effects of correlation on the healthcare — bridge network system performance
at a system level are investigated.

This chapter aims to assess probabilistically an interdependent healthcare - bridge
network system under seismic hazard and to aid the emergency preparedness to cope with
the sudden increase of patients. The damage conditions of the bridges, links, and hospital
are considered in the overall system performance assessment. Fragility curves are
employed to identify the components vulnerability under seismic hazard. The effects of
disruption associated with transportation system on the emergency management are
investigated. Additionally, the correlations among structural damages and the effect of
bridge retrofit actions are considered in the assessment process. The system level
performance indicators are expressed in terms of the extra travel and waiting time of the
injured persons from the damaged region to the hospital given the occurrence of the
earthquake. The approach is illustrated on a healthcare system located near a bridge
network in Alameda, California. This chapter is based on a published paper Dong et al.
(2015). This chapter is based on a paper submitted for possible publication (Dong and

Frangopol 2015d).

7.2. EARTHQUAKE SCENARIOS

The first step in seismic performance assessment of a healthcare system located near a
bridge network is to identify the seismic scenarios at the location of the system. The
seismic scenarios associated with an earthquake fault are introduced herein. The

earthquake rupture is given as a characteristic magnitude distribution, modeled as a
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Gaussian distribution using the mean, a coefficient of variation of 0.12, and a truncation
at + 2 standard deviations of magnitude above and below the mean (USGS 2003).

The seismic intensities at different sites caused by the same earthquake are
correlated. It is necessary to consider the spatial correlation of ground motion intensities
within the seismic performance assessment of interdependent hospital — bridge network
system. Several studies (e.g., Wang and Takada 2005; Jayaram and Baker 2009) revealed
that the peak ground acceleration (PGA) associated with a given seismic scenario at
different sites is spatially correlated and this correlation is higher for closer sites.
Accordingly, the correlation among the seismic intensities at different locations is
modeled as an exponential decay function (Wang and Takada 2005). Given the
distribution types associated with the ground motion intensities and correlation
coefficients, the correlated ground motion intensities could be generated using
straightforward numerical procedures, such as Monte Carlo simulation. In this chapter,
the effects of ground motion correlation are accounted for within the seismic assessment

of spatially distributed interdependent healthcare - bridge network system.

7.3. BRIDGE, LINK, AND HOSPITAL SEISMIC DAMAGE

7.3.1. Bridge and link seismic vulnerability
A transportation network is composed of nodes, links, and bridges. Nodes describe the
locations of highway intersections, while links represent the highway segments
connecting two nodes. Generally, bridges are considered to be the most vulnerable
components in a transportation network (Liu and Frangopol 2006; Lee and Kiremidjian

2007; Dong et al. 2014). Fragility curves are commonly used to quantify structural
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performance under seismic hazard and are defined by the exceedance probability of a
damage state under a given ground motion intensity (Mander 1999; Dong et al. 2013).
The correlations among the seismic performance of bridges in terms of fragility have also
to be considered. Specifically, bridges in a transportation network can be classified into
different subgroups to characterize their fragilities considering structural characteristics,
such as number of spans and material types (e.g., steel, concrete). A link is considered as
an element connecting the nodes of a network. The performance of network links is
related with individual bridge located on the link. The performance of the link after an
earthquake can be expressed in terms of link damage index LDI, which depends on the
BDIs of the bridges on the link.
7.3.2. Hospital functionally assessment

The effects of damage states associated with structural and non-structural components on
the damage performance of a hospital are introduced in this section. The damage
assessment of the hospital should determine the capacity of how many patients it can
handle to provide timely treatment to the injured people (Cimellaro et al. 2011). The
functionality of a hospital could be assessed based on its components (e.g., structural,
nonstructural) (Yavari et al. 2010). Building components can be categorized into
structural, non-structural, and content (Mitrani-Reiser 2007). The performance associated
with different components of a hospital system should be investigated by using different
seismic demand indicators (e.g., story drift, floor acceleration). The damage to structural

components is usually related with structural drift and ground motion acceleration, while
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the damage of non-structural components is generally associated with the floor
acceleration (Mitrani-Reiser 2007; Dong and Frangopol 2015).

Given the ground motion intensity, the seismic performance of a hospital is
investigated by using fragility curves. Based on HAZUS (2003), the PGA is adopted to
predict the performance of structural components under earthquakes. The probability of
the structural components being in different damage states could be computed
accordingly. The peak floor acceleration (PFA) acts as seismic demand for the damage
assessment of non-structural components. The peak floor acceleration amplification Q
(i.e. PFA/PGA) is adopted herein to compute the PFA, which in turn could be utilized for
the vulnerability analysis of non-structural components. The peak floor acceleration

amplification factor Q is (Chaudhuri and Hutchinson 2004)

Q = (l'0+ al V hnor)(l'o_ hnor) + (azhnorz)hnor (7'1)
where a1 and a2 are empirical constants and hnor is Nnormalized height computed as the

floor height divided by the total building height. The decreasing shear and increasing
bending contributions are considered in Eq. (7.1). Given the detailed information of the
investigated hospital and seismic inputs, the PFA could also be obtained using nonlinear
time history or incremental dynamic analysis (Dong and Frangopol 2015).

The expected damage indices associated with structural and non-structural

components can be expressed, respectively, as follows

D = Z HCDly, - P,

i=1

(7.2)

cijiM

Nnsp

DNSC = ZHCDINSCJ P

NSCiIM
i=1

(7.3)
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where HCDIsc,i and HCDInsc,i are the damage indices associated with state i of structural
and non-structural components of the hospital, respectively; nsp and nnsp are the numbers
of damage states associated with structural and non-structural components, respectively;
and Psciim and Pnscipm are the probabilities of the structural and non-structural
components being in damage state i, respectively. These probabilities are obtained based
on the fragility curves considering different seismic demands. The correlation coefficient
between the damage indices of structural and non-structural components p(HCDlsc,
HCDInsc) is considered in the assessment process.

Given the weighting factors associated with structural and non-structural

components, the composite expected hospital damage index HDI is

HDI =g - Dgc + fysc - Dse (7.4)
where rsc and rnsc are the weighting factors associated with structural Dsc and non-

structural Dnsc damage indices, respectively. Given the probability density function
(PDF) associated with hospital damage index HDI and threshold values (i.e., lower and
upper bounds), the probability of a hospital being in different functionality levels HFLs
can be identified. Holmes and Burkett (2006) suggested classifying structural and non-
structural damages into four levels: none, minor, affecting hospital operations, and
temporary closure. Yavari et al. (2010) presented an approach considering the overall
facility as fully functional, functional, affected functionality, and not functional.

The capacity of a hospital depends on the classified hospital functionality levels
HFLs. The waiting time is an important parameter to evaluate the capacity of a hospital
during normal and extreme event conditions (Yi 2005). When the number of injured

persons is larger than the number of patients treated, additional waiting time is necessary.
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The waiting time associated with hospital functional level HFL; under daily patient rate 4

is (Paul et al. 2006)

WT,(2) = exp(A + B,A) (7.5)
_ Ay In(WT, ) -2, In(WT;,)
A = P (7.6)
B = INn(WT;) — In(WT,) (7.7)
ZU _/’i’L

where A;j and Bi are constants associated with the hospital functionality level i; A. is the
pre-disaster average daily patient arrival number; WT is the waiting time associated with
the normal hospital operation; Ay is the maximum daily arrival number; and WTui; is the
waiting time associated with functionality level i under the maximum arrival rate Au. EQ.
(7.10) is used herein to compute the waiting time; given additional data, other functions

could also be adopted.

7.4. SYSTEM LEVEL PERFORMANCE ASSESSMENT

In this section, the effects of the damage states associated with a bridge network and a
hospital on system level performance of an interdependent healthcare — bridge network
are investigated. The extra travel and waiting time at the system level are computed.
Based on the configuration of the investigated bridge network, travel time is defined as
the time it takes to transfer the injured people to the hospital immediately after the
earthquake. With respect to waiting time analysis, the healthcare system performance is
measured by the waiting time needed to get the injured persons treated.

The extra travel time experienced by an injured person is due to the damages of

bridges and links in a bridge network. The travel time is representative of the
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functionality of a bridge network; large travel time reveals a high reduction of
functionality associated with a bridge network (Frangopol and Bocchini 2011; Bocchini
and Frangopol 2011; Dong et al. 2015). The extra daily travel time EDTT for the injured

persons in a bridge network can be expressed as (Dong et al. 2015)
EDTT = Z Py [ADR; (SI—j iy, ADT, -%] (7.8)
= i Dji 0]
where ny is the number of links in a bridge network; n.p is the number of damage states
associated with link damage; PvLps;jiim is the conditional probability of the jth link being
in damage state i; ADT;j is average daily number of injured persons that follow detour due
to damage state i of the jth link; Dj is the length of the extra detour of jth link (km); S is
the detour speed (km/h); ADRjj is the average daily number of injured persons that remain
on the jth link under damage state i; I; is the length of link j (km); Soj is the traffic speed
on intact link j (km/h); and Spj;i is the traffic speed on link j associated with damage state
i (km/h).
The waiting time is related with the hospital functionality levels under a given
seismic scenario. Given the limited functionality associated with the hospital, the extra

waiting time of the injured people could be computed. Based on the theorem of total

probability, the extra daily waiting time EDWT can be computed as

WT, (ATV)]- ATV — ATV -WT, (ATV) (7.9)

PHFi\ IM

EDWT = nZH[
where ATV is the totgllnumber of injured persons transferred though a bridge network to
a hospital; WT; is the waiting time associated with functionality level i given ATV; ny is
the number of functionality levels of a hospital under investigation; WTo(ATV) is the

waiting time associated with the intact hospital under ATV; and Pwrijiv is the conditional
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probability of hospital being in functionality level i under IM. The flowchart of the
computation associated with the extra travel and waiting time of a healthcare system
under seismic hazard is shown in Figure 7.1.

During the system level performance assessment process, the correlations associated
with the ground motion intensities and seismic damage indices are considered. For
example, the correlations among the IMs at different locations are computed using Eq.
(7.2). Then by using Monte Carlo simulation, these correlated IMs could be generated.
Overall, given the correlation coefficients, the correlated random variables used in the
functionality assessment procedure could be generated. The flowchart of generating these
random variables using Monte Carlo simulation is shown in Figure 7.2. Finally, the
system level performance indicators (e.g., extra travel and waiting time) could be
computed using Egs. (7.8) and (7.9).

Due to the correlations among the random variables of ground motion intensities and
seismic damage indices associated with bridges and hospital, the seismic performance of
a bridge network and a hospital is correlated. The correlation effects on the conditional
seismic performance of a hospital given the damage state of a link is investigated herein.
The conditional probability of a hospital being in functionality level j given the link in
damage state i is

P(HFL,,, NLDS,,,)

P(LDS,,)
where HFLj;m is the event that a hospital is in functionality level j given IM and LDSijm

P(HFL,, [LDS, ) = (7.10)

jjim
is the event that a link is in damage state i given IM. The probability P(HFL;jjim NLDSijim)
could be computed by considering the events HFLjm and LDSim as a parallel system.
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Then, given the correlation coefficients among the random variables (e.g., ground motion
intensities, seismic damage indices), the P(HFLjm N LDSiim) is computed. When the
events HFLjm and LDSiym are independent P(HFLjym N LDSimm) = P(HFLjim) X
P(LDSim). Finally, given P(HFLjmwm N LDSjim) and P(LDSiim), the conditional
probability of the hospital being in functionality level j is computed according to Eq.

(7.10).

7.5. ILLUSTRATIVE EXAMPLE

7.5.1. Seismic performance of bridges and links
In order to quantify the seismic performance of the bridges and links, the probabilistic
earthquake scenarios should be identified. The seismic scenarios are selected based on
the seismic rupture sources in the San Francisco bay area (USGS 2003). The investigated
earthquake magnitudes are associated with the Northern Hayward Fault as the healthcare
— bridge network system is located in this area. The segment length and width of the fault
are 50 and 14 km, respectively. The expected magnitude associated with the investigated
rupture is 6.88.

The PGA is utilized as ground motion intensity measure and other ground motion
intensities (e.g., spectral acceleration) could also be used (Campbell and Bozorgnia
2008). The PGA is assumed lognormal. Its expected value at the location of the hospital
is 0.865g and the standard deviation is 0.51g using the attenuation equation (Campbell
and Bozorgnia 2008). The probabilistic PGAs at the locations of the bridges and hospital
are generated using Monte Carlo simulation. The correlation among the PGAs at the

locations of the hospital and bridges is computed. The exponential decay function has
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been widely adopted in the assessment of the spatial correlation of PGA (Goda and Hong
2008; Jayaram and Baker 2009; Esposito and lervolino 2011). Then, the correlated
random variables associated with ground motion intensities are generated using Monte
Carlo simulation as indicated in Figure 7.2.

The parameters of the fragility curves associated with the bridges located on the
network are based on Shinozuka et al. (2001). Bridges 2, 7, and 9 are single-span
concrete bridges; the remaining bridges are multiple-span continuous concrete bridges.
The fragility curves of the basic single and multiple-span continuous concrete bridges are
shown in Figure 7.4 (a) and (b). Given the skew angle and soil condition of the specific
bridges, the fragility curves could be updated accordingly (Shinozuka et al. 2001).

Given the ground motion intensity and fragility curves, the probabilities of the
bridges being in different damage states are computed. The damage state index BDDI is
considered lognormal with a coefficient of variation 0.5 (HAZUS 2003; Shinozuka et al.
2008). The expected values of the damage index associated with slight, moderate, major,
and complete damage states are 0.1, 0.3, 0.75, and 1, respectively (Shiraki et al. 2007).
Monte Carlo simulation is adopted to generate these random variables. The bridge
damage states associated with bridge 1 (multiple-span continuous concrete) and 2 (single-
span concrete bridge) are shown in Figure 7.4 (c) and (d), respectively. The bridge
damage indices associated with bridges 1 and 2 are best fitted by a gamma distribution
with mean values 0.338 and 0.196, and standard deviations 0.272 and 0.187, respectively.

Subsequently, the damage indices of links are computed.
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The correlation among the random damage indices BDDI of different seismic
damage states is now considered. Herein, the correlation coefficients are assumed to be 0,
0.5, and 1, representing uncorrelated, partially, and fully correlated random variables,
respectively. These values are adopted to investigate the correlation effects on the
network performance under seismic hazard. Additionally, the damage indices of different
bridges are also correlated. The probabilistic damage index associated with link 1 under
different correlation coefficients among the damage indices BDDI is shown in Figure
7.5(a). As indicated, the standard deviation of the link damage index increases as the
correlation coefficient among the random variables increases. Given the threshold
associated with link performance, the probabilities of the link 1 being in different
performance levels (i.e., from no damage to major damage) are shown in Figure 7.5(b).
As indicated, without considering the correlation effect, the probabilities of link being in
none and major damage states would be underestimated. The probabilities of the links 2
and 3 being in different damage states are shown in Table 7.1.

7.5.2. Hospital damage assessment
In order to quantify the hospital damage index HDI, the seismic intensity and
vulnerability of structural and non-structural components should be identified. The PGA
is adopted as seismic demand indicator for the structural components, while the PFA is
used to investigate the seismic performance of non-structural components (HAZUS
2003). The relationship between PFA and PGA is indicated in Eq. (7.1). For the mid-rise
hospital building, a1 and a2 are assumed 1.63 and 1.53, respectively (Chaudhuri and

Hutchinson 2004). The maximum PFA occurs at hnor = 1 for the investigated hospital.
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The parameters of the fragility curves associated with structural and non-structural
components are based on HAZUS (2003) and shown in Table 7.2. Given moderate-code
seismic provision, the median values and standard deviations of fragility curves
associated with structural and non-structural components could be obtained.
Subsequently, given the PGA and PFA, the seismic vulnerabilities (i.e., Psciim and
Pnsciiim) of the structural and non-structural components are computed. Herein, the
damage indices of damage states associated with structural and non-structural
components are based on Aslani and Miranda (2005). The mean values of slight,
moderate, major, and complete damage states of structural components are 0.025, 0.12,
0.6, and 1.2, respectively. The mean values of slight, moderate, major, and complete
damage states of non-structural components are 0.02, 0.12, 0.36, and 1.2, respectively.
The coefficients of variation of these random variables are 0.7. Then, based on Egs. (7.2)
and (7.3), the damage indices of structural and non-structural components are computed.
The PDFs of damage indices of structural and non-structural components are indicated in
Figure 7.6.

The correlation coefficient among the damage indices of structural and non-
structural components p(HCDIsc, HCDInsc) is considered in the assessment process. The
three correlation coefficients 0, 0.5, and 1 are considered. Monte Caro simulation is used
to generate the random variables considering correlation as indicated in Figure 7.2. Given
the damage index of structural and non-structural components, the composite building
damage index is computed using Eq. (7.5). This equation is used to compute the hospital

damage index. Herein, rsc and rnsc are assumed 0.5. The expected value and standard
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deviation of HDI associated with p(HCDIsc, HCDInsc) = 0 are 0.416 and 0.221,
respectively. Given p(HCDIsc, HCDInsc) = 1, the expected value and standard deviation
of HDI are 0.416 and 0.319, respectively.

For the hospital functionality level analysis, none, slight, moderate, and major
damage affecting hospital functionality is represented by the values of the hospital
damage index HDI < 0.3, 0.3 < HDI < 0.6, 0.6 < HDI < 1, and HDI > 1, respectively.
Given the hospital functionality criterion, the probabilities of the hospital being in
different functionality levels are identified and shown in Table 7.3. As revealed, the
probabilities of being in none and major damaged functionality levels increase when
considering correlation effects.

7.5.3. System level performance
The seismic performance of a healthcare — bridge network system is investigated
considering two indicators: (a) travel time and (b) waiting time. After the earthquake, the
injured persons from nodes 1, 2, and 3 in Figure 7.3 are transferred to node 4, as the
hospital is near this node. The extra travel and waiting time associated with the daily
patient volume are investigated. The average daily number of injured persons associated
with detour ADT and remaining number of injured persons ADR on the damaged link are
based on Chang et al. (2000). If the damage state of the link is slight, the remaining
patient volume and the flow speed are 100% and 75% of those for the intact link,
respectively. In moderate damage state, the remaining volume and the flow speed are
75% and 50% of those for the intact link. In major damage state, the remaining volume

and the flow speed are 50% and 50% of those for the intact link (Chang et al. 2000; Dong
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et al. 2014). The extra detour length of links is 3.5 km. The daily patient volumes after
the earthquake from node 1 to 4, 2 to 4, and 3 to 4 are 60, 120, and 60, respectively. The
total number of daily injured persons transferred to the hospital is 240 (i.e., 60 + 120 + 60
= 240). Then given the probabilities of links being in different damage states as computed
previously, the extra daily travel time considering the number of injured persons through
the damaged transportation network is computed using Eq. (7.9). The correlation
coefficients p(BDDlgki, BDDIg;ji) and p(PGAi, PGAj) are denoted as p1 and po,
respectively. Given p1 = p> = 0, the extra daily travel time is 15.13 hours; this value
reduces to 12.02 hours given p1 =p> = 1. As indicated, the correlation among the random
variables could affect the extra travel time significantly. Furthermore, the correlation
among the ground motion intensities has a larger effect on the extra travel time. Given p1
= p2 =0, the extra daily travel time is 15.13 hours; this value reduces to 13.22 hours when
p1=0and p2 =1, and to 14.09 hours when p1 =1 and p> = 0.

Given the hospital being in the performance levels as shown in Table 7.3, the extra
daily waiting time is evaluated using Eq. (7.9). The pre-earthquake average patient arrival
per day Av is 80. The waiting time WT_ associated with the normal operation condition is
20 minutes. Given more information (e.g., number of beds, number of operating rooms)
of the investigated hospital, the arrival rate and waiting time could be updated. The
maximum arrival per day Au is assumed 450. The waiting times associated with none,
slight, moderate and major damage levels under maximum arrival rate are 40, 60, 80, and
120 minutes, respectively. Then by using Egs. (7.5) — (7.7), the waiting times associated

with different hospital functional levels are shown in Figure 7.7(a). The waiting time is

214



expressed using the exponential function (Paul et al. 2006). With additional data other
models could also be incorporated within the assessment process.

The correlation effects are considered in the extra waiting time assessment process.
Herein, p(HCDIsc, HCDInsc) is denoted as p3. Given p3 = 0, the extra daily waiting time
of the injured person is 16.84 hours; this value reduces to 15.46 hours when p3 = 1. The
extra daily waiting time of the injured people is slightly larger than the extra travel time.
The effects of rsc and rnsc on the hospital functionality levels are indicated in Figure
7.7(b). The two parameters (i.e., rsc and rnsc) have a significant effect on the hospital
functionality assessment and should be carefully assessed.

The effects of retrofit actions associated with the bridges on extra travel time are also
studied. The fragility enhancement of bridges retrofitted by steel jacketing is investigated
based on the approach presented in Shinozuka et al. (2008). The enhancement ratios
associated with fragility median values are 55%, 75%, 104% and 145% considering
slight, moderate, major, and complete damage states, respectively (Shinozuka et al.
2008). Given p(BDDlgki, BDDIgji) = 0.5, the extra daily travel time with and without
retrofit actions are 3.12 and 13.01 hours, respectively. As revealed, the seismic retrofit
actions have a profound effect on the extra travel time and can improve the healthcare —
bridge network performance significantly. The probabilistic damage index associated
with link 1 under these two scenarios (i.e., with and without retrofit actions) is shown in
Figure 7.8(a). Additionally, the effects of seismic vulnerability of hospital on the system
level performance are investigated. Medians and standard deviations associated with

fragility curves of structural and non-structural components under low- and high-code
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design provisions are shown in Table 7.2. Given the fragility curves associated with these
design provisions, the extra daily waiting time with low-, moderate-, and high- design
codes are 25.41, 16.06, and 10.59 hours, respectively. The PDF of the hospital damage
index is shown in Figure 7.8(b). As revealed, the seismic design code has a significant
effect on the hospital functionality levels.

Additionally, the effects of correlation on the conditional probabilities of hospital
being in different functionality levels given the seismic damage of the link are
investigated using Eq. (7.10). Given p(BDDI, HCDI) = p(PGAi, PGA) = 0.5, the
conditional probabilities of the hospital being in different functionality levels are shown
in Table 7.4

The case without considering the correlation effects is also shown in this table. As
indicated, the correlation effects could affect the conditional performance of the hospital
significantly. For example, given the link 1 being in damage state 3 (i.e., moderate
damage state), the conditional probability of the hospital being in moderate damaged
functionality level is 0.2555, while this value is reduced to 0.1526 without considering

the correlation effects.

7.6. CONCLUSIONS

This chapter presents an approach for assessment of an interdependent healthcare - bridge
network system under seismic hazard considering uncertainties and correlation effects.
The functionalities associated with the individual bridges, bridge networks, and hospital
are investigated and combined for the system performance assessment. Rather than

focusing only on structural damage, the extra travel and waiting time are investigated.
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The approach is illustrated on a healthcare system near a bridge network in Alameda,
California.

The following conclusions are drawn:

1. The correlation among the random damage indices BDDI has an effect on the
probabilities of links being in different damage states and should be carefully
evaluated.

2. It is necessary to consider the correlation coefficients among the spatial ground
motion intensities and component-to-component damage indices for the healthcare —
bridge network system performance assessment. The correlation coefficients have
an effect on the standard deviations of the damage indices of bridges, links, and
hospital.

3. Regarding the system level performance assessment, the extra travel and waiting
time decrease when the correlation coefficients (e.g., correlations among the ground
motion intensities and seismic damage indices) are accounted for. Additionally, the
correlation among the ground motion intensities has a larger effect on the extra
travel time than that among the damage indices.

4. The effects of retrofit and seismic strengthening associated with bridges and
hospital are significant. Bridge retrofit actions could result in an improvement of the

performance of healthcare — bridge network system.
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Table 7.1 Probabilities of links 2 and 3 in Figure 7.3 being in different damage states

considering correlation among the random damage indices BDDI

K Correlation No Slight Moderate  Major
coefficient damage damage damage damage

0.0 0.3514 0.4509 0.1643  0.0334

Link 2 0.5 0.4136 0.4001 0.1356  0.0507
1.0 0.4498 0.3573 0.1277  0.0652

0.0 0.4472 0.4223 0.1111  0.0194

Link 3 0.5 0.4963 0.3666  0.1051  0.0320
1.0 0.5327 0.3239 0.0977  0.0457

Lin
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Table 7.2 Median and standard deviation associated with fragility curves of

structural and non-structural components (adapted from HAZUS 2003)

Structural component

Design Slight damage Moderate damage Major damage Complete damage
level  Median owandard o ign Standard o .o Standard 0o Standard
deviation deviation deviation deviation
Mi%%r:te 0.16 0.64 0.28 0.64 0.6 0.64 1.27 0.64
Low-code  0.15 0.64 0.23 0.64 0.42 0.64 0.73 0.64
High- 0.17 0.64 0.34 0.64 0.85 0.64 2.1 0.64
code
Non-structural component
Desian Slight damage Moderate damage Major damage Complete damage
g . Standard . Standard . Standard . Standard
level Median o Median o Median o Median o
deviation deviation deviation deviation
M?C%%r:te 0.38 0.67 0.75 0.67 15 0.67 3 0.67
Low-code 0.3 0.65 0.6 0.67 1.2 0.67 2.4 0.67
High- 0.45 0.66 0.9 0.67 1.8 0.68 3.6 0.66
code
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Table 7.3 Probabilities of the hospital having different functionality levels under

different correlation coefficients among the damage indices of structural
and non-structural components

Correlation No Slight Moderate Major
coefficient damage damage damage damage
0.0 0.3323 0.4946 0.1526 0.0205
0.5 0.4116 0.3903 0.1569 0.0412
1.0 0.4625 0.3234 0.1527 0.0614
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Table 7.4 Conditional probabilities of the hospital being in different functionality
levels given the seismic damage of the link 1 considering the correlations

among the ground motion intensities and damage indices of bridges and

hospital

Correlation flTr?CstFiJ(I)tr?;l P(HFLiym P(HFLiyjm| P(HFLim|  P(HFLim|

coefficient lovel ILDS1yim)  LDSzjim) LDS3jim) LDS4jim)

No 0.6460 0.4032 0.2115 0.0823

Slight 0.2978 0.4397 0.4681 0.3273

P05 Moderate 00520 01367  0.2555 0.3906

Major 0.0042 0.0204 0.0649 0.1998

No 0.3323 0.3323 0.3323 0.3323

Slight 0.4946 0.4946 0.4946 0.4946

p=0 Moderate 0.1526 0.1526 0.1526 0.1526

Major 0.0205 0.0205 0.0205 0.0205

221



Identify seismic scenarios and healthcare — bridge
network characterization
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Figure 7.1 Flowchart of component and system levels functionality assessment of an

interdependent healthcare — bridge network system under seismic hazard
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hospital components equation

Monte Carlo
simulation

Obtain damage indices associated with bridges (Eq. (4)),
links (Eq. (5)), and hospital (Eg. (9))

Compute the system level performance indicators (i.e.,
travel and waiting time) using Egs. (13 and 14)

Figure 7.2 Flowchart of generating correlated random variables using Monte Carlo

simulation to compute the system level performance indicators
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Figure 7.3
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CHAPTER 8
PRE-EARTHQUAKE MULTI-OBJECTIVE PROBABILISTIC
RETROFIT OPTIMIZATION OF BRIDGE NETWORKS

BASED ON SUSTAINABILITY

8.1. INTRODUCTION

Transportation networks play an important role in sustained economic growth and social
development of any country. Maintaining structural reliability and functionality of
highway bridge networks under hazard effects is gaining increased attention. Planning
retrofit actions under tight budget constraints is a challenging process and can be
achieved through a holistic management framework that accounts for uncertainties. This
highlights the necessity of effective retrofit strategies to improve structural seismic
performance of existing highway bridge networks. The tasks of such a framework
include, but are not limited to, quantifying performance at network level in a probabilistic
manner and integrating multi-criteria techniques for optimum retrofit strategies to reduce
the extent of earthquake damage to society, economy and environment, and total retrofit

costs.

Liu and Frangopol (2006) evaluated the bridge network performance based on
network connectivity and user satisfaction; Duefias-Osorio et al. (2007) investigated the
effect of seismic disruption on the performance of interdependent networks considering

the connectivity loss; Zhou et al. (2010) analyzed the socio-economic effect of seismic
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retrofit associated with a bridge network considering traffic flow redistribution; Bocchini
and Frangopol (2011) presented a novel approach to assess the damage level of bridges in
a network using fragility and network flow analysis. Sustainability is an appropriate
performance indicator for bridge networks to be integrated into the management
framework.

Accurate methodologies to quantify probabilistic sustainability of structural systems
under seismic hazard are required in order to establish optimum pre-earthquake retrofit
plans. Sustainability associated with a bridge network exposed to seismic events can be
quantified based on possible seismic scenarios that can occur in the region under
investigation. Due to the effects of environmental stressors and aging, structural
performance under hazard effects deteriorates in time. The time effects are rarely
considered in seismic sustainability assessment (e.g., Deco and Frangopol 2013; Dong et
al. 2013; 2014a). Based on Dong et al. (2014b), the expected value and dispersion of
seismic risk associated with a bridge network increase with time if retrofit actions are not
applied. This chapter considers retrofit actions in order to plan optimal interventions of
bridge networks based on sustainability.

Multi-objective optimization techniques play an important role to allocate limited
resources in an efficient way to balance the cost and performance (Frangopol 1999;
Frangopol 2011). The optimum retrofit plans can be obtained through an optimization
process that integrates economic, social, and environmental metrics of structural
performance, and the cost of retrofit actions. Sohn et al. (2003) analyzed the retrofit

priority of transportation networks considering the final demand loss and transportation
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cost under seismic hazard; Liu et al. (2009) provided a new formulation of the network
retrofit problem using stochastic programing that optimizes a mean-risk objective; Zhou
et al. (2010) studied the estimated benefit of retrofit actions for a bridge network; Chang
et al. (2012) investigated the bridge retrofit planning associated with evacuation post-
earthquake flow effectiveness of bridge networks. However, to the best of authors’
knowledge, there is no research reported to establish the optimum retrofit plans for bridge
networks under seismic hazards at network level based on sustainability considering
uncertainties.

In this chapter, a probabilistic methodology to establish optimum pre-earthquake
retrofit plans for bridge networks based on sustainability is developed. A multi-criteria
optimization problem is formulated to find the optimum timing of retrofit actions for
bridges within a network. The methodology is illustrated on an existing bridge network.
Genetic algorithms are used to solve the multi-criteria optimization problem. The effects
of deterioration on the bridge seismic performance are considered. This chapter is based

on a published paper Dong et al. (2014b)

8.2. PROBABILISTIC TIME-VARIANT SUSTAINABILITY

The first step of the methodology for sustainability based retrofit optimization is
evaluating the social and environmental metrics and converting them into the economic
metric. Sustainability can be quantified in terms of expected economic loss by converting
the social and environmental metrics into monetary value. The time-variant seismic
performance of the bridges within the bridge network should be evaluated based on

seismic scenarios. The expected economic loss associated with seismic hazard integrates
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the probability of occurrence of seismic hazard in the region, time-variant vulnerability of
networks (e.g., bridges and links), and consequences of hazards to society, environment,
and economy. Corrosion induced deterioration can affect the seismic performance of
bridges by increasing the seismic vulnerability over time (Akiyama et al. 2012; Akiyama
et al. 2013). Uncertainties exist in both hazard assessment and structural performance
evaluation. The time effects and uncertainties associated with these aspects should be
considered.

The time-variant metric of sustainability, in its general form, can be expressed as

SM() =2, D16 205 Coontos (1) Posjis (1) - Pg (1) - Py () (8.1)
where Cconsps(t) is the conditional consequence (e.g., economic, social, and

environmental) given a damage state (e.g., minor, moderate, major, complete) at time t;
Poss(t) is the conditional probability of damage state given a structural limit state (e.g.,
yielding, instability) at time t; PLs(t) is the conditional probability of a structural limit
state arising from hazard H at time t; and Px(t) annual mean rate of occurrence of hazard
H at time t. In this chapter, Eq. (8.1) is used to calculate the time-variant metrics of
sustainability (e.g., annual seismic risk), excluding the retrofit cost. The total
sustainability is the sum of consequences weighted with the probability of occurrence of
these consequences. Sustainability can be quantified in terms of social, environmental,
and economic metrics (Adams 2006) and can provide harmony between structural
systems and natural systems for both the present and future generations (Ochsendorf
2005). FEMA (2000) discusses the important linkage between hazard mitigation, disaster
resistance, and sustainable development. The metrics of sustainability (economic, social,

and environmental) are not usually considered in the design and retrofit processes of
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structural systems. It is of vital importance to take the sustainability metrics into account.
The following section provides information on the terms in Eq. (8.1). More detailed
information associated with the seismic sustainability of bridge networks could be found

in Chapter 5.

8.3. EFFECTS OF RETROFIT ON SEISMIC PERFORMANCE

The effects of retrofit actions can be accounted for by modifying the fragility curves
associated with different damage states. The median value of ground motion intensity is
selected herein as the parameter to be modified in order to reflect the effects of retrofit
actions performed on a bridge. The time-variant median value of ground motion intensity
including the effects of retrofit actions can be expressed as

M, ger (©) =M (€) - A+ Yrer i) (8.2)
where mi(t) is the median value of ground motion intensity associated with damage state i
at time t without retrofit and yrer,i is the retrofit enhancement ratio to decrease seismic
vulnerability associated with damage state i. Since the median value of ground motion
intensity associated with a damage state increases while the corresponding standard
deviation remains the same, the corresponding failure probability is reduced after retrofit.

This concept is illustrated qualitatively in Figure 8.1.

8.4. EVALUATING COST OF RETROFIC ACTIONS

The total cost of retrofit actions for an entire bridge network during a time horizon can be

expressed as (Liu and Frangopol 2006)
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where k is the number of bridges in the bridge network; Ni*® is the number of retrofit
actions for bridge i during the investigated time span; Cij*® is the retrofit cost associated
with retrofit action j on bridge i; tjj is the application time of the retrofit; and r is the
discount rate. The retrofit cost of bridge i associated with retrofit action j can be
expressed as (Zhou et al. 2010)

CU-REt = Tt (Wi LiCres (8.4)

J
where Wi and Li are the width and length of the bridge i; rret; is the ratio of retrofit action

j to rebuilding cost; and cres is the unit rebuilding cost of a bridge.
8.5. FORMULATION OF THE OPTIMIZATION PROBLEM

The optimum prioritization of bridges for seismic retrofit is required under limited
resources. For network level retrofit management, effective decisions should be made
regarding the application timing of retrofit on each individual bridge within the network.
Optimum retrofit planning and prioritization of bridges during certain time horizon can
be obtained using a multi-objective optimization approach. Two conflicting objectives
are considered in the formulation of this problem (Frangopol 1995; Okasha and
Frangopol 2009). The first objective to be minimized is the maximum value of expected
economic loss during the investigated time span. Expected economic loss is selected as
the metric of sustainability to be included in the formulation of the optimization problem
due to the fact that it contains information on all metrics of sustainability including social

and environmental metrics. The second objective to be minimized is the total retrofit cost
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during the investigated time span. The solutions from the optimization process can
provide the information on the sequence of bridge retrofitting. Accordingly, the
information regarding bridge importance can be obtained.

The interaction among the modules of the proposed retrofit optimization
methodology is illustrated in Figure 8.2. The performance module handles the
computations associated with seismic hazard probabilities, seismic fragility,
consequences, and expected economic losses. The optimization module sends the
candidates for the design variables which are the timeline of retrofit actions for each
bridge within the network to the performance module and cost module. The constraint on
time span between consecutive actions can reflect the budget constraint. The performance
module delivers the value of the first objective function, which is the maximum value of
expected economic loss during a specified time horizon to the optimization module. The
cost module returns the total cost of retrofit actions for the entire network to the
optimization module. After an adequate number of generations, the optimization module
provides the Pareto optimum solutions for the timing of retrofit actions for each bridge.
The constraint associated with public safety is not considered directly. However,
probability of failure, as a measure of safety, is already accounted within the expected
economic losses.

The optimization problem is formulated as follows:

Given:
e Bridge network configuration and inventory

e Time-variant seismic vulnerability of each bridge
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e Probabilistic seismic scenarios of the region
e Traffic flow on each link
e Time-variant effects of retrofit actions on seismic performance of bridge

e Consequences associated with the damage conditions of bridge network

Find:
e Application timing of retrofit on each bridge within the network

e Type of the retrofit action

So that:
o Total retrofit cost (Cretrofit) for entire bridge network is minimized
e Maximum value of expected economic loss during investigated time interval is
minimized
Subject to:
e Time span between consecutive retrofit actions is greater than a prescribed
time interval

e The retrofit action should be performed within a specified time interval

8.6. ILLUSTRATIVE EXAMPLE

The methodology is illustrated on a highway bridge network located in the Orange
County, California. The schematic layout of the network of ten bridges (B1 to B10) is
presented in Figure 8.3. The bridges within the network can be classified in two

categories. Bridge 1 (B1) and bridge 9 (B9) are single span simply-supported concrete
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bridges. The remaining eight bridges are continuous concrete bridges. The steps of the
procedure are described in details in this section.
8.6.1. Time-variant probabilistic seismic vulnerability
The fragility curves are used to predict the conditional probability of structure exceeding
a certain damage state. The initial median values of ground motion intensity associated
with damage states for the two types of bridges located in the investigated bridge network
are based on Bas0z and Mander (1999). It is assumed that the median value associated
with a certain damage state remains 75% of the initial value after 75 years (Deco and
Frangopol 2013). The time effects on fragility curves for the continuous concrete bridges
are illustrated in Figure 8.4. .Links classified as intact, slightly damaged, moderately
damaged, and majorly damaged are represented by the values of the link damage index
LDI <0.5,0.5 <LDI <1.0, 1.0 < LDI < 1.5, and LDI > 1.5, respectively. The common
used definition associated with link damage state under seismic event is used herein
(Chang et al. 2000; Shinozuka et al. 2003; Shiraki et al. 2007). The time-variant
probabilities of link damage states under probabilistic seismic scenarios are evaluated in
order to be used in the computation of expected economic loss.
8.6.2. Time-variant sustainability assessment

The social metric is evaluated in terms of downtime and fatalities; the environmental
metric is evaluated based on the amount of energy waste and carbon dioxide emissions
(Dong et al. 2013). Social and environmental metrics of sustainability are converted to
economic metric by evaluating their associated monetary values. The economic metric is

quantified according to Eq. (8.1). The parameters of random variables associated with
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consequence evaluation are provided in Table 8.1. The uncertainties associated with these
parameters vary for different sources. The discount rate of money is assumed as r = 0.
The variation of annual expected economic loss for the entire network without retrofit is
provided in Figure 8.5. As indicated in this figure, the total economic loss associated with
the bridge network increases in time due to the effects of deterioration.
8.6.3. Seismic bridge retrofit actions

As the expected economic loss increases with time, there is a need to apply retrofit action
to bridges in network to reduce the potential risk to economy, society, and environment..
It is assumed that the retrofit action will increase the median value of ground motion
intensity associated with a certain damage state to a certain level for the bridges in the
bridge network. Based on Shinozuka et al. (2005), the enhancement ratios associated
with steel jacketing for median value of ground motion intensity are 55%, 75%, 104%,
and 145% for minor, moderate, major, and complete damage states, respectively. These
enhancement ratios for different damage states are assumed for all the bridges in this
network to reflect the effects of retrofit actions. The fragility curves for the continuous
concrete bridge with and without retrofit are shown in Figure 8.4. As indicated in the
Figure 8.4(a), the probability of the bridge being in moderate damage state under PGA =
0.5g is 0.19 without retrofit, while this value reduces to 0.045 with retrofit at t = 15 years.
Based on Kim et al. (2008), the retrofit cost is assumed to be 20% of rebuilding cost of

the bridge.
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8.6.4. Optimum solutions for retrofit planning
The optimization problem for finding the timeline of retrofit action on bridges of the
network is formulated as described previously. The multi-objective optimization problem
is solved using Genetic Algorithm provided in Global Optimization Toolbox of MATLAB
(MathWorks 2011). Figure 8.6 presents the Pareto optimal solution sets for three different
time horizons. These include 10, 20, and 30 year intervals, in order to illustrate the effect
of the time interval until an expected strong earthquake strikes the region. Each Pareto
solution corresponds to a retrofit cost and accordingly leads to different level of bridge
network performance in terms of expected annual risk. Solution A and Solution B
represent two different retrofit strategies which belong to the same Pareto set (30 year
time interval). A represents a low-risk high-cost solution with maximum annual expected
economic loss of 1.546 Million USD and total retrofit cost of 0.8794 Million USD.
Solution A includes the retrofit of Bridge 9 at t = 1 year and the retrofit of Bridges 1, 4,
and 8 at t = 13 years. The corresponding annual expected loss profile for Solution A is
presented in Figure 8.7. B represents a high risk low cost solution with maximum annual
expected economic loss of 2.663 Million USD and total retrofit cost of 0.1872 Million
USD. The decrease in retrofit cost associated with solution B results in higher maximum
annual expected economic loss compared to solution A. Solution B includes only the
retrofit of Bridge 3 at t = 18 years. The corresponding annual expected loss profile for
Solution B is also shown in Figure 8.7. It can be concluded from this figure that the risk
associated with seismic hazard to bridge network can be reduced significantly by

retrofitting the existing bridges within the network; however, the most suitable plan
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among the optimum solutions should be selected by the decision maker. In Figure 8.8 ()
and (b), the time-variation of annual expected economic loss for Solution C and Solution
D is presented.

The effect of different retrofit strategies regarding the number of retrofit actions is
also investigated. Figure 8.9 illustrates the Pareto optimal solution sets for two different
cases considering a 30 year time interval. These cases include: (a) only one retrofit action
for each bridge is available during this time interval, and (b) two retrofit actions are
available. It is assumed that the repair cost ratio and retrofit enhancement ratio for case
(b) are 50% of those for case (a). Solution E and Solution F in Figure 8.9 yield almost the
same retrofit cost, however Solution E results in slightly smaller maximum annual
expected loss. This indicates that case (b) provides better cost effective solutions. The
time-variation of annual expected loss for Solution E and Solution F is presented in
Figure 8.10(a). The 30 year retrofit plans for these two solutions are illustrated in Figure
8.10(b). The effect of the money discount rate (r) on the optimum solutions is also
investigated considering a 20 year interval. To illustrate this effect, the optimization
problem is solved for different values of r. The corresponding Pareto optimum solutions

associated with r =0, r =0.01, and r = 0.02 are provided in Figure 8.11.

8.7. CONCLUSIONS

This chapter provides a methodology for pre-earthquake retrofit optimization of bridge
networks to mitigate seismic damage to society, economy and environment. Finding
optimum pre-earthquake retrofit plans is formulated as a multi-criteria optimization

problem, where the total retrofit cost and maximum expected value of economic loss are
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considered as conflicting objectives. Genetic algorithms are used to solve the
optimization problem. The methodology is illustrated on a bridge network located in
Orange County, California.

The following conclusions can be drawn:

1. The prioritization of bridges within a network can be performed based on multi-
objective optimization approach. This approach provides the opportunity to observe
the optimum solutions with different trade-offs and select the one which fits best the
decision maker’s needs. Each of the Pareto optimal solutions corresponds to an
optimum retrofit plan indicating sequence and timing of bridge retrofitting. These
depend on the budget limit and maximum annual loss that the decision maker can
tolerate.

2. The economic metric of sustainability (i.e. expected economic loss) increases in
time due to deterioration. The retrofit planning depends on the budget limit; a higher
budget limit can provide an optimum retrofit planning with a smaller maximum
expected annual risk. The importance of the bridges can determine the retrofit
prioritization. The multi-objective optimization provides the decision makers a set
of different optimum retrofit strategies balancing conflicting objectives to fit their
needs.

3. The considered time interval for retrofit actions has impact on the optimal solutions.
The longer the time interval considered, the higher risk levels are obtained for same
retrofit costs; on the other hand, more resources can be allocated for retrofit of

bridges during the investigated time horizon.
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4. The number of retrofit actions applied on each bridge within the considered time
interval has effects on the optimal solutions. The case with two retrofit actions
associated with 50% reduction of the cost and enhancement ratio provides more cost
effective solutions than those associated with the case of one retrofit action

associated with 100% retrofit effects.
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Table 8.1

Parameters of the random variables associated with the consequences.

Distributi

Random Variables Mean cov

on Type
ADT Varies ? DNA? DNA @
ADTT/ADT ratio Varies? DNA? DNA @
Rebuilding costs 1292 USD/m? @ 0.22 LN?2
Compensation for truck drivers 29.28 USD/h? 0.31°2 LN?
Detour speed 30 km/h? 0.15% LN?
Embodied energy for concrete 3022 MJ/md® 0.24 LN
Embodied CO? for concrete 414 kg/m?3® 0.2¢ LN
Embodied energy for steel 245,757 MJ/m?3® 0.2¢ LN¢
Embodied CO? for steel 9,749 kg/m?3® 0.2¢ LN¢
Length of detour Varies ? [zNA DNA @
Wage for car drivers 23.36 USD/h? 0.28% LN?
Vehicle occupancies for cars 152 0.15% LN?
Vehicle occupancies for trucks 1.05¢2 0.152 LN @
Running costs for cars 0.4 USD/km @ 0.2°2 LN @
Running costs for trucks 0.56 USD/km? 0.22 LN?
Time value of a cargo 3.81 USD/h? 0.22 LN?
Value of a statistical life 6’200;000 Usb 0.452 LN
Cost value of CO emission 26 USD/t 0.45 ¢ LN
Cars CO2 emissions 0.22 kg/km© 0.2¢ LN ¢
Trucks CO2 emissions 0.56 kg/km© 0.24¢ LN¢

Note: LN=lognormal distribution; COV=coefficient of variation; DNA=does not apply;
3 pased on Deco and Frangol 2013; © based on Gallivan et al. 2010; ¢ assumed; © based on Alcorn 2003;
based on Kendall et al. 2008; The costs in USD refer to the year 2012.

244



EFFECTS OF TIME AND RETROFIT
ON FRAGILITY CURVES

o Probability of Exceeding a Damage State

Fragility curve att =t,

Fragility curve att =t

Initial fragility
curve Fragility curve att =t,

after a retrofit action

Time effects:
L -0
y— m(t) |

Pspsiime 1 Fragility curve att=t;

after a retrofit action

e =

\/
—
- —_

Retrofit Actionatt =t;

\

Retrofit Action at t

\
v

\

| |

Figure 8.1

Ground Motion Intensity (i.e., PGA)

Effects of time and retrofit on fragility curves

245



Performance Module

Metric of Sustainability

Seismic Hazard
Probabilities

Cost Module

|
I |
I ! _ Module _
| 1 Design Design
" 1 L/ariables Variables |
I Seismic :
: Fragility | Optimization
1| Consequences ! W'th.
| ! Objective Gen?tlc Objective
| Expected I Function1| ~ Algorithms Function 2
I Economic | ! - -
I Loss !
ittt I K/
Y
Pareto optimal solutions
for timing of retrofit
actions on each bridge
Figure 8.2 Interaction between computational modules

246

(Cost of a Retrofit
Action on a Single
Bridge

Y
Cost of All

Retrofit Actions
on a Single Bridge

Y
Total Cost of

Retrofit for
Entire Network




Orange County, CA

33.700°N ——— = —

"

0
33.620\\N o

33540ON -—- -

n
117.900°W 117.785° W 117.670°W

Legend

0 2

] Mile == Road links

0 2 @ Nodes connecting the links
| Kilometer

<> Bridges

Figure 8.3 Schematic layout of the investigated bridge network

247



—~
&

o @ 08 Continuous concrete b‘ridge -
£ Initial
29 6| — Without Retrofit ]
8= ---- With Retrofit 15 years
we
S8 04t 15 years
2o 30 years .-
- X
8502 Q-2 1
[} -z~
£3 ==
0 ______ L el | |
0 0.2 0.4 0.6 0.8 1
Peak Ground Acceleration (g)
®) 46

Continuous concrete b‘ridge

— Without Retrofit
0.4t ---- With Retrofit 15 years

Initial

Probability of Exceeding
Major Damage State

30 years
) 15 years
30 years
-\=‘= === =:\:§: -1
0 ‘ = o ‘
0 0.2 0.4 0.6 s |

Peak Ground Acceleration (g)

Figure 8.4 Time-variant fragility curves of continuous concrete bridges without/with

retrofit for (a) moderate damage state; and (b) major damage state

248



SN

Expected Economic
Loss

w

I
1 | ; |
o | Investigated
S, timeinterval &
N | N
O L L 1 L
0 20 40 60 80

Annual Expected Economic Loss (USD Millions)
N

Time (years)

Figure 8.5 Annual expected economic loss for the entire network without retrofit

249



@ 1.0k

o

= -

E "“(?El‘/ SOLUTION A Pareto Optimal Solutions

A 0.8f i %% ® 10 year interval 8
) .

2 Lk % ¢ 20 year interval

é 0.6 <>§ * % 30 year interval 1
S A * _ soLuTIONC

[«5]

S 04k--- O % % .
= ! (: SOLUTION D SOLUTION B

= L

' 0.2———‘1———'{3(----% Y \*e}?. ]
S N 2 A v *

> | ' |

i3] : o |

QL R | I I I 1 *
8 %.4 1.6 1. 2 2.2 2.4 2.6 2.8

Objective 1 - Maximum Annual Expected Economic Loss (USD Millions)

Figure 8.6 Pareto optimal solution sets for different time intervals

250



3
2 | Without Retrofit /'/
O ,/
o Retrofit Bridge 3 \,/’
= 251
[SITY
8 c
o 2 Retrofit Bridges
5 S - 1,4,and 8
° N
[<B]
S35
LIJ N
= 1.54
>
c
[
< Retrofit Bridge 9
1 | | | | |
0 5 10 15 20 25 30
(2013) Time (years) (2043)

Figure 8.7 Annual expected economic loss associated with Solution A and Solution B
in Figure 8.6

251



~—~
&

[EEN

~

| SOLUTIONC |

Lo
o

=
&

=
~

Retrofit Bridge 9

Retrofit Bridge 3

Annual Expected Economic Loss
(USD Millions)

131 ]
1'20 5 10 15 20
(2013) Time (years) (2033)
(b)
1.7

| SOLUTION D | Retrofit Bridge 1

)

=
18]
a1

(

15

Annual Expected Economic Loss
USD Millions

1'450 2 4 6 8 10

(2013) Time (years) (2023)

Figure 8.8 Annual expected economic loss associated with (a) Solution C and (b)

Solution D in Figure 8.6

252



¥

% |Objective 1: $1.635 x10¢i | 30 year interval

o
[ee]
T
'o
K=y
(9]
Q
=
<
(9]
»
«~
o
<=}
w
X
[N
o
&l
l.—
!

Pareto Optimal Solutions
* One time retrofit

%ﬁ%‘ ¢ Two times retrofit
ok o __.
|

SOLUTION F

o
o

Objective 2 - Total Retrofit Cost (USD Millions)

047 o iﬁ;%ﬁ | Objective 1: $ 1.756 ><106= |
o Vetr, | Objective 2: $5.82 x10° |
02 o YOV Ve * kS
5 e Yot
0 L : : L L L L L
1.4 1.6 1.8 2 2.2 2.4 2.6 %8

Objective 1 - Maximum Expected Economic Loss (USD Millions)

Figure 8.9 Pareto optimal solution sets for retrofit strategies including one time

retrofit and two times retrofit during 30 year time interval

253



1.75

SOLUTION E

1.651
SOLUTION F

1457

Annual Expected Economic Loss
(USD Miillions)
=
(6]
ol

1.35O 5 30
(2013) Time (years) (2043)
(b)
B9 B1 and B4
Solution I‘/
F B9 Bl B9 B8 B10
Solution _.é____#i{___ié _______
E
| B Retrofit Action |
| | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
0 5 10 15 20 25 30
(2013) (2043)

Figure 8.10  (a) Annual expected economic loss of the bridge network associated with
Solution E and Solution F in Figure 9; (b) retrofit plans associated with

Solution E and Solution F

254



o
o

<> Pareto Optimal Solutions
20 year interval

o
ol

04+ <> <> O r=0 i
X r=0.01
O r=0.02

o
N
—

. %W >§§<<§% XXXX <> <> |

©
-

Obijective 2 - Total Retrofit Cost (USD Millions)
o
w

[ I I I
95~ 1.7 1.9 2.1 2.3
Objective 1 - Maximum Annual Expected Economic Loss (USD Millions)

Figure 8.11  Pareto optimal solutions associated with different money discount rates

during 20 year time interval

255



CHAPTER 9
OPTIMIZING BRIDGE NETWORK RETROFIT PLANNING
BASED ON COST-BENEFIT AND MULTI-ATTRIBUTE

UTILITY

9.1. INTRODUCTION

Seismic mitigation strategies for highway bridges can be compared by carrying out a
cost-benefit analysis, in which costs of the intervention actions are directly compared to
their benefits. The cost and benefit of each mitigation alternative may be evaluated via a
risk assessment that considers a broad variety of consequences of bridge failure. An
effective sustainability-based performance indicator must incorporate the consequences
associated with structural failure within a risk assessment context. Dong et al. (2013,
2014a) investigated the seismic performance of both individual bridges and bridge
networks in terms of sustainability by quantifying their associated social and
environmental metrics in terms of cost. The accuracy of the results associated with the
approach presented in Dong et al. (2013, 2014a) depends on the accuracy of the monetary
evaluation of the social and environmental metrics. Consequently, a global sustainability
performance measure that considers a particular balance between social, economic, and
environmental metrics is needed. The ideal combination of the different attributes
comprising sustainability can be determined by employing Multi-Attribute Utility Theory

(MAUT). The goal of MAUT, within this context, is to transfer the three metrics of
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sustainability into one combined value that has a single unit; this multi-attribute
performance metric is representative of sustainability under seismic hazard. Kenney and
Wood (1977) introduced MAUT with an application involving water resource
development planning considering multiple conflicting objectives involving the effect of
economic, environmental, social, and technical attributes. Jiménez et al. (2003) presented
a less demanding approach for the decision maker; within this approach, the decision
maker provides acceptable ranges for the weight and utility assessment. Although there
have been some efforts to investigate the seismic mitigation of civil infrastructure, there
is a lack of research that focuses on the evaluation of sustainability-based seismic
performance of transportation networks employing MAUT.

The methodology utilized within this chapter performs a variety of tasks to quantify
the sustainability performance of bridge networks and integrate multi-criteria
optimization techniques with cost-benefit analysis to find optimum retrofit strategies.
Within the presented methodology, the desirability of each alternative (i.e., retrofit plan)
depends on three attributes (i.e., social, economic, and environmental impacts), all of
which are measured with different units. Thus, there is a need to establish a consistent
range of values that each attribute may take so that they are directly comparable to each
other. Utility theory may be applied in order to normalize each attribute value to a scale
between 0 and 1. The formulation of the utility function corresponding to each attribute
greatly depends on the knowledge and preferential characteristics of the decision maker.
A multi-attribute utility function can be developed that considers the weighted relative

utility value corresponding to each attribute involved. The alternative that provides the

257



highest utility is the preferred solution (Howard and Matheson 1989). Within this chapter,
the resulting multi-attribute utility function represents a sustainability metric that
effectively weighs the contribution of impacts to society, the economy, and the
environment.

In addition to multi-attribute utility concepts, cost-benefit analysis may be
incorporated into an intervention optimization framework. Previous research efforts
associated with retrofit cost-benefit analysis evaluated both cost and benefit in terms of
monetary values. Liel and Deierlein (2013) evaluated various retrofit strategies in
monetary terms for older concrete frame buildings considering repair loss and fatalities.
Padgett et al. (2010) examined the cost effectiveness of implementing different seismic
retrofit strategies to four types of non-seismically designed bridges considering the life-
cycle risk as a performance indicator. Zhou et al. (2010) proposed a simulation-based
approach to evaluate the socio-economic effects of seismic retrofit on highway bridges.
These studies concerning cost-benefit analyses were mainly focused on the effects of
retrofit actions on the resulting cost-benefit, without performing optimization to obtain
the best types of retrofit actions for infrastructure systems. Dong et al. (2014b) presented
a framework for the pre-earthquake bridge network retrofit optimization based on
sustainability; in this framework, the sustainability is evaluated in terms of monetary
value and the benefit associated with the retrofit plans is not considered. Explicitly
quantifying the relationship between mitigation effectiveness and its cost can facilitate
effective decision-making for investment in seismic safety within bridge networks. In this

chapter, the cost and benefit corresponding to each alternative are evaluated in terms of
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utility measured in consistent units to allow for direct comparison. The benefit of a
seismic retrofit action performed on a bridge within a network may be evaluated
considering a prescribed time interval, earthquake model, and seismic performance
profile specific to the bridge. In order to compute the benefit of a specific alternative, the
seismic loss in terms of utility considering no retrofit is subtracted from the utility
corresponding to the consequences obtained considering retrofit. The time variability of
seismic vulnerability of infrastructure systems is considered herein within a
comprehensive risk management planning procedure. The utility values associated with
the cost and benefit of retrofit actions may be utilized as objectives within an
optimization procedure in order to obtain the best retrofit plan for a bridge network.

In this chapter, a framework for the cost-benefit based retrofit optimization of
highway bridge networks is presented. The methodology utilized within this work can
quantify sustainability-based seismic performance in terms of utility at the network level.
The presented approach effectively employs multi-criteria optimization techniques in
order to determine optimum retrofit strategies that reduce the extent of earthquake
damage to society, the economy, and the environment, while simultaneously minimizing
retrofit costs. The total benefit associated with a retrofit plan is quantified in terms of the
reduction in the seismic loss during a given time interval. The utility of both the cost and
benefit corresponding to alternatives are utilized within a bi-objective optimization that
determines optimal retrofit plans for a bridge network. Additionally, the retrofit actions
associated with varying improvement levels are accounted for. A genetic algorithm (GA)

based optimization procedure is adopted herein to find the optimal retrofit action for each
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bridge with a network. This approach can provide optimal intervention strategies to the
decision maker that will ultimately allow for informed decision making regarding retrofit
of a highway bridge network. The work in this chapter is based on a published paper

Dong et al. (2015).

9.2. MULTI-ATTRIBUTE SUSTAINABILITY ASSESSMENT OF

BRIDGE NETWORK UNDER SEISMIC HAZARD

The sustainability performance indicator may be quantified in terms of social, economic,
and environmental consequences. These consequences include the extra travel time and
distance that drivers must endure in addition to any fatalities that may occur (social
impact); energy consumption and carbon dioxide emissions (environmental
consequences); and rebuilding and repair costs (economic losses). Detailed information
concerning the probabilistic evaluation of the annual consequences can be found in Dong
et al. (2014a). The loss associated with seismic scenarios is computed as the sum of
consequences weighted with the probabilities of these consequences occurring. In this
chapter, seismic sustainability is calculated considering the possible earthquakes that can
occur in a region (Dong et al. 2014a). The expected metric of sustainability can be

expressed as

TSM =TZ“ZN“ NSM (t)- p, 9.1)

t=1 k=1
where N is the total number of seismic scenarios under investigation; px is the annual

probability of occurrence of hazard k; and NSM is the annual sustainability metrics. The

NSM were computed in Chapter 5. Based on this equation, the total extra travel time ET,
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extra travel distance ED, number of fatalities FA, total repair loss Rrep, and CO2
emissions EN could be computed accordingly. For example, the extra travel time for the

user in a bridge network can be expressed as (Dong et al. 2014a)

Toax N n 4 |.
]

I D.
ET = ZZZZ PLDSj,i\IM K (t)dij [ADEij (t)(S -+ ADTij (t) ?J] Py (9.2)

t=1 k=1 j=1 i=1 D,j 0.j

where n is the number of links in the transportation network; N is the total number of
seismic scenarios under investigation; px is the annual probability of occurrence of hazard
k; PLps;j,iimk(t) is the conditional probability of the jth link being in damage state i after an
earthquake k occurs at time t; dj is the downtime associated with the ith damage state of
the jth link (days); ADT;; is average daily traffic that is detoured at the jth link in damage
state i; Dj is length of the detour for the jth link (km); S is the detour speed (km/h); ADE;;
is the average daily traffic remaining at the jth link in damage state i; I; is the length of
link j (km); So is the traffic speed on intact link j (km/h); Sp is the traffic speed on
damaged link j (km/h); and Tmax is the time horizon under investigation (years).

The effects of retrofit actions may be evaluated by modifying the fragility curves
associated with different damage states. In order to reflect the effects of retrofit actions
performed on a single bridge, the median value of the ground motion intensity is
modified accordingly. The time-variant median value of ground motion intensity
including the effects of retrofit actions can be expressed as (based on Shinozuka et al.
2005)

M rer =M A+ Yreri RY) (9.3)
where m; is the median value of ground motion intensity associated with damage state i
without retrofit; yreti is the retrofit enhancement ratio that proportionally decreases
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seismic vulnerability associated with damage state i; and Ry is the retrofit level. Ry may
take a value between 0 and 1; a retrofit action with the ability to fully strengthen the
seismic performance of a bridge corresponds to a retrofit level equal to 1 (i.e., R = 1.00).
Other retrofit levels may also be considered including Ry = 0.25 and R, = 0.50; these
intervention options have the capability to strengthen the seismic performance of a bridge
by 25% and 50%, respectively. In practice, these two retrofit options correspond to partial
steel jacketing of a bridge column. Since the performance of each link is directly related
to the performance of the bridges on the link, the seismic performance of the link is
improved by considering the retrofit enhancement ratio yret,i.

Next, the cost of implementing a retrofit action to each bridge is used to calculate the
total retrofit cost associated with a bridge network. The total retrofit cost for an entire

bridge network can be expressed as (Kim et al. 2008; Dong et al. 2014b)

Cra = Z MRet RIWj LjCREB (9-4)
=1

where rret is the ratio of retrofit action to rebuilding cost.
9.3. UTILITY ASSESSMENT FOR COST AND BENEFIT

The computational process adopted herein for the multi-attribute utility assessment of a
bridge network under seismic hazard is illustrated in Figure 9.1. This figure highlights the
processes of calculating the utility associated with the metrics of sustainability.

9.3.1. Utility function for seismic retrofit costs
The formulation of a utility function that depicts the relative value of retrofit cost

investment to the decision maker considering his or her particular risk attitude is
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presented in this section. The retrofit strategies associated with high utility values
correspond to relatively small retrofit costs and are generally preferred to those associated
with small utility values (Howard and Matheson 1989). Given the maximum cost that the
decision maker can tolerate, a utility function associated with the retrofit cost considering
the attitude of the decision maker may be obtained. The utility associated with a given

retrofit cost can be expressed as (Ang and Tang 1984)

1 Crax—C
— 1— eXp (_7/ max Ret ) (95)
1- exXp (_7) Cmax

where Cret is the total expected retrofit cost; y indicates the risk attitude of the decision

Uc

maker (i.e., y > 0 indicates risk-aversion); and Cmax denotes the maximum retrofit cost
which is utilized to normalize the utility function so that it always takes values between 0
and 1. Considering the same retrofit alternative, a risk averse attitude will always yield a
higher utility than that produced from a risk-accepting attitude.
9.3.2. Utility functions associated with metrics of sustainability

The utility functions associated with each attribute considered within the sustainability
assessment (social, economic, and environmental metrics) are established considering an
exponential form. Other types of utility functions can also be incorporated within this
approach. All sub-attributes (e.g., extra travel time, extra travel distance, and number of
fatalities are combined to form the social attribute) are analyzed separately and a utility
function corresponding to each of them is formulated. The first step in determining
appropriate exponential utility functions associated with each sub-attribute is to record
the minimum and maximum values each sub-attribute value may take. Additionally, the
value of a sub-attribute that corresponds to a utility value of 0.5 is also considered as
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input into this problem. Utilizing three points that are assumed to lie along a sub-
attribute’s utility function, a curve may be fitted, and a closed formulation of this function
may be determined considering the following generalized function (Min 1994)

u(x)=a+b-exp(—c-x) (9.6)
where a, b, and c represent constants in the generalized form for each sub-attribute’s

utility function. Then, utility functions corresponding to each attribute (i.e., social,
economic, and environmental) are computed considering a weighted average of the utility
functions associated with each sub-attribute.
9.3.3. Multi-attribute utility assessment

Once the utility function associated with each attribute of sustainability is appropriately
established, a multi-attribute utility that effectively represents all aspects of sustainability
can be obtained by combining the utility functions associated with each attribute. Within
the additive formulation for the multi-attribute utility function, utility values associated
with each attribute are multiplied by weighting factors and summed over all attributes
involved (Stewart 1996). The additive form of the multi-attribute utility function is
adopted herein. The multi-attribute utility associated with a bridge network’s total
sustainability without and with retrofit effects can be computed as (Jiménez et al. 2003)

(Env,) (9.7a)
Eco (ECOR) + WSocu Soc (SOCR) + WEnvu Env (EnVR) (97b)
where Weco, Wsoe, and Weny are the weighting factors corresponding to each sustainability

Ug o = WgoU

Eco ™ Eco

(Eco,) + Wg, Ug,.(SOC,) + W, u

Soc Env

Ugr = WgU

Eco

Metric; Ueco, Usoc, @and Ueny are the utility functions for the economic, social, and
environmental attributes, respectively; Ecoo, Soco, and Envo are the expected values of the
three metrics of sustainability without retrofit; and Ecor, Socr, and Envr are the expected

values of the three metrics of sustainability considering retrofit.
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The weighting factor associated with each sustainability metric is calculated
considering information obtained from the decision maker. Typically, these weighting
factors are not explicitly known or are difficult to assess for certain decision makers.
Jiménez et al. (2003) proposed a method where lower and upper bounds for the
weighting factors are utilized as input for the decision making problem. A normalized
weight associated with each sustainability metric is calculated considering the lower and
upper bounds given by the decision maker. The normalized weight for attribute i can be

computed as (Jiménez et al. 2003)

L U
_ W W (9.8)

- 3
ZWiL +w,”
i=1

where wi- and wiV are the lower and upper bounds for the weights provided by the

decision maker for attribute i. Note that this method is just one way to quantify the
weighting factors and that it is always ideal to include information about the decision
maker’s preferences in this process.
9.34. Utility value associated with benefit

The final part of the utility assessment involves determining the utility associated with
the benefit of retrofit. Quantification of the relationship between mitigation benefit and
its cost can facilitate effective decision-making for investment in seismic safety within
bridge networks. The benefit of a seismic retrofit action performed on a bridge within a
network may be evaluated considering a certain time interval, earthquake model, and the
bridge’s seismic performance. The utility associated with the sustainability metrics with
and without retrofit actions can be assessed using multi-attribute utility in terms of a

single utility value. Consequently, the benefit of retrofitting is evaluated by subtracting
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the multi-attribute utility associated with expected sustainability considering no retrofit
from the utility value corresponding to the expected sustainability of a bridge network
with retrofit performed. The benefit associated with retrofit actions in terms of utility can

be expressed as

uB(me):uS,R(rmax)_uS,O(Tmax) (9-9)
where usr represents the multi-attribute utility value corresponding to the expected

sustainability of a bridge network with retrofit performed and us is the utility associated
with expected sustainability considering no retrofit.

In order to directly compare the cost and benefit associated with a retrofit alternative
and determine the overall effectiveness of a particular retrofit plan, a cost-benefit

indicator is adopted herein. The cost-benefit indicator is calculated as follows

CBRET (Tnax):uB(Tnax)_(l_uC) (910)
The first term on the right side of Eq. (9.10) represents the benefit utility associated with

retrofit while the second term denotes the cost utility. More specifically, within the
parentheses contained in the second term, the integer, 1, corresponds to a cost utility
considering no retrofit. The cost-benefit indicator essentially measures the effectiveness
of a retrofit plan, taking on values between -1 and 1. Values less than 0 indicate that
retrofit is not cost-effective while values greater than O denote that it is beneficial to

perform retrofit.

94. OPTIMIZATION OF BRIDGE NETWORK RETROFIT PLANNING

The result of applying single- and multi-attribute utility approaches are two utility

functions: the first quantifies the relative value of retrofit investment costs considering

266



the risk attitude of the decision maker and the second indicates the benefit of each
alternative expressed in terms of the utility of the sustainability metric. These two utility
functions are further employed within an optimization procedure as the objective
functions selected to be maximized. The optimization process embedded within the
proposed retrofit strategy methodology is illustrated in Figure 9.2. The utility value
associated with both retrofit cost and benefit are sent to the optimization module in order
to determine the set of Pareto optimum solutions detailing retrofit planning for a bridge
network. GAs are employed with an adequate number of generations in order to obtain
the set of Pareto optimum solutions for the bi-objective problem (Okasha and Frangopol
2009; Frangopol 2011). GAs are tools that are used to solve multi-objective optimization
problems; these algorithms are ultimately inspired by the mechanisms of natural selection
and the biological theory of evolution (Goldberg 1989).
The bi-objective optimization problem can be formulated as follows:

Given:

e Bridge network configuration including the geometry, physical characteristics,
location, and time-variant seismic vulnerability of each bridge (information
associated with Egs. (9.1) and (9.2))

e Representative probabilistic seismic scenarios for the region investigated

e Traffic flow on each link and link damage states

e The effects of retrofit actions on the seismic performance of each bridge (yret,i

and Ry in Eq. (9.3))
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e Consequences associated with the damage state of each bridge within the
network
e The utility function (Eq. (9.6)) and weighting factor associated with each
attribute and sub-attribute of sustainability (determined by the decision maker;
wit and wiV in Eq. (9.10))
e Risk attitude of the decision maker toward the total retrofit cost (y in Eq. (9.5))
e Time horizon under investigation (Tmax)
Find:
e Type of retrofit action performed on each bridge within the network at the
beginning of the time interval investigated
So that:
e The utility associated with the retrofit cost for the entire bridge network is
maximized
e The utility associated with the retrofit benefit considering a specific time
interval is maximized
Subjected to:
e The seismic performance of each bridge within the network should always be
larger than a prescribed value

e The total cost of retrofit should be less than a prescribed monetary value
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9.5. CASE STUDY

The proposed methodology is illustrated on an existing highway bridge network located
in Alameda, California. The schematic layout of the transportation network consisting of
15 bridges (B1, B2, ..., B15) is presented in Figure 9.3. The time-variant sustainability of
this bridge network under seismic hazard was previously investigated by Dong et al.
(2014a). This chapter presents a framework that performs retrofit optimization for bridges
within the network by employing utility theory and cost-benefit analysis. A more detailed
description and discussion of this particular bridge network can be found in Dong et al.
(2014a).

9.5.1. Seismic vulnerability considering retrofit actions
The initial step in this illustrative study is to determine the time-dependent seismic
vulnerability profile associated with each bridge within the network under probabilistic
seismic scenarios. An in-depth explanation of the generation of probabilistic seismic
scenarios and seismic vulnerability assessment of bridge networks can be found in Dong
et al. (2014a).

The effects of retrofit actions on the seismic fragility of a single bridge may be
calculated using Eq. (9.3). It is assumed that a retrofit action increases the median value
of ground motion intensity associated with a certain damage state to a particular level for
each bridge in the network. Based on Shinozuka et al. (2005), the enhancement ratios
(yret In Eq. (9.3)) associated with full steel jacketing for median value of ground motion
intensity are assumed to be 55%, 75%, 104%, and 145% for minor, moderate, major, and
complete damage states, respectively. Additionally, the retrofit level, represented by R) in
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Eq. (9.3), is considered within this analysis. A retrofit action with the ability to fully
restore the seismic performance of a bridge corresponds to a retrofit level equal to 1
(retrofit option 3; R = 1). Retrofit option 1 (R = 0.25) and retrofit option 2 (R, = 0.50) are
adopted as additional possible retrofit actions. Thus, if a retrofit is performed on a bridge
within the network, there are three possible actions that may be implemented that vary by
their ability to strengthen bridge seismic performance. The fragility curves associated
with continuous concrete bridges considering various retrofit actions are indicated in
Figure 9.4. In order to compute the fragility curves corresponding to another type of
bridge, Eq. (9.3) is utilized considering that particular bridge’s seismic characteristics. As
shown in Figure 9.4, the seismic vulnerability of a continuous concrete bridge decreases
with an increase in R;. Additionally, retrofit option 3 provides the highest increase in the
seismic strength of the bridge. Based on Kim et al. (2008), the retrofit cost ratio (rret in
Eqg. (9.4)) associated with retrofit option 3 (Ri = 1.0) is assumed to be 20% of the
rebuilding cost of the bridge. Based on this assumption, the retrofit cost ratio is taken as
5% and 10% for retrofit option 1 (R = 0.25) and retrofit option 2 (R = 0.50),
respectively.
9.5.2. Utility assessment for retrofit costs and sustainability metrics

The next part of the seismic retrofit assessment consists of calculating the utility
associated with retrofit cost. A utility function associated with the retrofit cost
considering the attitude of the decision maker may be obtained utilizing Eq. (9.5) with
Cmax = $16M (i.e., 16 Million USD) and y = 2. This formulation for the cost utility

accounts for the decision maker’s preference to investing money in the face of risk.
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In addition to the utility associated with the cost of retrofit, the utility corresponding
to the seismic sustainability performance metric in terms of social, economic, and
environmental attributes must be determined. All the parameters associated with the
random variables used in the sustainability assessment are provided in Table 9.1 and the
discount rate of the money is taken as r = 0.02. The time-variant expected value
corresponding to each sub-attribute of sustainability is shown in Figure 9.5.

Once the expected value of each sustainability sub-attribute is calculated for an
investigated time horizon of Tmax = 30 years, they may be transferred to utility
considering the formulation in Eg. (9.6). The utility values associated with all
sustainability sub-attributes for every bridge in the network are shown in Table 9.2. This
table summarizes the range and mid-point value corresponding to each sub-attribute in
addition to the lower and upper bounds associated with their respective weights (wi- and
wiV in Eqg. (9.8)). The weighting factors shown in Table 9.2 are dictated by the decision
maker’s preferences and their values herein are used as examples to illustrate the
proposed retrofit optimization framework; ultimately, actual input from the decision
maker is needed to perform a complete assessment of retrofit effectiveness in terms of
sustainability. Furthermore, the utility associated with each attribute can be computed
considering a weighted average of its sub-attributes; each sub-attribute’s utility value is
weighted with its corresponding ratio shown in Table 9.3 and summed in order to
formulate a single utility value associated with each attribute of sustainability. The next
step involves calculating a utility value corresponding to the entire sustainability metric

(i.e., including impacts to society, the economy, and the environment). Egs. (9.7a) and
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(9.7b) are used to calculate the multi-attribute utility associated with a bridge network’s
total sustainability without and with retrofit effects. The weighting factors used within
Eq. (9.7) are shown in Table 9.3; these weighting factors are determined using Eq. (9.9)
and the given upper and lower bounds in Table 9.2. The final part of the utility
assessment involves determining the utility associated with the benefit of retrofit. The
benefit of retrofitting is evaluated by subtracting the multi-attribute utility associated with
expected sustainability considering no retrofit from the utility value corresponding to the
expected sustainability of a bridge network with retrofit performed. The benefit in terms
of utility value can be computed using Eqg. (9.9).

Next, the cost effectiveness of various intervention alternatives are explored based on
the cost-benefit indicator calculated using Eqg. (9.9). As shown in Table 9.4, the cost-
benefit indicators associated with retrofit option 1 (R, = 0.25) and retrofit option 2 (R| =
0.50) are larger than those corresponding to retrofit option 3 (R, = 1.00) considering the
same time interval. In this table, it is assumed that all the bridges within the network are
retrofit using the same intervention option. Table 9.4 demonstrates that even though
retrofit option 1 is the most effective intervention in terms of the cost-benefit indicator, it
yields a smaller utility value associated with benefit compared to retrofit option 2 and 3
under the same time interval. As indicated, the cost-benefit indicator increases as the time
interval becomes large; it is more beneficial to retrofit when investigating large time
horizons. Overall, it is not reasonable to consider just the cost or the benefit alone to
determine an optimal solution; rather, the cost and benefit need to be examined together

to determine the effectiveness of an alternative.
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9.5.3. Pareto optimal retrofit planning
The bi-objective optimization problem is solved utilizing a procedure that employs GAs.
The Global Optimization Toolbox created by Matlab (MathWorks 2011) is adopted in
this chapter in order to obtain optimal retrofit planning for the bridges located in the
network. The illustrative retrofit optimization problem presented in this chapter was
solved using Matlab on a Dell Precision R5500 rack workstation equipped with two six
cores X5675 Intel Xeon processors with 3.06 GHz clock speed and 24 GB DDR3
memory.

The Pareto optimal solutions obtained considering a time interval of 30 years and a
risk averse attitude (y = 2) are shown in Figure 9.6a. The retrofit planning strategies
corresponding to solutions A, B, and C in Figure 9.6a are shown in Figure 9.6b. These
three solutions represent retrofit plans that correspond to different values of utility
associated with cost and benefit. Solution A represents a low-cost, low-benefit solution
with a cost utility equal to 0.993 and a benefit utility equal to 0.370. The retrofit strategy
corresponding to solution A is represented in Figure 9.6b. Bridge B2 is retrofit with
option 3 (R = 1.0), B8 is retrofit using option 1 (R; = 0.25), and B10 and B14 are retrofit
using option 2 (R; = 0.50). Solutions B and C are also summarized in a similar manner in
Figure 9.6b. As evidenced by Figure 9.6, the utility associated with the benefit increases
significantly as retrofit actions are applied to more bridges within the network. In
addition to the Pareto optimal set of solutions depicted in Figure 9.6, the values
corresponding to each sub-attribute of sustainability may also be examined. Table 9.5

tabulates the value of each sub-attribute of sustainability and the total retrofit costs

273



corresponding to the three representative solutions chosen from Figure 9.6. Solution C is
the highest cost alternative; however, it yields relatively low consequences in terms of
social, environmental, and economic impacts. Conversely, solution A is associated with
the lowest retrofit cost and the highest relative consequences. When comparing solutions
A and B, it is evident that solution B results in a larger utility benefit but at the expense of
a relatively lower cost utility.

The effects of the investigated time interval on the Pareto optimal solution set are
also studied in this chapter. The time intervals examined include 20 and 30 years, while y
= 2 is adopted as the risk attitude parameter within the utility function associated with the
retrofit cost (see Eq. (9.5)). The Pareto optimal solutions associated with 20 and 30 year
time intervals are indicated in Figure 9.7. As shown in this figure, for the same utility
associated with retrofit cost, the 30 year time interval always yields a higher benefit
utility than that corresponding to the 20 year time interval. Additionally, there are no
Pareto optimal solutions associated with cost utility values smaller than 0.38 considering
the 20 year time interval. However, the Pareto front associated with a 30 year time
horizon yields optimal solutions for cost utility values less than 0.38. Thus, for a smaller
time interval, it is not beneficial to retrofit the bridges within the network. Ultimately, the
time interval under investigation has great effects on the Pareto optimal solutions.

In addition to the investigated time horizon, a sensitivity analysis is carried out
considering different risk attitudes. Pareto optimum solution sets considering the attitude
of the decision maker toward retrofit costs are shown in Figure 9.8a. A risk averse

attitude (y = 2) yields alternatives associated with high benefit utility while a risk
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accepting attitude (y = -2) provides optimal solutions that correspond to smaller utility
values associated with benefit. In other words, considering the same utility associated
with retrofit costs, a risk averse decision maker will identify with a higher benefit utility
value while a risk accepting attitude will be associated with a smaller utility associated
with benefit. The corresponding retrofit strategies associated with representative optimal
solutions D and E are indicated in Figure 9.8b. Solution E includes the retrofit of 13

bridges while solution D calls for the retrofit of all 15 bridges within the network.

9.6. CONCLUSIONS

This chapter presents a framework for seismic retrofit optimization of bridge networks to
mitigate seismic damage to society, the economy, and the environment by MAUT.
Optimum seismic retrofit planning is formulated as a multi-criteria optimization problem
where the utility associated with total retrofit costs and utility corresponding to benefit of
retrofit options are considered as conflicting objectives. Genetic algorithms are used to
solve the optimization problem for an existing bridge network located in California.

The following conclusions can be drawn:

1. The three metrics of sustainability (i.e., social, environmental, and economic) are of
vital importance for the seismic performance evaluation of infrastructures systems.
Multi-attribute utility theory can provide a general approach to evaluate the
sustainability of bridge networks in terms of utility value, considering a multi-
attribute utility function that employs weighting factors.

2. The consequences associated with the three metrics of sustainability can be

evaluated by employing utility theory. Overall, the consequences of bridge network
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seismic performance may be evaluated based on professional judgment and existing
information while utility theory can be employed to quantify the decision maker’s
preference.

Optimum retrofit plans for bridge networks can be obtained by using a multi-
objective optimization approach, resulting in a set of Pareto optimal solutions. This
allows decision makers to make informed decisions based on their particular
preference between the outcomes of the multiple objectives within the optimization
problem.

. The cost-benefit evaluation and optimization of retrofit actions can produce the best
retrofit planning considering the utility associated with both the cost and benefit.
The cost and benefit should be considered together to determine the effectiveness of
an alternative.

. The time interval under investigation and risk attitude of the decision maker have
great impacts on the optimal solutions resulting from the proposed framework. For
retrofit planning of the same bridge network, a longer time interval always yields a
higher utility associated with benefit than that corresponding to a shorter time

interval.
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Table 9.1 Parameters of the random variables associated with the consequences

Random variables Mean Ccov Distribution
type
ADT Varies 2 DNA DNA
ADTT/ADT ratio Varies? DNA DNA
Detour additional Varies? DNA DNA
distance
Rebuilding costs 1292 USD/m??¢ 0.2 LN
Fatalltle_s assoc_lated with 41542 04 LN
bridge failure
Detour speed 30 km/h @ 0.15 LN
Carbon emissions
associated with 159 kg/m? P 0.2 LN

construction
Energy consumption
associated with 2.05 GJ/m?® 0.2 LN
construction

Cars COz emissions 0.22 kg/km # 0.2 LN

Trucks CO, emissions 0.56 kg/km? 0.2 LN

Energy consumption

a
associated with detour 3.80 MJ/km 0.2 LN

Note: LN=Ilognormal distribution; COV=coefficient of variation;
DNA=does not apply; 2 based on Dong et al. (2014a); ® based on Dequidt (2012);
the costs in USD refer to the year 2013.
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Table 9.2

Information regarding sustainability sub-attributes for utility function

formulation
Weight . .
. . Range Mid-point
Attribute interval attsr?t?ute “?Sﬁ.sti;e ’ i
Lower Upper Worst  Best Level  Utility
Extratravel 0 19x105 0 06x10° 05
time
Social 0.23 0.46 Ext.ratravel km 6x10° 0 3 05
distance
Fatalities number 3.5 0 15 0.5
Carbon
dioxide kg 2.5x10° 0 1.0x10° 0.5
Environment  0.08 0.15 emissions
Energy 16x107 0  0.6x107 05
consumption
Economic 0.25 0.42  Repair loss USD  5.0x10° 0 2.0x10° 05
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Table 9.3 Utility values associated with the bridge network without retrofit

considering a 30-year interval

Attribute Expected Utility  Ratio Weighting  Expected
value factor utility
Extratravel 4 106, 105 00616 0.25
time (hour)
Social Extra travel 6 0.43
distance (km) 5.529 x 10 0.0785 0.25
Fatalities (no.) 3.01 0.1074 0.5
Carbon
dioxide 2425x10° 00197 05 0.0643
Environment emissions (kg) 0.15
Energy
consumption 1.520 x 10’ 0.0293 0.5
(M)
. Repair loss 6
Economic (USD) 4.60 x 10 0.0534 1 0.42
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Table 9.4 Cost-benefit indicators resulting from the same retrofit option being

applied to all bridges within the network

Retrofitaction 1Jme interval, - Benefit Cost-benefit
Trax (years) utility, us  indicator, CBgrer

5 0.097 -0.004

1 10 0.186 0.086
(Ri=0.25) 20 0.349 0245
30 0.501 0.400

5 0.133 -0.133

2 10 0.257 -0.009
(Ri=0.50) 20 0.485 0.220
30 0.702 0.436

5 0.158 -0.825

3 10 0.306 -0.677

(Ri = 1.00) 20 0.583 0400
30 0.846 0.137
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Table 9.5 Expected values of the sub-attributes of sustainability and retrofit costs

associated with solution A, B, C, and the case without retrofit

Attribute W'tho.Ut Solution A Solution B Solution C
retrofit
H 5
Extra travel time (10 1.126 0.341 0.07 0.0382
hours)
Social ~ EXvataveldistance g oo 1.702 0.035 0.0191
(106 km)
Fatalities (no) 3.01 1 0.0461 0.0354
Carbon dioxide
ermissions (10° ka) 2.425 1.337 0.364 0.191
Environment _
Energy consumption 1.52 1.235 0.463 0.245
(10%3))
Economic  epair loss (millions 46 3.373 1.064 0.573
uSD)
Cost  retrofit cost (millions 0 0.358 7.059 15.142

USD)
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Figure 9.3
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CHAPTER 10
PROBABILISTIC SHIP COLLISION RISK AND
SUSTAINABILITY ASSESSMENT CONSIDERING RISK

ATTITUDES

10.1. INTRODUCTION

Ship collisions can have detrimental impacts on the environment, society, and economy.
It is of vital importance to evaluate collision risk in order to plan preventive actions and
be sufficiently prepared for possible oil spills and other associated events with negative
consequences. The International Maritime Organization (IMO) has paid increasing
attention to performance-based standards to ensure adequate safety and reliability of ship
structures under extreme events (IMO 2002). In order to evaluate ship collision risk, it is
necessary to develop a methodology that integrates the probability of occurrence of
collision in a water area, vulnerability assessment of a ship, and probabilistic
consequences of collision on society, environment, and economy. In general,
sustainability can be quantified in terms of economic, social, and environmental metrics
(Pearce and Vanegas 2002; Taylor and Fletcher 2006; Whittmore 2010). Further research
must be conducted in order to assess ship collision risk in terms of sustainability and
ensure the safety of marine transportation systems.

A predominant part of past studies regarding ship collision focused on determining

the probability of this event based on probabilistic scenarios (Fujii and Tanake 1971;
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Macduff 1974; Montewka et al. 2010). Although these studies described procedures to
obtain the probability of ship collision, none has focused on the evaluation of
consequences associated with collision. The consequence assessment of damaged ships is
crucial for risk-informed decision making after an accident (Saydam and Frangopol
2013). Very little research has been carried out that properly integrates the probability of
ship collision with the consequences associated with collision events into a
comprehensive risk assessment methodology (Otto et al. 2002; Altiok et al. 2012). The
consequences associated with the collision events can be divided into three categories:
social, environmental, and economic impacts. Within this chapter, these three aspects and
their associated uncertainties are incorporated within an approach that can evaluate ship
collision risk considering the risk attitude of the decision maker. The probabilistic risk
and sustainability associated with ship collision is a relatively new area of research.

The perception of risk is determined by the attitude of the decision maker and is an
essential component of risk analysis. Based on the willingness of a decision maker, the
attitudes toward risk can be classified as risk-averse, risk neutral, or risk taking (Pratt
1964). One of most popular decision theories is the expected utility theory (UT) (Von and
Morgenstern 1953). The alternative with the highest expected utility value is always
preferred. Utility theory is incorporated within the decision making framework presented
herein. A utility function that measures the value of a particular alternative to the decision
maker is established for the criterion under investigation. Utility theory is applied in order
to normalize an attribute value to a uniform scale between 0 and 1. Tversky and

Kahneman (1992) developed cumulative prospective theory, an updated version of
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prospect theory, which considers the decision maker’s risk attitude. The effects of the
degree of risk aversion on ship collision risk and sustainability assessment are
investigated in this chapter.

An approach to assess the risk associated with ship collision considering the risk
attitudes of the decision maker is presented herein. The economic, social and
environmental metrics are evaluated separately and then social and environmental metrics
are converted into an economic metric considering their associated monetary values. The
consequences include downtime, fatalities, human injuries, oil spill, and economic loss.
The risk attitude of the decision maker is integrated within risk analysis by using utility
functions. The approach is illustrated on a maritime transportation system located within
the Delaware River region considering ship collision risk and sustainability. Ultimately,
this approach can help the decision maker to make risk-informed choices considering risk

attitudes. This chapter is based on a published paper Dong and Frangopol (2015a).

10.2. SHIP COLLISION RISK AND SUSTAINABILITY ASSESSMENT

USING UTILITY THEORY

This chapter aims to assess risk due to ship collision by formulating a procedure to
compute collision risk and sustainability in a probabilistic manner considering risk
attitudes. The methodology for risk and sustainability-informed decision making under
extreme events is illustrated in Figure 10.1. The first step for risk-informed decision
making is to identify the risk of structural systems under extreme events including natural

and man-made hazards.
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Risk is defined as the product of consequences of an unwanted event and its
probability of occurrence. Risk-based assessment of ships under construction process and
operation condition has been recently developed (IACS 2006; Deco and Frangopol 2013).
The quantitative risk assessment consists of three main parts: hazard exposure, structural
vulnerability analysis, and consequences analysis. The hazard exposure procedure
determines the probability of occurrence of an extreme event.. A general formulation of
risk R was provided by Ellingwood (2007)

R=P(H)-3_C(Cons|DS)- P(DS|H) (10.1)
where P(H) is the annual rate of occurrence of the extreme event H; C(Cons|DS) is the
conditional consequence (e.g., economic, social, and environmental) associated with a
given damage state DS (e.g., minor, moderate, major, complete); and P(DS|H) is the
conditional probability of damage state given the extreme event H. Based on the theorem
of total probability, the total risk is the sum of consequences weighted by the probability
of experiencing these consequences associated with different damage states. To clarify
this issue, the sample space of all possible damage states and associated consequences is
illustrated in Figure 10.2. There have been several research efforts focused on the ship
collision probability (Pedersen 1995; COWI 2008). However, more research is needed
for ship probabilistic damage conditions and consequences assessment. These topics are
covered in the following sections of this chapter.

The input parameters of consequences are random variables. There are uncertainties
involved in hazard exposure and the consequences analysis associated with damage

states. These uncertainties should be considered in the probabilistic risk assessment
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framework. There are two types of uncertainties: (a) aleatory uncertainties associated
with natural randomness, and (b) epistemic uncertainties associated with the inaccuracies
in the prediction and estimation of reality (Ang and Tang 2007). Based on the random
variables involved in the damage states and consequences evaluation, samples of
quantitative risk can be obtained by simulation (e.g., Monte Carlo Simulation). Next,
distribution parameters (e.g., mean and standard deviation) can be fitted to the generated
data. Ultimately, random samples of the economic loss can be obtained by considering
the uncertainties. In this chapter, both epistemic and aleatory uncertainties are considered
in the sustainability assessment process.

The perception of risk, determined by the attitude of the decision maker, is an
essential component of risk analysis (Cha and Ellingwood 2013). The attitudes of most
individuals and small groups are supposed to be risk-averse (Slovic 2000). Conversely,
government agencies and large corporations are usually risk neutral, indicating an unbias
attitude toward negative consequences of extreme events. Utility theory is incorporated
within the decision making framework presented herein. The attitude of the decision
maker can be incorporated within this approach for the ship collision risk assessment
using utility function.

Based on the probability density function (PDF) of the ship collision loss and the

utility function, the expected utility value can be expressed as
EQU) = u(r)- fo(r)d(r) (10.2)

where u(r) is the utility function associated with ship collision risk and fr(r) is the PDF

of R.
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10.3. PROBABILITY OF SHIP COLLISION

The ship collision model initially proposed by Macduff (1974) was expressed as the
product of geometrical probability and causation probability. Geometrical probability is
the probability of a vessel encountering accident scenarios while causation probability is
defined as the conditional probability that a collision occurs in an accident scenario. The
collision model proposed by COWI (2008) is used in this chapter to calculate the
probability of ship collision. In the COWI model, the geometrical probability is further
divided into several separate probabilistic quantities.
10.3.1.  Parallel waterways

For collision events associated with parallel waterways, the vessels are navigating along
the same route as indicated in Figure 10.3(a, b). There are two basic cases regarding the
parallel collision events: a head-on collision and an overtaking collision. These two cases
are both considered in the model presented herein. The parallel collision probability
depends on length of the route segment, traffic intensity, width and speed of the ships,
deviations of the ships from the route axis, and causation probability. For the parallel

case, the annual collision probability of two ships can be expressed as (COWI 2008)

Py =P PsPekeg (10.3a)
V. -V

P. =LN,N,|Xt—2 (10.3b)
T 1'Y2 V1V2

Fs =(B,+B,)/c (10.3c)

where Pt is the annual probability of meeting within one route segment; L is length of the

route segment; N1 is annual number of ship 1 through the route; N2 is annual number of
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ship 2 through the route; V1 is the speed of ship 1; V2 is the speed of ship 2; Pg is the
geometrical collision probability; B: is the breadth of ship 1; B is the breadth of ship 2; ¢
is the width of the segment of waterway; Pc is the causation probability that two ships
sailing on collision route do not undertake any evasive actions; and krr is a risk reduction
factor which depends on the effects of pilotage of the ships, local experience, and safety
standards. More detailed information can be found in COWI (2008)
10.3.2.  Crossing waterways

The crossing collision considers ships in different routes and involves the cases of full
intersection and merging traffic as shown in Figure 10.3(c). The crossing collision
probability depends on the crossing pattern, traffic intensity in the two directions, ship
width, ship length, ship speed, crossing angle, causation probability, and probability that
the two ships intersect. The annual crossing collision probability can be expressed as
(COWI 2008)

P, =P P;PKgq (10.4)
where P, is the probability that the routes of two ships intersect and Pg is the geometrical
collision probability.

Based on COWI (2008), the passage of the ship on one of the two routes is assumed

to follow a Poisson process. Accordingly, the geometrical collision probability can be

expressed as (COWI 2008)

P, =N,(1-e™"™") (10.5)
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where At:[\/i/ |{Bz[ Vs Vi }+ Bl[ Vi V—z}r LV, |+ Lz[\/lq and 6 is the
1%2

sin<9_tan<9 siné?_tané?

angle between the routes (see Figure 10.3(c)).
10.4. PROBABILISTIC DAMAGE ASSESSMENT

Pedersen and Zhang (1998) developed a methodology for ship collision assessment based
on the analysis of external structural dynamics and internal mechanics. Brown and Chen
(2002) proposed an approach to develop a set of parametric equations that define the
PDFs for damage extent of struck ships. They developed the Simplified Collision Model
(SIMCOL) by using a time-domain simultaneous solution of external ship dynamics and
internal deformation mechanics. The PDFs describing the location, extent, and
penetration of damage are integrated within this approach in order to properly account for
the uncertainty associated with particular probabilistic collision scenarios (Brown and
Chen 2002). The probabilistic damage length (dl) and damage penetration (dp) of several
types of ships associated with various collision scenarios can be obtained utilizing this
approach.

The damage condition of ships can be quantified by considering the damage
penetration area; the larger the penetration area, the more severe the damage condition of
the ship. Additionally, according to COWI (2008), the repair costs for the struck ships are
related to the damage penetration area. It is reasonable to define the damage state of the
collided ships based on damage penetration area associated with specific probabilistic
damage condition. In this chapter, the probability of a damaged ship being in a specific

damage state is expressed as
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P(DS,) =P(DA , <DA<DA) (10.6)
where DA is the penetration area of the damaged ship; DA; is the upper bound of the
penetration area for the damage state i and lower bound for damage state i+1 for i > 1;
and DA..1 is lower bound of the penetration area for the damage state i and upper bound
for damage state i-1 for i > 2. Given the information regarding the definition of damage

states of a ship, the probability of a ship being in different damage states can be obtained.

10.5. UTILITY OF COLLISION RISK CONSIDERING ATTITUDES

In this section, the consequences associated with different damage conditions are
evaluated in terms of social, environmental, and economic metrics. Ship collisions can
cause significant damage to ship structures and ultimately hamper their intended function.
Moreover, an oil spill resulting from oil tanker collision can negatively impact the
environment and local wildlife. The oil can cause water surface contamination and its
chemical components can cause acute toxic effects. The oil spills have destructive effects
on coastal ecosystems (Biello 2010; Shirley et al. 2010). Since most of the parameters
used in the evaluation of the cost of various consequence are affected by uncertainties,
they have been treated as random variables. According to Ang (2010), a practical
evaluation of epistemic uncertainty relies on intuition/engineering judgments and can
provide a specific reasonable range of possibilities associated with an associated

distribution type.
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10.5.1.  Social metric
The total number of fatalities, injuries, and downtime resulting from ship collisions are
considered as the social impact within the proposed risk and sustainability assessment
methodology. Some of the most catastrophic social consequences of ship collisions are
fatalities and severe human injuries. The United States Coast Guard (2009) provides the
number of injuries resulting from ship collision incidents during the period of 1992 to
2008. The expected number of injuries (Ninj) per incident for the ship collision is 2.0.
Based on COWI (2008), the expected number of fatalities (FT) for collisions is
approximately 0.01 per accident.

Another social metric considered is the downtime associated with the non-
functionality of damaged ships. The downtime associated with ship collision can
determined by considering the theory of total probability and damage states of ships as
indicated in Table 10.1.

The downtime of a ship due to vessel collision can be expressed as

DT :ZN:P(DSi)-di (10.7)

i=1
where N is the number of damage states considered; i indicates a specific ship damage
state; di is the downtime of a ship associated with damage state i (days); and P(DS) is the
probability of a ship being in damage state i after a collision event.
10.5.2.  Environmental metric
Due to the damaged condition of a ship after a collision incident, oil can spill into the
surrounding water and negatively affect the environment and local ecosystem. The

presented risk methodology evaluates environmental metrics in terms of the magnitude of
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an oil spill resulting from a ship collision accident. For a given incident, the total oil spill
can be estimated based on empirical data for different vessel types. The oil spill
distribution data for various types of vessels is provided by the United States Coast Guard
(2009). For a given incident, total oil spill is estimated based on empirical distributions
for different ship types (e.g., oil tanker). The relative magnitude of an oil spill (Ospi
(gallon)) associated with ship collision can be assessed as the environmental metric
within the proposed risk and sustainability assessment procedure.

10.5.3.  Economic metric
The economic consequences resulting from ship collision are evaluated in terms of
monetary value. The total economic loss is related to repair costs, costs associated with
time loss, environmental costs, and costs of fatalities and injuries. Considering the
dependency of future monetary value on the interest rate, the time-variant value of
consequences can be calculated as

FV(t)=PV@d+r) (10.8)

where FV(t) is the future monetary value; PV is the present monetary value; and r
represents the annual interest rate of money.

The repair costs can be computed based on the damage penetration area of the ship.
As more area of the ship is damaged, more repair money is required. The repair loss
associated with ship collision is considered as an economic consequence that
detrimentally affects the shipping company. The repair cost for the damaged ships can be

expressed as

Crep = Epep -dl-dp-Cgy, (10.9)
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where Erep IS a factor accounting for the epistemic uncertainties associated with repair
costs; dl is the damage length of the ship; dp is the damage penetration in the ship; and
Crep IS the unit repair cost (USD/m?).

As a result of collision, a ship may operate with an inadequate performance level,
ultimately causing a delay of mission. Accordingly, the economic loss associated with
downtime can also be evaluated

Cor =E4 DT -Cyirpe (10.10)
where Eq: is the factor considering the epistemic uncertainties for the downtime loss
costs; DT is the downtime/repair for the damaged ship (days); and ciime is the monetary
value of time loss (USD/day).

The life loss cost depends on the number of fatalities and can be expressed as

Cu=Ewm FT-L (10.11)
where Erat Is @ factor that considers the epistemic uncertainties for fatalities costs; FT is
number of fatalities associated with collisions event; and L. is the average comprehensive
cost of per human death (USD).

Similarly, the cost for the injury can be computed as

C. —E_ -N._ -C._ (10.12)

Inj inj inj * “inj

where Einj is a factor that considers the epistemic uncertainties for injuries costs; Ninj IS

the average number of injury; and cinj is the average comprehensive cost of injury (USD).
Comprehensive oil spill costs per gallon are evaluated in terms of monetary value

and shown in Table 10.2. The economic loss associated with an oil spill is computed

considering the magnitude of oil spill specific to the damaged ships. In order to determine
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the combined effect of sustainability on the risk assessment of damaged ships, the
environmental metric is converted to a monetary value and expressed as

Cos = Eos-Oyy-C (10.13)

Env
where Eos is a factor that considers the epistemic uncertainties for costs associated with
oil spill; cenv is the cost value of environmental metric per unit volume (e.g.,
USD/gallon); and Ospi is the magnitude of oil spill associated with ship collision (gallon).
The total economic consequence of ship collision is the sum of repair costs (Crep),
time loss costs due to the unavailability of damaged ships (Cpr), environmental costs
associated with oil spill (Cos), and costs associated with injuries (Cinj) and fatalities (Cir).

Therefore, the total economic consequences can be expressed as
C, =C (10.14)

Rep +Cy +Cs +C, +C

Inj
Generally, risk represents a combined measure of the probability and severity of
adverse effects. It can be defined as the product of the consequences and the probability

of occurrence of these consequences and can be expressed as
RC0| = CT ’ pcol (1015)

where Cr is the total economic consequence associated with the ship collision and pcor is
the probability of collision.

The input parameters of consequences are random variables. Assuming availability
of adequate information on the probability distributions of the input parameters, the
proper probabilistic descriptors of total economic loss can be obtained by performing

Monte Carlo Simulation. Based on the PDF of the economic loss, the expected value of
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the collision risk (E(Rco,i)) associated with a specific interval (e.g., rerit(i-1) < Rcol <

Ferit(1)) 1S

E(RCOI, i) = J.rcm(i)

Terit (i_l)

feor fRCO| (rcm) d(rcm) (10-16)

where Rcol is the probabilistic risk associated with ship collision and f._ (r.,,) is the PDF

of Rcal.

10.5.4.  Utility analysis
A utility function can reflect the attitude of a decision maker towards specific outcomes
(Keeney and Raiffa 1993). The formulation of the utility function under investigation
depends on the knowledge and preferential characteristics of the decision maker.
Considering an exponential formulation, the utility associated with the given

consequence (e.g., economic loss) can be expressed as (Ang and Tang 1984)

1 Xpax — X
U(X):m[l—exp(—p Xmax j:| (1017)

where X is the value of criterion considered by the decision maker; p indicates the attitude

of the decision maker; and Xmax denotes the maximum value associated with the
parameter which is utilized to normalize the utility function so that it always takes values
between 0 and 1. Utility functions associated with xmax = 1 and different values of p are
shown in Figure 10.4. The parameter p represents risk attitudes associated with utility
function; a positive value of p indicates a risk-averse attitude while a negative value
indicates a risk-taking attitude. The absolute value of p represents the extent of the risk

attitude.
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Eqg. (10.17) provides a deterministic measure of the utility associated with the
economic loss under investigation. As mentioned previously, the random samples of the
economic loss can be obtained; then the probabilistic utility values associated with these
random samples can be computed. The expected utility associated with a specified risk

interval is

EU) = [ uliea) oy, (ea) O () (10.18)

rcrit(l_]-
where u(reor) is the utility function associated with ship collision risk as indicated in Eq.

(10.17).
10.6. AN ILLUSTRATIVE EXAMPLE

The methodology for risk and sustainability assessment of vessel traffic associated with
potential collision incidents is illustrated on a particular region of the Delaware River.
The layout of the area under investigation is indicated in Figure 10.5. The probability of
ship collision and the probabilistic consequences associated with the damage conditions
are considered in the risk analysis of this marine infrastructure system. Based on utility
theory, the probabilistic risk is evaluated by considering the decision maker’s attitude
toward risk.

The Delaware River is an important commercial route for the petrochemical facilities
located in Delaware City, DE, Paulsboro, NJ, and Marcus Hook, PA. The marine traffic
accounts for approximately 12% of the nation’s crude oil imports, making this port one of
the most critical petroleum infrastructures in the U.S. (USACE 2011). More specifically,

oil tankers make up a considerable percentage of the total ship traffic volume in the
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Delaware River. The collision risk associated with tankers in the Delaware River is
evaluated in this example.
10.6.1.  Probability of ship collision and damage states

The collision model developed by COWI (2008) is used herein to calculate the
probability of ship collision associated with different scenarios. As mentioned previously,
the ship collision associated with parallel and crossing waterway can be computed based
on the ship traffic volume and other parameters regarding the operational conditions of
ships. The average number of tankers in the water area is approximately 900 per year
while the total number of vessels is approximately 3000 per year (Altiok et al. 2012). In
this example, the collision for tankers in the crossing waterway is related to the Delaware
River area. The expected values of the ship speed and breadth used to compute the
probability of ship collision are 6 m/s and 30m, respectively. The annual crossing
collision can be computed using Eq. (10.4) associated with the parameters (Pi, Pg, Pc,
and krr) involved in this equation. The angle between the routes of ships () is assumed
to be #/2. The general information (e.g., ship average speed) can be assigned for different
types of ships considering the operation condition to calculate the geometrical collision
probability Pc. The values of P, Pc, and krr can be obtained based on COWI (2008). For
example, the causation probability Pc is equal to 3.0 x 10™*. The probability of collision
in the crossing waterway can be computed using Eq. (10.4). The values of Pg, P, Pc, and
krr can be obtained using the information mentioned for this illustrative example.

Consequently, the annual crossing collision probability Px is 0.0668.
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Brown and Chen (2002) investigated damage properties of different types of ships,
including oil-tanker vessels, under probabilistic collision scenarios. The probabilistic
damage condition of the struck ships considering damage penetration and length is
assessed within this illustrative example. In this chapter, the distributions of the damage
parameters (e.g., damage penetration) can be assumed to follow exponential distributions
considering tanker collision. The exponential distribution is based on Brown and Chen
(2002) and is adopted herein for illustrative purposes. Based on Brown and Chen (2002),
the damage PDFs for different oil tankers are similar. The larger struck ship can absorb
more energy and result in similar damage conditions associated with the smaller ships
(Brown and Chen 2002). The probabilistic damage length and penetration of a struck ship
are modeled using the exponential distribution. The expected damage penetration is
approximately 1.63 m and the expected damage length is approximately 2.87 m. These
values are employed to compute the probabilistic damage condition of a struck ship.

Based on definition of the damage states of a ship, the probability of a struck ship
being in a specific damage state can be computed using Eq. (10.6). The critical value for
each respective damage state is indicated in Table 10.1. Different damage states denote
the damage level by considering penetration area. For example, if the damage penetration
area is between 10 m? and 20 m?, the ship can be classified into damage state 3. As the
damage penetration area increases, the severity of damage to the ship also increases. As
mentioned previously, the distributions of damage length and penetration of the struck
ship follow exponential distribution. By performing Monte Carlo Simulation, the

penetration area of the struck ship can be computed. Based on the definition of damage
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states associated with the struck ship indicated in Table 10.1, the probability of the ship
being in damage states 1, 2, 3, and 4 is 0.3662, 0.5087, 0.0808, and 0.0444, respectively.

10.6.2.  Collision risk and sustainability assessment
As indicated previously, the consequences are evaluated in terms of social, economic,
and environmental metrics. The consequences associated with these three metrics can be
evaluated using Egs. (10.8) to (10.14). The aleatory and epistemic uncertainties are both
considered herein. The epistemic uncertainties are considered by introducing a random
variable that follows a lognormal distribution with mean value equal to 1. The
distributions of the random variables related to the probabilistic consequence evaluation
are indicated in Table 10.3. Latin Hypercube Sampling (LHS) (McKay et al. 1979) is
used with 20,000 trials to account for the epistemic and aleatory uncertainties. By
performing LHS, the corresponding random samples associated with social,
environmental, and economic impacts are obtained using Egs. (10.8) to (10.14). Next, the
expected value of these impacts can be computed. In this example, the social and
environmental metrics are converted into the economic metric by considering these two
metrics in terms of monetary value.

The social metric considered includes the number of fatalities and injuries, and
downtime as indicated in Eq. (10.7). The downtime for each damage state is modeled as a
triangular distribution as indicated in Table 10.1. By performing LHS, the sample of
downtime associated with struck ship can be obtained as shown in Figure 10.6. Based on
historical data from 1992 to 2008 (USCG 2009), the expected number of injuries per

collision incident is 2.0; while the expected number of fatalities in case of collisions is
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0.01 (COWI 2008). The environmental metric associated with an oil spill can be
evaluated for ship collision events.

The economic metric associated with repair cost, downtime, environmental effects
related to an oil spill, fatalities, and injuries cost is evaluated. The annual interest rate of
money is assumed to be 2%. The monetary values of annual risk and sustainability refer
to year 2013. The repair cost is related to the penetration area of the ship and can be
computed based on Eq. (10.9). The calculated PDF of repair cost is shown in Figure
10.7(a). Using Eq. (10.13), the costs associated with an oil spill can be obtained. The
costs are related to the volume of the oil spill and different probabilistic values are
assigned with respect to volume as indicated in Table 10.2. Accordingly, the cost of the
environmental consequences considering the monetary value can be evaluated. The
consequences regarding the social impact can also be converted into economic metric
using Egs. (10.10) to (10.12). The corresponding calculated PDFs are indicated in Figure
10.7(b, c, d). The expected values associated with different consequences regarding the
economic loss are shown in Table 10.4. As indicated in this table, the loss associated with
the environmental metric significantly contributes to the total loss. The parameters
associated with this aspect should be carefully considered. Based on Egs. (10.14) to
(10.15), the total probabilistic economic loss associated with ship collision is indicated in
Figure 10.8. The expected value of total economic loss associated with social,
environmental, and economic impacts is 423,393 USD. In general, the results in this
chapter can be easily updated if more reliable data associated with these parameters

becomes available.
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10.6.3.  Quantification of utility considering attitudes
In this chapter, the risk statistics are used to produce the risk profiles associated with ship
collision. The annual risk associated with ship collision is emphasized herein. The
uncertainties in the parameters regarding the consequences are incorporated in the
methodology to illustrate the variation in the economic loss. As indicated previously, the
expected value of the economic loss is 423,393 USD. The probability of the risk being in
a given specified interval (P(rerit(i-1) < Reoli < rerit(i))) and its expected value (E(Rcol,i))
are also evaluated herein. The outcomes associated with the probabilistic economic loss
are shown in Table 10.5. As indicated, the probability of having large risk values is
extremely small compared to low or moderate risk. For example, the probability that risk
is larger than 2 million USD is 0.0033, while the probability that risk is between 0.5
million USD and 1 million USD is 0.2349.

The utility associated with the economic loss is computed using Eq. (10.17)
considering Xmax = 3 million USD. The effect of the decision maker’s risk attitude on the
utility value associated the ship collision risk is investigated herein. The expected utility
(E(Ui)) associated with the economic loss in different risk intervals is shown in Table
10.6 considering two different risk attitudes (i.e., p = 2 and p = -2). As indicated, the risk
attitude can significantly affect the expected utility associated with the same economic
loss. The PDFs of the utility under different risk attitudes are shown in Figure 10.9. As
shown, the risk attitudes have great effects on the distribution of the utility values.
Consequently, it is important to consider the attitudes of the decision maker in the utility

assessment process.
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The effects of severity of risk attitude (i.e., absolute value of p) on the utility values
associated with different risk intervals are shown in Figure 10.10. The risk intervals
considered in this figure are the same as those indicated in Table 10.5. Considering risk
averse attitude (i.e., p > 0), the utility of the expected loss (U(E(Rca1,i))) is always larger
than the expected utility (E(Ui)) under the same risk interval. The difference between the
expected utility value (E(U;)) and the utility of the expected loss (U(E(Rcol,i))) for a given
risk interval increases with p. The distribution of utility values provides useful
information to decision makers. Based on this information, the best decision for the

management of ship structures can be reached.

10.7. CONCLUSIONS

This chapter presents a methodology for assessing the annual probabilistic ship collision
risk and sustainability, incorporating the decision maker’s attitudes associated with utility
function. The approach is illustrated on a particular region of the Delaware River for ship
collision risk and sustainability assessment.

The following conclusions are drawn:

1. The values of sustainability metrics are sensitive to the parameters used in the
evaluation of consequences. For instance, environmental costs contribute
significantly to the values of the parameters used in the example. Therefore, the
parameters involved in the analysis of the environmental costs should be carefully
estimated.

2. The results show that it is important to consider the decision maker’s risk attitudes

in the collision risk and sustainability assessment associated with utility functions.
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3. The collision risk and sustainability are dependent on the damage condition of the
ship. More emphasis should be placed on developing models for ship damage
analysis under probabilistic collision scenarios.

4. The proposed methodology can be used in assisting decision making regarding the
traffic control and risk mitigation activities to improve the traffic safety of maritime
transportation considering risk attitudes. Sustainability can be used as an objective

function to be maximized while simultaneously minimizing the economic loss.

312



Table 10.1  Downtime associated with different penetration area of ships

Repair time (days)

Damage Penetrat o _
State 10N area Minim Maximu Mean
um m
<1 m? 0 4 2
2 r#' 10 2 12 7
3 #g -20 8 20 14
4 > 20 m? 14 28 21
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Table 10.2  Comprehensive oil spill cost/gallon associated with oil spill

o Mean Distribution
Oil spill (Gallons) (USD/Gallon) cov type
a
< 500 480.40 0.2 LN
a
500 — 1,000 685.88 0.25 LN®
a
1,000 — 10,000 814.84 0.25 LN®
a
10,000 — 100,000 564.02 0.25 LN®
a
100,000 — 1,000,000 316.01 0.25 LN®
> 1,000,000 243.752 0.2° LNP

2 pased on Etkin (2004); ®assumed; LN: lognormal distribution;
COV: coefficient of variation.
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Table 10.3  Parameters of the random variables associated with the consequences. The

costs refer to year 2013

Random variables Mean co . Distribu
Vv tion type
Repair cost (USD/m?) 2,160 0.2° LN®
Time loss (USD/day) 95,000 2 0.3° LNP
Eplstem_lc_uncertamty 10 0.3b LN
factor for injury costs
Epistemic uncertainty 1b 0.3 NG

factor for loss of human

Epistemic uncertainty
factor for material damage 1° 0.2° LN®
repair costs

Epistemic uncertainty
factor for costs associated 1° 0.2° LNP
with oil spill

Epistemic uncertainty

b b b
factor for operating costs ! 0.2 LN
Epistemic uncertainty 1b 0.2b LNP
factor for time loss costs
Value of a statistical life c 0.45 b
(USD) 4,650,000 b LN
Cost of injury (USD) 60,000°¢ 0.45 LN®

a: COWI (2008): P: assumed: ©: based on Altiok et al. (2012):
LN: lognormal distribution; COV: coefficient of variation.

315



Table 10.4  Expected value and standard deviation of the consequences

Expected value . S_tandard
Consequences (2013 USD) deviation (2013
USD)
Repair cost 17,492 31,283
Environmental 5,284,700 4,757,600
cost
Time loss cost 857,430 217,290
Fatality cost 50,880 22,594
Injury cost 127,740 56,945
Total value 6,338,242 4,760,000
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Table 10.5  The expected value and probability of the economic loss associated with

different risk intervals

i o Kea)  pvanity
0 < Rco1 250,000 152,583 0.3355
250,000 < Rco1 < 500,000 374,374 0.3725
500,000 < Reo1 < 1,000,000 665,179 0.2349
1,000,000 < Rcor < 1,500,000 1,192,308 0.0443
1,500,000 < Rcol < 2,000,000 1,678,565 0.0095
Rcol > 2,000,000 2,342,731 0.0033
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Table 10.6  The expected utility associated with different risk intervals considering
different attitudes

p=2 p=-2

Risk interval (2013 USD) Expected utility, ~ Expected utility,
E(Ui) E(U)
0 < Rco1 <250,000 0.9831 0.8888
250,000 < Reo1 < 500,000 0.9554 0.7455
500,000 < Reo1 < 1,000,000 0.9116 0.5888
1,000,000 < Reo < 1,500,000 0.8084 0.3681
1,500,000 < Reol < 2,000,000 0.6753 0.2227
Reol > 2,000,000 0.3907 0.0910
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Figure 10.1  The methodology for risk and sustainability assessment considering risk

attitudes in terms of utility value
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CHAPTER 11
A DECISION SUPPORT SYSTEM FOR MISSION-BASED

SHIP ROUTING CONSIDERING MULTIPLE CRITERIA

11.1. INTRODUCTION

When a ship is deployed on a given mission, the route the vessel traverses is typically a
predetermined path with known potential sea conditions (e.g., sea states). Thus, a
decision maker must determine, before the mission, which route a ship may take. It is
crucial to evaluate the risk associated with marine vessels subjected to inclement weather
and sea conditions when developing a decision management system for ship routing. Ship
mission routing can be established considering the strength of the hull, accounting for
both flexural and fatigue damage. Additionally, a multi-attribute decision making process
may be incorporated to form a robust framework for ship routing that accounts for a wide
range of consequences (e.g., total travel time and repair loss). The uncertainties
associated with the risk evaluation process must also be included within a generalized
ship routing decision making framework. During a mission, a ship must always satisfy
safety and serviceability requirements. In some cases, marine vessels are forced to follow
certain routes while simultaneously handling time and distance constraints; this
combination of dire conditions puts ships in danger of accruing damage that may
negatively impact society and the surrounding environment. Ultimately, ship mission
performance assessment is of vital importance for ship managers since it provides them

guidance for the real-time decision making.
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Often, marine vessels are used beyond their intended design life and are, therefore,
found under-performing in terms of mission reliability. Consequently, it is of the utmost
importance to assess the safety of ship structures by employing a holistic management
program to ensure their functionality considering both flexural failure and fatigue
damage. Ship performance associated with ultimate flexural failure of the hull’s mid-ship
section is considered as one of the most critical criteria regarding mission safety
assessment (Deco et al. 2011). Although the reliability of ship structures considering
flexural failure has been previously studied (Paik et al. 1998; Akpan et al. 2002; Ayyub
et al. 2000; Deco et al. 2012; Saydam and Frangopol 2013), fatigue failure has yet to be
comprehensively examined in a marine vessel routing context. Moreover, since ship
structures are continuously subjected to oscillatory environmental loads, the risk
associated with fatigue damage under the loading cases must be carefully considered
(Kwon and Frangopol 2012; Guedes Soares et al. 2003). The evaluation of fatigue
damage associated with a ship’s midsection is integral to ship routing performance
assessment (Mao et al. 2012). Overall, the failure associated with both hull girder
collapse and fatigue damage must be considered simultaneously in order to capture the
true performance of a marine vessel.

The spectral-based fatigue method is widely used in the fatigue damage evaluation of
marine structures. In practice, the fatigue damage analysis of ship structures is often
treated as a linear process and assessed using the spectral method (ABS 2010; DNV
2010; IACS 2009). Fatigue damage assessment may be implemented by utilizing a linear

model to compute the response of a ship under wave loading (Nguyen et al. 2013). The
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linear assumption ultimately allows for the solution of the hydrodynamic problem to be
represented in the frequency domain. Several previous research efforts have investigated
the role of the wave-induced vertical bending moment in the spectral fatigue analysis of
marine vessels (Kukkanen and Mikkola 2004; Mao et al. 2012; Nguyen et al. 2013).
Furthermore, the combined effects of both the vertical and horizontal hull girder bending
moments were considered in the fatigue damage assessment by Wang (2010) and Xue et
al. (1994). Additionally, the cumulative fatigue damage associated with a ship structure
prior to and during a mission should be considered within the proposed framework. Since
existing ship structures already have accumulated some fatigue damage, they may not be
able to handle additional damage, especially if they are at late stages within their
lifetimes. Accordingly, it is the decision maker’s responsibility to determine whether a
ship can still embark on a mission considering the cumulative fatigue damage.

The emissions associated with an operating marine vessel are regulated by the
International Maritime Organization (IMO); the IMO states that it is essential to restrict
the amount of carbon dioxide emissions and other greenhouse gases produced by a ship
route (IMO 2008). Since air pollutants are amongst the most common forms of emissions
from ship structures and there is a propensity for atmospheric levels of greenhouse gases
to increase significantly in the next 20 years, the environmental consequences must be
investigated for the ship mission decision making process. Within the proposed multi-
attribute risk assessment of marine vessels, the repair loss, fatigue damage, total travel
time, and CO> emissions are considered as consequences. Since there have been no

significant research efforts regarding risk-based, multi-attribute shipping route decision
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making, it is necessary to develop sound approaches to effectively assess the risk
associated with marine vessels.

The ship routing decision making procedure also greatly depends upon the risk
attitude of the decision maker toward the consequences associated with structural
performance. Utility theory is incorporated within the decision making framework to
account for the attitudes of a decision maker. A utility function that measures the value of
a particular alternative to the decision maker is established for each attribute. In order to
account for various sets of units corresponding to each type of consequence, Multi-
Attribute Utility Theory (MAUT) is employed to convert each attribute (i.e., repair loss,
fatigue damage, travel time, and carbon dioxide emissions) to a consistent unit. A
balanced combination of various attributes can be determined by employing MAUT
(Jiménez et al. 2003). By employing utility theory, the decision maker’s attitude can be
incorporated into the decision making process. Furthermore, attributes with various units
can be all converted into a singular utility value that is always bounded by 0 and 1.

Overall, the approach adopted within this chapter focuses on the estimation of ship
safety considering flexural and fatigue damage and provides a sound ship routing risk
assessment procedure. Additionally, the generalized framework developed herein
performs a variety of tasks, including, but not limited to quantifying the flexural and
fatigue performance of the ship structure and employing MAUT to evaluate ship mission
performance. The attitude of the decision maker is also considered herein using utility

theory. The approach is applied to the Joint High-speed Sealift Ship (Devine 2009) in
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order to illustrate the capabilities of the proposed methodology. This chapter is based on

Dong et al. (2016d)

11.2. FRAMEWORK OF MULTI-CRITERIA DECISION MAKING

A flowchart outlining the proposed framework is shown in Figure 11.1. The
environmental conditions (e.g., sea states) must be identified in order to determine the
loading scenarios. Each sea state is regarded as the general condition of the free surface
on a large body of water and may be characterized by certain significant wave heights
and frequencies of these waves. The limit state corresponding to flexural failure is
incorporated within this approach. Additionally, the uncertainties involved with this limit
state are considered within the risk assessment procedure. Risk is defined as the product
of adverse consequences and probability of occurrence associated with a given limit state.
In order to quantify the risk performance indicator, the probability of failure associated
with a given limit state should be determined first by using simulation and/or first/second
order reliability analysis. Then, given the specific consequences of structural failure, the
risk can be assessed accordingly. Finally, each decision should be made on basis of risk.
The spectral-based fatigue damage is also included as a performance criterion regarding
ship routing decision making. The next step includes determining the consequences
associated with the ship routing process. Furthermore, the attitude of the decision maker
is also considered herein; the attitude of the decision maker can significantly affect the
results of the consequence evaluation, risk assessment, and, ultimately, decision making
regarding ship routing. The consequences under investigation are multiplied by the

probabilities of occurrence in order to calculate the risk performance metric. There are
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several types of attributes (i.e., repair loss, fatigue damage, travel time, and carbon
dioxide emissions) considered within this analysis, all with different units.

11.2.1.  Single attribute utility function
A utility function that measures the value of a particular alternative to the decision maker
is established for each attribute. Generally, the utility function contains information about
the decision maker’s attitude toward risk (Keeney and Raiffa 1993; Park 2004). Within
the presented methodology, the desirability of each alternative depends on the values of
four attributes (i.e., repair loss, cumulative fatigue damage, total travel time, and CO-
emissions), all of which are measured with different units. Thus, there is a need to
establish a consistent range of values that each attribute may take so that all attributes are
directly comparable to each other. A utility function that measures the value of a
particular alternative to the decision maker must be defined for each attribute. The
formulation of the utility function corresponding to each attribute greatly depends on the
knowledge and preferential characteristics of the decision maker.

Considering an exponential formulation, the utility associated with a single attribute

(e.g., repair loss and total travel time) can be expressed as (Ang and Tang 1984)

1 —
U(X):m{l—exp(—p Xm;:(nax X]:| (111)

where x is the attribute value under investigation; p indicates the attitude of the decision

maker; and Xmax denotes the maximum value of the attribute. xmax is included within this
formulation in order to normalize the utility function so that it always takes values
between 0 and 1. An illustrative example of a utility function associated with a general
loss is shown in Figure 11.2(a). The risk attitude of the decision maker is reflected within
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the parameter p; a positive value of p indicates a risk averse attitude while a negative
value indicates a risk taking attitude. Additionally, the absolute value of p represents the
severity of the risk attitude.
11.2.2.  Muilti-attribute utility theory

MAUT is commonly used in the field of decision making and allows for the
incorporation of multiple criteria into a decision. Decision making regarding mission
routing depends on the encountered sea states, ship capacity (e.g., flexural and fatigue
strength), and prescribed constraints associated with all attributes. The ideal combination
of the different attributes comprising risk can be determined by employing MAUT. The
goal of MAUT, within this context, is to transfer these four metrics (i.e., repair loss,
fatigue damage accumulation, total travel time, and CO, emissions) into one combined
value. Once the utility function associated with each attribute is appropriately established,
they may be combined into one multi-attribute utility that effectively represents all
aspects under investigation. The flowchart regarding MAUT in the context of this chapter
is shown in Figure 11.2(b). Considering an additive formulation, the multi-attribute utility
function utilized within the presented decision making framework can be computed as
(Jiménez et al. 2003)

U(X;, Xy, X, X,) = KU, (%) + KU, (X,) + Kaug (X5) + K,u, (X,) (11.2)
where u(x1, X2, X3, X4) is the multi-attribute utility function and ki is the weighting factor
corresponding to the ith attribute. The weighting factor associated with each attribute is
calculated considering information obtained from the decision maker. The alternative that

provides the highest multi-attribute utility value is the preferred solution. Overall, the
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consequences considered in this chapter may be evaluated based on professional
judgment and existing information while utility theory can be used to quantify the

decision maker’s preference.

11.3. SHIP PERFORMANCE ASSOCIATED WITH FLEXURAL

FAILURE AND FATIGUE DAMAGE

11.3.1.  Load effects
The effects induced by the sea on the hull are due to two separate events: still water and
waves. Safety evaluation of ship structures operating in different sea conditions requires
an accurate estimation of the load effects due to still water and waves (Guedes Soares
1992). As recognized by previous study (Guedes Soares and Teixeira 2000), the primary
load effects within the hull are the sagging and hogging vertical bending moments
(VBMs). According to the International Association of Classification Societies (IACS
2008), the VBMSs Msw,sag and Msw,hog (associated with sagging and hogging, respectively)

for a specific ship cross-section (CS) under still water can be expressed as

M =0.05185f,,.sC,,L°B(C, +0.7) (11.3)

sw,sag

M g nog = 0.01f o, cC,, L2B(11.97 —1.9C, ) (11.4)

sw,hog
where fsw,cs IS a factor accounting for the variation of VBMs along the vessel length
(equal to 1.0 at mid-ship); Cy is the ship block coefficient; L is the ship length (m); B is
the ship breadth (m); and Cwy is the wave coefficient. The VBM associated with still

water is assumed to follow the normal distribution with a mean and standard deviation
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equal to 70% and 20% of the maximum still water bending moment, respectively (Harte
et al. 2007; Hussein and Guedes Soares and 2009).

The load effects on ship structures associated with waves are related to many factors,
including ship geometry, heading angle, speed, and encountered sea state. The linear
response theory is commonly employed to compute structural performance of marine
vessels (Salvesen et al. 1970; Hughes 1983); a widely used approach for ship
performance evaluation based on linear response theory is the strip method (Fonseca and
Guedes Soares 1998). The relationship between input and output, which is described by a
spectral density function, may be established from the results of applying the strip
method. In addition to the strip method, other methods have been established to account
for the non-linear effects (Jensen and Pedersen 1978; Guedes Soares and Schellin 1988).

The main goal of the load assessment procedure is to obtain response amplitude
operators (RAOs) corresponding to a particular cross-section of a marine vessel. The
RAOs can be determined by converting the time domain response of a ship to the
frequency domain. Based on the RAOs, a ship’s response to a particular sea state can be
computed. Using the linear superposition theory, a ship’s response in a given sea state
can be obtained. RAOs are calculated as a vessel’s response considering excitation waves

with unitary amplitude. The response spectrum can be computed as (Hughes 1983)
Sy (@) =|RAO()[" S () (11.5)

where Sy(w) and Sx(w) are the spectral density functions of the output and input,

respectively and w is the circular frequency of excitation waves (rad/s).
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The spectrum for a fully developed sea may be computed using the guidelines
established by the International Ship and Offshore Structures Congress (ISSC). A
modified version of the Pierson-Moskowitz sea spectrum is used to formulate the

following expression describing the sea spectrum (Faltinsen 1990)

S, (@) = 0.11H,T, (“’Tl)* [ 044( ) } (11.6)

where S, (w) is the sea spectrum for a given sea state; T is the wave mean period (s); and
Hs is the significant wave height corresponding to the mean of the one third highest
waves (m). The values of the mean period and significant height associated with
excitation waves depend upon the intensity of the sea states encountered. For a particular
operational condition, the wave spectrum is usually expressed in terms of the encountered
frequency we, instead of the circular frequency w, accounting for a ship’s speed and

heading angle. The encountered wave frequency we is defined as follows (ABS 2010)

2
w-U %cos@

o, = (11.7)

where g is gravitational acceleration (m/s?); U is the forward ship speed (m/s); and 6 is
the heading angle (e.g., 0° 90°, 180° for following, beam, and head seas, respectively).
Although the Pierson-Moskowitz sea spectrum is utilized herein for load analyses, other
sea spectrums (e.g., JONSWAP) could also be used.

For the spectral-based fatigue analysis, a linear model assumption of loading is
generally adequate and the non-linear effects can be neglected (Nguyen et al. 2013).
FREE!ship (2006), an open source surface-modeling program based on subdivision

surfaces, can be used to model a ship’s body and estimate its hydrodynamic parameters.
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Based on the given sea spectrum, load descriptors due to wave effects are evaluated using
a developed MATLAB (MathWorks 2013) code linked with PDSTRIP (2006), a program
that performs strip analysis. As an example, a qualitative representation of the VBM
RAOs associated with a ship’s cross section considering certain operational cases IS
shown in Figure 11.3. The vertical bending stress RAO,,..- at the structural component
associated with a particular cross section is given as (Rasmus 1998)

RAO . =275 RA0

o,ver I M ver
vy

(11.8)

where z is the vertical distance from the structural detail to the baseline (m); zo is the
vertical distance from the neutral axis to the baseline (m); and lyy is the moment of inertia
with respect to the horizontal axis of the section (m?).

The evaluation of probabilistic hull strength with respect to ultimate flexural failure
can be carried out utilizing a classical incremental curvature method (IACS 2008). In
order to significantly reduce the total computational time, Okasha and Frangopol (2010)
developed an optimization-based approach that yields results that are as accurate as those
obtained from the incremental curvature method. The safety evaluation of ship structures
operating in different sea and cargo conditions requires a probabilistic estimation of
various parameters. The uncertainties associated with vessel dimensions, material
properties, and applied loads should be treated as random variables (Deco et al. 2012).
Furthermore, the load effects due to still water and waves must be probabilistically
simulated to account for uncertainties in the loading conditions (Guedes Soares 1992).

Based on the short-term statistics and the assumption that the instantaneous value of

ocean elevation follows a Gaussian distribution (Faltinsen 1990), the probability density
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function (PDF) of the peak response under given operational conditions can be estimated

using a Rayleigh distribution as follows (Guedes Soares and Moan 1991)

2

F(M,) = e (- ) (11.9)

o,M o,M

where My, is the wave-induced VBM response and mowm is the zeroth moment of t