ABSTRACT
Pursuing Life-Cycle Sustainability for Bridges Subjected to Multiple
Threats
by

Citlali Tapia
Deteriorating bridges, particularly in regions most vulnerable to natural
hazards, not only pose a threat to public safety, but also disturb many aspects of the
surrounding region including the economy and environment. With increasing
concern regarding sustainability, there is need to consider not only economic, but
also environmental and social indicators of performance for bridges under natural
hazards. This thesis presents two frameworks: a life-cycle sustainability analysis for
quantifying risk-based sustainability indicators of bridge performance and a multiobjective optimization framework for selecting near optimal retrofit and repairs
based on sustainability objectives. Resulting life-cycle values of sustainability and
near optimal retrofit and repair combinations highlight the impacts retrofits have
on reducing expected values of lifetime sustainability indicators and reveal
relationships between lifetime environmental, economic, and social sustainability
indicators for bridges subject to natural hazards. The frameworks are anticipated to
help guide selection of retrofit and repair combinations by providing a set of near
optimal solutions, which enhance sustainability while ensuring safety and
mitigating damage from natural disasters.
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Chapter 1

Introduction

1.1. Research Motivations and Objectives
With bridge infrastructure facing continued aging and deterioration paired with
potential exposure to natural hazards throughout its lifetime, there is a constant
need for implementing repairs, replacements, and upgrade procedures in order to
keep structures safe and in service. However structural damage due to natural
hazard exposure, repair activities, and upgrade procedures all have impacts on the
three pillars of sustainability—which are the environment, society, and economy.
Sustainability is a topic of growing concern and interest in civil engineering, such
that the American Society of Civil Engineers (ASCE) has recognized the “leadership
role of engineers in sustainable development, and their responsibility to provide
effective and innovative solutions in addressing the challenges of sustainability”
(ASCE 2010).
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While growing awareness and interest in sustainability has prompted efforts
of engineers to promote sustainable infrastructure, there is a threefold problem that
must be addressed. First, with a concept as broad as sustainability, there is a need
to define sustainability in the context of the engineering branch of interest, such as
bridge engineering, and understand the fundamental link between sustainability
and infrastructure performance when subjected to natural hazard events.
Understanding how structures exposed to natural threats affect the environment,
society, and the economy is required in order to evaluate structures from a
sustainability perspective. Since natural hazard risk mitigation has evolved
independent of consideration for sustainable development goals, there tends to be a
disconnect amongst stakeholders, a lack of consistent language and understanding
between the field of natural hazard mitigation and the fields embracing sustainable
development concepts. Therefore there is a need for overarching frameworks that
facilitate consideration of both natural hazard risk mitigation and sustainability
perspectives in an integrated fashion. The second challenge is the lack of methods
available to engineers for quantitatively evaluating the sustainability of
infrastructure exposed to multiple threats and the sustainability of traditional
engineering decisions. Examples of such traditional decisions include which
structural design options, repair actions, or retrofit strategies to adopt or implement
in a hazard prone region. The majority of existing approaches used in practice to
assess the sustainability of infrastructure are qualitative, in most cases in the form
of point or rating systems such as the well known LEED green building certification
program.
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This thesis aims to address the aforementioned gaps with a special focus on
bridge infrastructure by presenting a state-of-the-art review and posing two
frameworks which aid in quantifying and enhancing sustainability. The review will
offer a thorough examination of research and concepts developed to date related to
evaluating the sustainability of structures and associated engineering decisions.
Additionally, the review will cover existing definitions, terms, and perspectives
pertaining to sustainable engineering and the link between sustainability, natural
hazard events, and natural hazard risk mitigation strategies. Doing so will help
identify strengths and shortcomings of current approaches and help bridge the
understanding of synergies across the fields of structural engineering, natural
hazard risk mitigation, and sustainable development. Throughout this thesis, and
specifically within both frameworks, retrofits refer to pre-event risk mitigation
strategies used to enhance structural performance while repairs refer to
construction activities undertaken to restore post-event functionality.
The first framework presented in this thesis will pose a life-cycle
sustainability (LCS) analysis framework for quantifying the sustainability of bridge
infrastructure exposed to multiple threats. The LCS analysis framework elucidates
the role of natural hazard risk mitigation when evaluating sustainable bridge
performance using risk-based indicators from the three pillars of sustainability.
Additionally, its application provides insight on the sustainability of mitigating
damage from natural hazards through retrofitting deficient structures, while
considering uncertainty in hazard occurrence, structural performance, and repair or
reconstruction actions. A case study is presented to evaluate indicators of
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economic, environmental, and social sustainability for a bridge susceptible to aging
and seismic hazards.
This thesis also presents a multi-objective optimization framework in order
to help identify near optimal retrofit and repair combinations which ensure public
safety while minimizing lifetime environmental, economic, and social performance
measures of sustainability for infrastructure exposed to natural hazards.
Assessments of case study applications results will reveal the relationship between
life-cycle environmental, economic, and social indicators of sustainability for a
bridge subject to earthquakes and aging. The framework is anticipated to help
guide the selection of retrofit and repair combinations by providing a set of near
optimal non-dominated solutions, which enhance sustainability while ensuring
public safety and mitigating or repairing damage from natural disasters throughout
the lifetime of a structure.

1.2. Overview of Thesis
This thesis is organized into five chapters. Chapter 2 offers a state-of-the art review
of central sustainability concepts as well as a discussion on the link between
sustainability and natural hazard events. Chapter 3 poses a life-cycle sustainability
(LCS) analysis method for quantifying sustainability of structures subject to multiple
threats. The LCS analysis framework is applied to a bridge subject to aging and
earthquake hazards. Chapter 4 presents a LCS multi-objective optimization
framework for finding near optimal retrofit and repair strategies which minimize
negative impacts on the environment, society, and economy, while ensuring public
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safety. The LCS multi-objective genetic algorithm (MOGA) framework is also
applied to a bridge subject to aging and earthquake natural hazards. Finally Chapter
5 summarizes the conclusions of this thesis and lists future opportunities for
research and application.

Chapter 2

Literature Review

Sustainability is an evolving concept whose interpretation is often sensitive to
disciplinary perspectives (Harding 1998; Toman 1998). Definitions and
perspectives on sustainability are reviewed in order to understand what constitutes
a sustainable bridge. To provide context to the promotion of bridge sustainability
via natural hazard risk mitigation, the relationship between natural hazard damage
and risk mitigation to sustainability is explored. Additionally, qualitative and
quantitative approaches for evaluating the sustainability of structures are reviewed
with a special focus on rating systems and life-cycle analyses. Finally, some of the
existing work using multi-objective genetic algorithms to minimize life-cycle
environmental, social, and economic measures for a variety of structures is
examined.
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2.1. Sustainability Definitions and Perspectives
2.1.1. Sustainable Structures and Bridge Infrastructure
Multiple interpretations for the term “sustainability” have been proposed in
literature (Barbier and Markandya 1990; CIB and UNEP-IETC 2002; Dorf 2001; Edil
2009; Fischer and Amekudzi 2011; Pearce et al. 1989; Pezzey 1992; Whittemore
2010). One of the most pervasive definitions of sustainability is “development that
meets the needs of the present without compromising the ability of future
generations to meet their own needs” (WCED 1987)—directly highlighting the
importance of intergenerational equity that can be projected to a range of
performance indicators, and indirectly indicating the role of a time horizon beyond
the present in sustainable assessment.
A framework proposed by Vanegas (2003) characterizes sustainability as
being composed of five key elements: people, the industrial base, the resource base,
the natural environment, and the built environment. In 1992, the Rio Declaration on
Environment and Development (UnitedNations 1992) presented 27 principles meant
to represent a global consensus on what sustainable development is as well as
tackle four key issues of sustainable development: conservation and management of
development (environment), social and economic dimensions (equity),
strengthening the role of major groups (participation), and means of
implementation (futurity). Policy Statement 418 by ASCE underlines sustainability
as a “set of economic, environmental, and social conditions” for the well being of
present and future generations (ASCE 2010). Xing et al. (2009) reinforce this by
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presenting a framework based on identifying economic, environmental, and social
indicators in order to achieve a more holistic assessment of sustainable impact. The
aforementioned perspectives, as well as other sustainability literature by
international consensus groups and individual researchers, all share a consideration
for the “Triple Bottom Line” principles—also known as “Pillars of Sustainability” or
“Triangle of Sustainability” as shown in Figure 1. This concept fundamentally states
that sustainable development is achieved by considering and balancing the
environmental, economic, and social dimensions of a system (ASCE 2010; Blackburn
et al. 2010; Lautso et al. 2004; Pearce and Vanegas 2002; Taylor and Fletcher 2006;
Xing et al. 2009).

Economy

Meeting Basic
Needs

Eco-Efficiency

SUSTAINABILITY
Society

Environment
Place

Figure 1. Three components or “pillars” of sustainability and their intersection
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Many owners and agencies have adopted missions of promoting structure
and infrastructure sustainability. For example, as summarized by Jeon and
Amekudzi (2005), the U.S. Department of Transportation (DOT) and numerous state
DOTs have embraced the goal of sustainable transportation infrastructure.
However, they lack a scientific approach to assess and mitigate risks posed by
multiple threats while balancing the broader objectives of sustainability. The
American Society of Civil Engineering’s (ASCE’s) publication Sustainability
Guidelines for the Structural Engineer is a pioneering reference to aid in translating
concepts of sustainability to the structural engineering community (Kestner et al.
2010). The publication offers a guide on sustainable design and construction
strategies, sustainable building materials, as well as examples of sustainable
infrastructure. Key principles addressed include conserving material and resources
through efficient designs and use of local or recycled material among other options;
and designing with sustainability in mind by making performance-based structures
which can be easily adapted in the future for alternative purposes and can be easily
deconstructed.
Within the bridge engineering community, a bridge is often considered
sustainable if it is able to serve the surrounding community while maintaining lifecycle phases from design to end-of-life with as few environmental resources as
possible at an acceptable economic expense. In addition to meeting the needs of the
community, the bridge should support and enhance the quality of life and well-being
of the society (Baddoo and Kosmac 2010; Ge and Xiang 2011; Gervasio and Silva
2013a; Horsley 2009; Institution of Structural Engineers 2011a; Institution of
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Structural Engineers 2011b; Whittemore 2010; Whittemore 2011). Therefore, a
sustainable bridge aims to minimize the negative impacts of design, construction,
maintenance, operation/use, and end-of-life activities on the three pillars of
sustainability.

2.2. Linking Natural Hazard Risk Mitigation and Sustainability
Natural disaster data and past studies on disaster impacts have suggested that
natural hazards among other threats can obstruct infrastructure sustainability due
to the array of adverse consequences their damage and post-disaster repairs can
have on the environment, society, and economy (Bastidas-Arteaga et al. 2010;
Bastidas-Arteaga et al. 2013; Dong et al. 2013; FEMA 2000a; Furuta et al. 2011;
Furuta et al. 2005; Itoh et al. 2005; Tapia et al. 2011). Examples include the
aftermath of Hurricane Ike in which Texas residents near Galveston required funds
in excess of $1.74 billion from the Federal Emergency Management Agency (FEMA)
to deal with, among other issues, the more than 25 million cubic yards of waste that
had been generated by the event—this is equivalent to a debris pile as big as a
football field and nearly eight times the height of the Empire State Building (FEMA
2008). Another example is the 6.7 magnitude Northridge, California earthquake
which occurred in 1994. This earthquake resulted in 60 fatalities, approximately
7,000 injuries, and more than 40,000 damaged structures in the surrounding area
(USGS 2012). Therefore, impacts on the three pillars of sustainability can include
casualties or threats to public safety; disruption of business or community
functions; inequity in services provided; direct and indirect economic losses due to
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damage and loss of functionality; waste generation and overburdened landfills;
resource depletion, energy expenditures, and emissions attributed to rebuilding
activities; among others. Adverse social, environmental, and economic
consequences can be diminished by implementing natural hazard risk mitigation
strategies for structures. Improved hazard protection via enhanced structural
design, retrofit, or other upgrades reduces the damage incurred, and number of
major repairs required, after a natural disaster. By limiting lifetime damage from
extreme events, public safety is improved, waste generation is minimized, repair
costs are reduced, and additional environmental impacts, such as emissions or
energy expenditures from structural repairs or replacements, are avoided.
In FEMA 364: Planning for a Sustainable Future: The Link Between Hazard
Mitigation and Livability (FEMA 2000a), the Federal Emergency Management
Agency (FEMA) acknowledges the critical link between reducing risks from natural
hazards and promoting sustainability. By preventing losses from natural hazards
through mitigation strategies, safer communities evolve and environmental
vulnerability is reduced due to decreased post disaster recovery actions required
such as debris management and rebuilding (Schwab and Brower 1999). Kneer and
Maclise (2008) note the role that improved performance of building components
(structural and non-structural) under natural hazards can have in minimizing
economic and environmental impacts and thus improving sustainability. Although
the examples they provide emphasize economic losses from seismic events, they
highlight the future need to integrate life-cycle analyses and performance-based
engineering to promote sustainable design of structures based on environmental
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measures. El-Masri and Tipple (2002) similarly note that the aims of hazard risk
mitigation, including planning for long-term horizons, improving living conditions,
and safeguarding the environment, are central to sustainable development.
Resilience is defined as “the ability of a system, community, or society
exposed to hazards to resist, absorb, or accommodate to/recover from the effects of
a hazard in a timely and efficient matter” (UNISDR 2009). With respect to
structures, a resilient design is able to withstand a hazard, provide a specific level of
service after the occurrence of a disaster or natural hazard event, and is able to
recover the desired functionality in a prompt, efficient, and effective manner
(Bocchini et al. 2014). Therefore structural resilience is a form of disaster/natural
hazard risk management which can aid in promoting sustainability. For example,
the design of a resilient structure takes into account long-term risks associated with
natural hazards in the surrounding area; therefore, resilience plans for the safety of
future generations which is in line with the concept of sustainability. Additionally,
resilient designs are able to better withstand and quickly recover from natural
hazard events, and as a result reduce environmental, economic, and social expenses
incurred due to post-event recovery actions and losses. Thus, although resilience is
not equal to or a replacement for sustainability; resilience does contribute to the
broader goals of sustainability.
The National Association of Development Organizations (NADO) Research
Foundation highlights that in addition to pre-event planning and hazard mitigation
activities, the rebuilding and recovery phases after natural disasters also offer an
opportunity to address sustainability enhancements, citing examples from
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Mississippi re-development post-Hurricane Katrina (NADO 2011). Other guides
underscore that the re-building phase is an opportunity to achieve improved
sustainability by ending the “damage-rebuild-damage” cycle and rebuilding less
vulnerable systems (FEMA 2000b). Furthermore, several studies have noted that
“green building” practices (e.g. design and construction practices that limit
environmental impact such as the use of recycled or local materials) can be
harmoniously integrated into the design of structures resilient to extreme events,
like natural hazards (FEMA 2010; Geis 2000; Kestner et al. 2010). However, these
studies do not directly explore the role that hazard resilience of structures or
infrastructure plays in long term sustainability. Overall, the two concepts are
integrally related as synthesized and summarized below:


Risk mitigation from natural hazards improves sustainability by
mitigating adverse social, environmental, and economic consequences,
although quantification of these benefits may require further
investigation;



Resilience contributes towards the goals of sustainability by considering
a structures long-term risks associated with natural hazards and reducing
environmental, economic, and social expenses incurred due to post-event
recovery actions and losses;



While damage from natural hazards often yields poor sustainability, the
disaster recovery phase provides an opportunity to integrate enhanced
provisions for sustainability at the structural system level as well as at
the regional development level;
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Green design and construction practices, such as material type, usage or
energy efficiency, target improved sustainability in structures and
infrastructure particularly with respect to environmental measures and
could still be used to achieve safety and functionality performance
objectives during natural hazard events.

2.3. Methods for Assessing Sustainability
A range of methods have emerged to evaluate the sustainability of structures and
infrastructure, including bridges. Although not necessarily mutually exclusive,
common approaches to assess sustainability are categorized as rating systems and
life-cycle analyses and summarized in the following sections.
2.3.1. Sustainability Rating Systems
The majority of approaches to evaluate sustainability of structures or infrastructure
used in practice are subjective and qualitative (ASCE 2008; Dasgupta and Tam 2005;
Dorf 2001; Jeon and Amekudzi 2005; Litman 2008), often in the form of point-score
or rating systems. According to Jennings et al. (2010), there are approximately 120
such rating systems in existence today. Georgoulias et al. (2010) identified the five
most popular rating systems for infrastructure around the world (LEED-ND,
Cascadia, CASBEE, CEEQUAL, and Green Globes), noting the range of qualitative and
quantitative approaches to evaluate and weigh various elements of sustainability.
New sustainability rating systems continue to emerge for infrastructure, including
the Zofnass Rating System (Georgoulias et al. 2010), Green Roads, and the
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Sustainable Corridor Rating System (SCRS) (Oswald and McNeil 2010), which focus
on transportation infrastructure projects. Such endeavors aim to provide a more
comprehensive view of system sustainability by allowing for comparisons and
setting common standards among existing systems, while providing a manner to
track advancement toward the design of more sustainable systems.
Research examining the development of bridge specific rating systems has
also recently emerged (Hunt 2005; IDOT et al. 2010; Louis 2010; Resendez et al.
2013). For example, Hunt (2005) assigns points to bridges based on categories of
site sustainability, traffic efficiency, water and energy efficiency, materials and
resources, and innovation in design. Resendez et al. (2013) propose a set of
indicators to assess the social sustainability of small infrastructure projects in
transportation such as typical urban bridge projects. Proposed indicators of social
sustainability include projects being fair and equitable, respecting human safety,
security and health, promoting community development, and cultural heritage
preservation.
The aforementioned rating systems emphasize the advancement of
frameworks that integrate multiple indicators of sustainability to rank or evaluate a
system’s sustainability, and potential elicitation of stakeholder preferences to place
relative weights on different facets of sustainable performance. Furthermore,
quantification of some of these indicators of sustainability via life-cycle analysis is
proposed in several frameworks. However, the limitation of these rating systems is
that they do not consider natural hazard risks in assessing sustainability and do not
reflect the advantages of protecting structures against natural hazards. In recent
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years, however, the infrastructure geared Envision Sustainability Rating System by
ASCE (Institute for Sustainable Infrastructure (ISI) and ASCE 2011) was released.
Unlike existing systems, Envision considers and awards points for natural hazard
preparedness within its categories. Therefore, a model such as the life-cycle
sustainability analysis framework that is developed in this thesis can provide a
quantitative basis for supporting points assigned to such categories as natural
hazard preparedness, form the basis for incorporating risk mitigation credits in
other sustainability rating systems, and can additionally be used in retrofit
assessment and selection for infrastructure. The following sections will review the
definition and variations in life-cycle assessment studies.
2.3.2. Life-Cycle Assessments Definitions
The scope and definition of a life cycle assessment (LCA) is often project and
discipline specific. LCA’s are in general defined as analytical frameworks for
quantifying environmental, economic, or social impacts of a product/system
considering all life stages (ISO 2006; National Research Council 2000). The general
formulation for a life cycle assessment is a summation of economic, environmental,
or social impacts from life-cycle phases of a product/system (EPA 2013; RSC 2010),
and given by:
LCA  Sc  Sop  Sm  Sh  Sd

(1)

where Sc, Sop , Sm, Sh, and Sd are the contributions from the construction phase,
operation phase, maintenance phase, hazard phase, and the end-of-life phase
respectively. As will be shown in subsequent sections, which life-cycle phases are
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included in the LCA summation varies depending on problem specific details such as
the type of system or product being analyzed, the amount of data available, or the
phase of interest.
Conventional approaches to bridge LCA’s have been limited to life-cycle costs
analyses conducted to evaluate the monetary costs associated with bridge life-cycle
phases such as construction, operation, maintenance, and demolition, amongst
others (Frangopol 1999; Zhang et al. 2005; Zhang et al. 2008). A quantitative LCA
including all phases of a structure is an elusive but real target (Graedel and Allenby
1998). However, even if simplified, quantitative LCA’s are preferred over qualitative
LCA’s since different phases cannot be readily compared in the latter (Hochschorner
and Finnveden 2003). LCA’s can be utilized to quantify metrics of sustainability,
also known as indicators of sustainability. Sustainability metrics are a way to
measure impacts to the environment, society, and economy, and although metrics
vary widely across studies, some examples include monetary costs, energy,
emissions, and waste (Collings 2006; Gervasio and Silva 2008; Gregory et al. 2005).
Furthermore, some studies are deterministic in nature while others consider
uncertainty in structural performance and consequences (Chang and Shinozuka
1996; Furuta et al. 2005; Liu et al. 2004).
LCA frameworks considering natural hazard risks have been proposed but
focus mainly on monetary cost related consequences of infrastructure damage.
With increasing interest in sustainability, there has been a movement towards less
conventional approaches which make use of LCA to quantify environmentally
focused sustainability metrics. Fewer studies have made use of LCA’s to quantify
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the effects of natural hazard risk mitigation on environmental sustainability metrics.
The following sections will present these variations on LCA’s.
2.3.3. Life-Cycle Assessments Considering Natural Hazard Risks and
Deterioration Threats
The importance of considering natural hazards and their mitigation within life-cycle
assessments has been recognized (Ang and DeLeon 1997; Chang and Shinozuka
1996; Ellingwood and Wen 2005; Frangopol et al. 1997; Furuta et al. 2005; Kumar
and Gardoni 2014; Liu et al. 2004; Seo and Caracoglia 2013; Wen 2001) with most
work focused on assessing life-cycle costs. Several studies have considered lifecycle performance of structures under joint natural hazards and aging. For example,
Furuta et al. (2005) assess effects of seismic risk on life-cycle cost (LCC) limited to
the construction and maintenance phases of reinforced concrete bridge piers and
demonstrate the influence natural hazards have on repair cost and LCC. Ghosh and
Padgett (2011) assess the effects of aging and deterioration threats in addition to
seismic risk on the LCC of infrastructure limited to the repair/replacement stage.
Two bridges are assessed—a multi-span simply supported (MSSS) concrete bridge
and a multi span continuous (MSC) steel girder bridge. Results from their study
demonstrate the importance of considering lifetime deterioration when assessing
losses from seismic hazards. Therefore, impacts from natural hazards and aging are
considered in the life-cycle sustainability analysis and sustainability optimization
frameworks developed in this thesis.
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2.3.4. Life-Cycle Assessments of Bridge Sustainability
A movement towards unconventional approaches to bridge life-cycle analyses,
incorporating measures of sustainability other than monetary cost, is taking place as
noted by the increasing number of studies addressing this type of assessment
(Collings 2006; Gervasio and Silva 2008; Gervasio and Silva 2013a; Gervasio and
Silva 2013b; Gregory et al. 2005; Horvath and Hendrickson 1998; Itoh and Kitagawa
2003; Itoya et al. 2013; Long et al. 2008). An early study taking this approach
towards LCA’s is the work by Kreijger (1987), which considers energy content,
water content, labor to manufacture and transport material, desoiling, SO2 emission,
and dust emission as indicators. The indicators are quantified for two bridges in the
Netherlands still in the design phase. A pre-stressed concrete and steel bridge are
assessed over life phases beginning with material acquisition and ending when the
material reaches the building site—leaving out the construction, maintenance,
hazard exposure, and future demolition phases.
Analyses by Horvath and Hendrickson (1998) and Gervasio and Silva (2008)
focus mainly on emission impacts to the environment. Horvath and Hendrickson
(1998) analyze three major indicators—Toxic Release Inventory (TRI) chemicals,
conventional air pollutants, and hazardous waste generation—for steel and steelreinforced concrete bridge girders assuming comparable results for entire bridges
of similar material. Life-cycle phases considered in their study are material
extraction, material processing, material manufacturing, maintenance, and end-oflife. However, only painting of steel material and most-likely disposal option are
considered for maintenance and end-of-life stages respectively. Gervasio and Silva
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(2008) compare water intake, smog, global warming, eutrophication, criteria air
pollutants, and acidification indicator totals for a steel-concrete composite and
concrete bridge. The analysis is limited to the construction phase and the end-of-life
phase assuming both bridge options are demolished.
While Itoh and Kitagawa (2003) and Collings (2006) both quantified CO2 and
embodied energy (EE) for different bridge types, both limited their analysis to the
construction phase of the bridge’s. Gregory et al. (2005a) quantified CO2 and
embodied energy for two bridge deck systems, as well as solid waste generation,
raw material consumption, construction related traffic congestion, greenhouse gas
production, select air pollutants, and water pollutant discharges. Furthermore, the
life-cycle model by Gregory et al. (2005a) accounts for material production and
distribution, construction and maintenance processes, construction related traffic
congestion, and end-of-life management phases, but with simplifications made to
the maintenance and end-of-life phases.
As summarized by the examples above, most unconventional bridge LCA’s
focus on quantifying environmental indicators of sustainability. Additionally, two of
the most recurring environmental indicators used to characterize sustainability are
carbon dioxide (CO2) emissions and embodied energy (Collings 2006; Itoh and
Kitagawa 2003; Keoleian et al. 2005a; Keoleian et al. 2005b; Vieira and Horvath
2008). Embodied energy is defined as the “total energy expended for harvesting,
transporting, processing, packaging, and installing the (bridge) material (or
components)” (Pearce 2004). Carbon dioxide emissions “reflect the specific inputs
of ingredients and energy sources and the CO2 emissions associated with them”
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(Alcorn 2001). Despite the advance in incorporating lifetime measures of
sustainability beyond the commonly quantified life-cycle cost, most studies
including those presented above neglect consideration of threats such as natural
hazards which could affect the sustainability of a structure and its surrounding
environment. Some of the limited studies considering natural hazard risk and
sustainability in LCA’s are presented in the following section.
2.3.5. Life-Cycle Assessments of Bridge Sustainability Considering Natural
Hazard Risks and Deterioration Threats
Frameworks incorporating natural hazard risks and their mitigation into LCA’s to
assess sustainability of infrastructure have recently begun to emerge (Dennemann
2009; Dong et al. 2014b; Itoh et al. 2005; Padgett et al. 2010; Padgett and Tapia
2013; Taflanidis and Beck 2009). Itoh et al. (2005) propose a model to determine
life-cycle environmental impacts and costs from construction and maintenance
phases, as well as from losses and recovery after an earthquake event. The study
utilizes CO2 emissions as the environmental impact indicator and quantifies CO2 and
monetary cost for steel bridge piers assuming comparable application for a whole
bridge. Itoh et al. (2005) quantify these indicators for operation phase materials,
painting, welding machinery, and transportation utilized. Monetary cost and CO2
totals for seismic recovery operations at various levels of seismic damage are
calculated in terms of relative ratios. These ratio totals are given in “unit” measures
defined as “an elemental constituent to measure either cost or environmental
impact” (Itoh et al. 2005).
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Consideration for natural hazards was integrated into an LCA quantifying
environmental, social, and economic metrics of sustainability by Padgett et al.
(2009) and expanded by Dennemann (2009). These efforts present a preliminary
application for assessing sustainability of four bridges subject to seismic threat. The
sustainability metrics considered for these non-seismically designed bridges are:
life-cycle costs due to post-earthquake repairs, downtime, fatalities, and energy
usage associated with repairs. The estimation of energy usage is simplified for each
seismic damage state by taking a fraction of the entire structure’s replacement
embodied energy based on a damage ratio corresponding to each damage state in
both studies (Dennemann 2009; Padgett et al. 2009). Additionally, only concrete
and steel material from each bridge is considered for quantifying embodied energy
estimates. Therefore, a more detailed analysis of repair procedures, material
quantity estimates, and material types used in each repair action are required in
addition to joint consideration of aging and hazard risks.

2.4. Review of Multi-Objective Optimization for Minimizing LifeCycle Measures
The previous section reviewed work making use of life-cycle analysis to quantify
measures of sustainability for structures. Past work demonstrated various activities
throughout the life of the structure can have an impact on the economy, society, and
the environment. As stated in Section 2.1.1, a sustainable structure should minimize
negative impacts from all life-phases on the three pillars of sustainability. This
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section will examine studies which make use of multi-objective genetic algorithms
to minimize life-cycle environmental, social, and economic measures for a variety of
structures. Genetic algorithms (GA) are utilized in the framework developed in this
thesis, and therefore the reason why GA’s are the focus of this review section.
Further details justifying the use of GA’s will be discussed in Section 4.2. While
other optimization methods exist for solving multi-objective problems, their
comparison with genetic algorithms is beyond the scope of this thesis.
2.4.1. Multi-Objective Optimizations Minimizing Economic Losses
The majority of past life-cycle structural optimization frameworks seeking to
optimize multiple objectives make use of multi-objective optimization frameworks
based on genetic algorithm variations (Frangopol et al. 2000; Frangopol and Estes
1997; Frangopol and Liu 2006; Furuta et al. 1998; Furuta et al. 2003; Furuta et al.
2006; Kaveh et al. 2011; Liu et al. 1997; Liu and Frangopol 2005; Liu et al. 2004;
Okasha and Frangopol 2009) and in general, these studies focus on minimizing
expected life-cycle monetary costs by finding optimal structural design,
maintenance, or routine repair activities.
Liu and Frangopol (2005) apply a genetic algorithm based multi-objective
optimization to find maintenance plans which balance the maintenance related
monetary costs incurred throughout the lifetime of a bridge, the structures
condition, and the safety levels of a deteriorating bridge. However, Liu and
Frangopol (2005) do not consider effects to the structure due to natural hazard risk,
impacts of decisions on the environment or society, or hazard resilience strategies.
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Yang et al. (2006) seek to minimize lifetime monetary costs associated with
maintenance and expected failure in order to select optimal preventive maintenance
actions for a multi-girder bridge. While Yang et al. (2006) take into account effects
of deterioration on the bridge, the authors do not consider the effects of natural
hazard exposure on the structure.
Liu et al. (2004) use multi-objective genetic algorithm to find alternative
designs for seismic steel moment-resisting frames which minimize three conflicting
objectives: initial cost, lifetime seismic damage cost, and number of different steel
sections utilized. Furuta and Frangopol (2008) apply a multi-objective genetic
algorithm to find optimal maintenance schedules which balance the life-cycle cost,
safety level, and service life for a damaged reinforced concrete bridge. Fragiadakis
et al. (2006) present an optimization framework which minimize objective functions
related to initial material weight and life-cycle costs in order to find a set of optimal
designs for a ten story steel moment resisting frame. Life-cycle costs resulting from
damages caused by earthquake events are considered by Fragiadakis et al. (2006),
but contributions from other phases of a structures life-cycle are neglected (e.g.
maintenance, operation, end-of-life). While the aforementioned studies go beyond
traditional optimization studies by considering natural hazard risk to the structures,
their main limitations are not taking into account impacts which life-cycle phases
and alternative design/maintenance options can have on the environment and
society. Additionally, impacts due to actions beyond maintenance strategies or
design options are not considered.
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2.4.2. Multi-Objective Optimizations Minimizing Measures Beyond
Economic Losses
Recently, multi-objective optimization frameworks for structures based on
sustainability measures beyond monetary costs have begun to emerge. Although
there are not many, these sustainability based multi-objective optimization
frameworks address some of the limitations of studies presented in Section 2.4.1.
Dandy et al. (2008), Wu et al. (2010), and Herstein et al. (2011) make use of
multi-objective genetic algorithm to minimize different measures of sustainability
for water distribution systems. Dandy et al. (2008) seek to identify an optimal set of
designs for a water distribution system such that total embodied energy and
economic costs are minimized. Embodied energy totals include contributions from
extraction of the material utilized to the energy utilized in operation of the water
system. Wu et al. (2010) apply a multi-objective optimization model to find water
distribution designs which minimize economic costs and greenhouse gas emissions.
Herstein et al (2011) make use of a genetic algorithm to minimize capital costs,
annual pumping energy use, and environmental impacts in water distribution
systems. These studies consider sustainability measures beyond economic costs in
finding optimal water distribution systems by considering measures of
environmental impact. However, measures from the social component of
sustainability are not considered and potential consequences from exposure of the
water system to natural hazards are not taken into account.
Dong et al. (2014a) present a framework which makes use of multi-objective
genetic algorithm for finding optimal timing and sequence for retrofitting bridges in
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a network such that total retrofit cost for the entire bridge network is minimized
and the maximum value of expected seismic losses are minimized during the time
spans considered. Dong et al. (2014a) define expected losses as the social,
economic, and environmental costs associated with seismic damage. Although Dong
et al. (2014a) consider impacts to the three components of sustainability as well as
impacts from natural hazard exposure, the authors convert social and
environmental costs into monetary values prior to applying the proposed
optimization framework. Costs associated with equipment utilized in retrofit
applications and post-event repairs are not considered. Additionally, the study by
Dong et al. (2014a) does not consider optimizing what type of retrofit option is
applied on the network of bridges. Asadi et al. (Asadi et al. 2014) utilize a multiobjective genetic algorithm framework to assess optimal building retrofits. The
three objectives minimized by the framework are energy consumption, retrofit cost,
and occupant thermal discomfort hours. Retrofits available to choose from consist
of: 24 different external wall insulation materials, 18 roof insulation materials, 3
windows types, 4 solar collectors, and 4 HVAC systems. Although this study by
Asadi et al. (2014) does include measures of impacts to the environment (energy
consumption), economy (retrofit cost), and society (thermal discomfort hours), it
neglects the influence which natural hazards and aging can have on the measures of
sustainability.
Past work examined in this section offers insight on the effective use of multiobjective genetic algorithms to minimize life-cycle measures beyond economic loss
for a variety of structures. However, as is highlighted throughout the review, there
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is still much room for improvement regarding this topic. Although studies have
expanded to include metrics beyond economic loss (monetary costs), the majority
tend to focus on environmental metrics therefore, neglecting social impacts from
decisions. Studies that do consider metrics from the three pillars of sustainability
should explore minimizing contributions beyond the design or retrofit construction
phases. Additionally, the majority of studies do not consider impacts that natural
hazards and structural deterioration can have on sustainability measures, which is
critical since the increased costs associated with hazards can lead to different
solutions being optimal.

2.5. Closure
This literature review presents an overview of definitions and perspectives on
sustainability, methods for quantitatively and qualitatively evaluating sustainability
of structures with a specific focus on bridges, and some of the existing work using
multi-objective genetic algorithms to minimize life-cycle environmental, social, and
economic measures for a variety of structures. In addition, the shortcomings of past
work and improvements required in not only evaluating the sustainability of
bridges exposed to natural hazards but in minimizing their life-cycle performance
measures beyond monetary cost as well are highlighted throughout this review.
The life-cycle sustainability (LCS) analysis framework developed in this thesis will
address the limitations of current frameworks by evaluating sustainability
indicators of bridge performance from the three pillars of sustainability consistent
with the definition of LCA stated previously, with the added consideration of natural
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hazard/threat occurrence. Evaluation by a LCS analysis framework of indicators
from the economic, environmental, and social categories of sustainability at each
bridge life-cycle phase will be presented. Additionally, this LCS analysis method will
be used in combination with a multi-objective genetic algorithm (LCS MOGA)
framework developed in subsequent sections of this thesis in order to address the
gaps in current optimization frameworks. The LCS MOGA framework will seek
optimal retrofits and post-disaster repair options which minimize sustainability
measures from the economic, social, and environmental components of
sustainability for deteriorating bridges subject to natural hazard risks.
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Chapter 3

Life-Cycle Sustainability Analysis
Framework and Application

This chapter presents the life-cycle sustainability (LCS) analysis framework for
evaluating sustainable bridge performance considering multiple threats. The
framework elucidates the role of natural hazard risks when evaluating sustainable
bridge performance using risk-based indicators of environmental, social, and
economic sustainability. Its application provides insight on the sustainability of
mitigating damage from natural hazards through retrofitting deficient structures,
considering uncertainty in the hazard occurrence, structural performance, and
repair or reconstruction actions that affect lifetime structure sustainability. A case
study is presented to evaluate indicators from the three pillars of sustainability for a
bridge susceptible to aging and seismic hazards. Results show the significant impact
that retrofits can have in reducing lifetime values of sustainability indicators.
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3.1. General LCS- Analysis Model Overview
A model for LCS analysis is posed in this chapter in order to evaluate sustainable
bridge performance, consistent with the definition of LCA stated in Chapter 2, but
with emphasis on the additional consideration of natural hazard/threat occurrence
(Padgett and Tapia 2013). Sustainability indicators are measures that can be used
to evaluate negative impacts on the three pillars of sustainability; examples of
sustainability indicators include embodied energy, waste, monetary cost, among
others. The total LCS value for a given sustainability indicator, S, is assessed as the
sum of contributions from items such as material and equipment utilized in each life
phase of the structure:
LCS X, T   S ci X  S cr X  S op X, T   S m X, T   S h X, T   S d X, T 

(2)

where LCS is the total life-cycle sustainability value in terms of indicator S, X is a
vector of structural parameters, such as the type and geometry of the structure, and
T is the total service life of a new bridge or the remaining service life of a retrofitted
bridge. Sci, Scr, Sop, Sm, Sh, and Sd are the sustainability indicator totals corresponding
to initial construction, retrofit construction, operation, maintenance, hazard
exposure, and demolition phases respectively. Contributions from material utilized
in each phase take into account the expenses associated with raw material
acquisition, transportation to factory, and production of the material. Therefore,
collectively the phases in Equation (2) asses lifetime “cradle-to-grave” phase
impacts on sustainability (ISO 2006).
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Sustainability indicator contributions from the operation phase typically
contribute a minimal amount in bridge specific studies, particularly for common
highway and overpass bridges, but could include expenditures associated with nonstructural features such as electrical and mechanical components for movable
bridges, lighting and signage, or even passing traffic depending upon scope of study.
Retrofit construction, Scr, differs from the initial construction phase, Sci, in that Scr is
the upfront investment required for a structural retrofit (or risk mitigation upgrade)
option to be implemented at present date with intention of reducing natural hazard
related damages. Sm includes regular maintenance and repair activities for the
bridge throughout its life. Unlike traditional life-cycle analyses, the framework
presented in this thesis is extended to include consequences associated with repair
and replacement actions required due to natural hazard damage, denoted by Sh, in
terms of environmental, social, and economic indicators of sustainability. Sh is
quantified in terms of the three facets of sustainability by quantifying impacts with
different indicators, S, from each of the pillars of sustainability. These hazard
related sustainability impacts are the component of the LCS analysis which are
unique and of particular focus in this work. Finally, in this holistic life-cycle analysis
the sustainability impacts associated with end of life and demolition of the bridge
are also considered and denoted by Sd. As an example of how contributions from a
single life-cycle phase are quantified, let the sustainability indicator and life-cycle
phase of interest be carbon dioxide (CO2) emissions and the Scr phase respectively.
Scr phase contributions are found by summingCO2 emissions resulting from
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materials and equipment utilized during the retrofit construction procedure and
emissions from rerouting traffic due to the retrofit construction activity.
The sustainability indicator contributions associated with lifetime natural
hazard exposure are taken as:
S h X, T  

T

 I X, t dt
h

(3)

t 0

where I h X, t  is the total discounted sustainability indicator value in terms of the
indicator of focus S (examples of sustainability indicators include carbon dioxide
emissions, monetary cost, etc.) and it is associated with natural hazard exposure at
time t during the total service life T of the structure. The discounted sustainability
indicator value is quantified as I h X, t   UC Xzt  and its calculation will be discussed
in subsequent sections of this thesis with an example. UC X is the upfront
sustainability indicator value associated with repair actions implemented. z(t) is a
discount factor which is a function of discount rate d and time t, and is used to
convert future quantities into present day values. This concept of utilizing a
discount factor is most widely accepted for monetary (economic) costs in order to
account for the time value of money. Discount rates for social life-cycle indicators
have also been proposed, though agreement on an appropriate rate is still in debate.
Regarding environmental indicators of sustainability, such as quantity of emissions
or embodied energy (i.e. non-monetary values), discounting is said to be
inconsistent and not recommended for such environmental life-cycle values
(Hunkeler et al. 2008). Furthermore none of the case studies reviewed by Hunkeler
et al. (2008) nor reviewed by the author to date have discounted environmental
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impacts or indicators which are in terms of non-monetary units. Although it is
acknowledged that social and environmental indicators of sustainability may have
different effects at different points in time, future research is required in order to
define not only an appropriate discount ratio but also an adequate discounting
function that can be used for social and environmental indicators. Since such
refinement is beyond the scope of this thesis, discounting is applied only to expected
economic indicators of sustainability (monetary cost values) but not to
environmental or social indicators. When evaluating environmental and social
indicators of sustainability, z(t) is taken as 1. When evaluating economic (monetary
cost) indicators of sustainability, a 3% discount rate is adopted for the case studies
in this thesis. This rate is an intermediate value from those recommended by the
United States Office of Management and Budget in the past 10 years (Office of
Management and Budget 2013) and is assumed to be an after-inflation risk-free
rate. The discount function is of the form (1+d)-t where d is the discount rate and t
is time.
Depending on the intensity of a natural hazard and the vulnerability of the
exposed structure, the structure can incur different levels of damage which are
referred to as “damage states” in this thesis. Let n represent one of the possible
damage states incurred by structure due to a natural hazard event. The
sustainability expenditure or consequence due to a single damage state n is given by
Equation (4):



T

  PI

E S h , n X, T  

t 0

h,n



( X, t ) I h , n ( X, t )dt

(4)
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where E[Sh,n(X,T)] is the expected hazard related sustainability indicator value for a
particular damage state n, I h,n ( X, t ) is the total discounted sustainability indicator
value associated with natural hazard induced damage state n at time t, and
P[Ih,n(X,t)] is the probability of incurring sustainability indicator value Ih,n from
natural hazard induced damage state n at time t along the service life of the bridge.
Though equations to follow will expand on the evaluation of this probability term, in
general P[Ih,n(X,t)] considers the reliability of the structure as well as the likelihood
of hazard occurrence.
This model can be used to analyze the effects of various natural hazards or
threats (e.g. hurricanes, winds, flooding, earthquakes, excessive loads, aging) on
structure life-cycle sustainability performance measures. However, the focus of this
thesis will be on bridge structures subject to earthquake and aging threats
throughout its lifetime. In the expansion of this life-cycle sustainability model,
natural hazard occurrence is assumed to follow a Poisson process, which is a
commonly adopted model for extreme event occurrence including earthquakes
(Cornell 1968; Lomnitz 1966; Rosenblueth 1966; Wen and Kang 2001a; Wen and
Kang 2001b), hurricanes (Katz 2002; Li and Ellingwood 2009), or floods (Kirby
1969; Nachtnebel and Konecny 1987). Furthermore, bridge vulnerability to natural
hazards and hence damage occurrence is considered a time-dependent process as a
result of aging and deterioration throughout its service life. Therefore, the
occurrence of natural hazard damage to an aging structure is assumed to follow a
non-homogenous Poisson process.
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The distribution of the time elapsed between the beginning of exposure of a
deteriorating bridge to earthquakes and the occurrence of first failure in such a
process can be modeled by an exponential distribution with the probability density
function (PDF) (Ang and Tang 1975; Melchers 1999):
t


f(X, t)  n ( X, t ) exp   n ( X, )dτ 


 τ 0


(5)

where λn(X, t) is the mean annual rate of damage level n occurrence and the other
variables are as previously defined. This rate parameter is taken as time dependent
for the life-cycle analysis of sustainability indicators to reflect the fact that the
bridge may be more susceptible to damage throughout its lifetime due to aging and
deterioration. The mean annual rate of damage can be estimated, for each set of
design parameters X of a bridge at time t during its service life, by integrating
functions expressing hazard potential (e.g. seismic hazard curves) with structural
fragility estimates, or statements of the conditional probability of reaching a
predefined damage level. Let there be a total of N=4 different damage states, with
n=1 being the lowest level of damage and n=4 being the highest level of damage.
The mean annual rate of damage level n occurrence can be estimated as follows for
damage states n=1 to n=3:



n ( X, t )  P[ DS n ( X, t ) | a]

dH a 
dH a 
da  P[ DS n 1 ( X, t ) | a]
da
da
da



(6)

where DSn is the damage state being analyzed in ascending order of damage, H(a) is
the seismic hazard curve that quantifies the mean annual frequency of exceeding a
specific level of hazard intensity a, and P[DSn(X,t) |a] is the fragility estimate or
conditional probability of exceeding damage state n at time t during the life of the
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bridge given hazard intensity level a. Specifically for this thesis, the hazard intensity
measure utilized is peak ground acceleration (i.e. PGA=a) and the damage states
considered are: DS1 = slight, DS2 = moderate, DS3 = extensive, and DS4 = complete. At
complete damage level (n=4), the mean annual rate of damage is quantified by only
performing the first integration in Equation (6),  P[ DS4 ( X, t ) | a]

dH a 
da . The fragility
da

estimates adopted in this work are of the form of a lognormal fragility:
 lna   lnmed n ( X, t )  

P[ DS n ( X, t ) | a]  

dispn X, t 



(7)

where med(X,t) is median value of the lognormal fragility at different points in time t
for damage state n in units of PGA, disp is the dispersion or logarithmic standard
deviation of the lognormal fragility at different points in time t for damage state n,
and Ф(·) is the standard normal cumulative distribution function. Therefore,
Equation (7) offers the fragility, or the conditional probability of the demand
exceeding a capacity limit associated with damage state n at time t during the life of
the bridge given PGA=a. Further details on the construction of time dependent
fragility curves for bridge structures can be found in Ghosh and Padgett (2010).
Equation (4) can hence be expanded to reflect a non-homogenous Poisson
process for natural hazard damage occurrence of aging structures by replacing the
probability of incurring a sustainability indicator value, P[Ih,n(X,t)], with the
probability density function given in Equation (5). Therefore, Equation (4) is
rewritten as:



T

  f (t )I

E Sh, n X, T  

t 0

h, n

( X, t )dt

(8)
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where E[Sh,n(X,T)] is the expected hazard related sustainability indicator value due
to a particular damage state n. Substituting f (t ) with the PDF shown in Equation
(5), Equation (8) is expanded as:
E S h , n X, T  



T



t

  X, t exp  τ  0 (X, )dτ I
n

n

h,n

(9)

( X, t )dt

t 0

where λn(X,t) is the mean annual rate of damage level n occurrence due to natural
hazard exposure, and together with the exponential term reflects the distribution of
time between the beginning of exposure of a deteriorating bridge to natural hazard
and the occurrence of first failure.
The Riemann Sum is one method available for approximating integrals. This
method approximates integrals by dividing the region under the function of interest
into rectangular intervals of a selected width Δ, then calculating the area for each of
these intervals, and finally summing up all areas of all intervals. In order to simplify
the calculation of Equation (9), this numerical approximation is used to calculate
present integrals. Replacing integrals with the summation of intervals of uniform
width Δt and Δτ, Equation (9) can be approximated as:



   X, t exp    (X, )τ  I



E S h, n X, T  

T

t

n

t 1

n

h, n

( X, t )t

(10)

τ 1

As aforementioned, depending on natural hazard intensity and vulnerability of a
structure, a structure can incur different levels of damage. Additionally, each of the
different damage states yields different sustainability expenditures or
consequences. In order to quantify the total hazard related sustainability indicator
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value, expenditures due to each of the possible damage states should be summed.
Therefore, the total expected hazard related sustainability indicator value, including
expenditures due to all possible damage states, N, is approximated as:
E S h X, T  

N

T


n 1

t 1



n X, t exp 




t

  X, τ I
n

h,n

( X, t )t

(11)

 1

Where the values of n from 1 to N are in the order of increasing level of damage (e.g.
n=1 is slight, n=2 is moderate, n=3 is extensive, n=4 is complete). The quantity
presented in Equation (11) reflects the expected sustainability indicator total
resulting from natural hazard exposure over the design life or remaining service life
T, of a structure considering N potential damage states.
The exact integral form (Equation 9) and approximate summation form
(Equation 10) were tested with one of the case study bridge problems to be
presented in Section 3.3 in order to ensure adoption of this approximation is
appropriate for the proposed LCS framework. Δt and Δτ, were both assumed to be
equal to one year uniform intervals in the approximate summation form. Results
from quantifying a sustainability indicator for a case study bridge showed that
approximating the integral with a summation and uniform one year Δt and Δτ
intervals (as shown in Equation (10)), versus using the exact integral form (as
shown in Equation (9)), only caused an error of approximately 1.2% among the final
solutions. From the size of this error, it is concluded that approximating the
integrals in Equation (9) as summations, with uniform intervals of one year
increments, is acceptable for the specific problems presented in this thesis. As a
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result, the approximate summation form shown in Equation (11) will be used in the
remainder of this thesis.
The proposed LCS analysis model also considers the potential uncertainty in
repair actions adopted for various bridge component damages which may lead to
different sustainability indictors. Bridge components refer to the different elements
that comprise the bridge structural system, such as the columns, bearings or
abutments, and repair actions refer to the physical processes used to restore the
damaged bridge to its initial state, such as wrapping or patching a damaged column.
To account for the multiple repair strategies which may be adopted in practice for
repairing the structure in a particular damage state, Equation (11) is expanded to:



   X, t exp    X, τ PI



E S R h X, T  

N

J

T

t

n

n 1 j 1 t 1

n

R

h,n, j



( X, t ) I R h,n, j ( X, t )t

 1

(12)

where P[IRh,n,j(X,t)] is the probability of adopting the jth repair strategy for damage
level n, IRh,n,j(X,t) is the total discounted sustainability indicator value associated
with that repair strategy j, and J is the total number of repair options to choose from.
Equation (12) couples natural hazard risk assessment with evaluation of
sustainability indicators associated with hazard damage as further described in the
next section of this thesis. This life-cycle model is an extension of the life-cycle cost
model presented in Ghosh and Padgett (2011) and Padgett and Tapia (2013) with
similar fundamental assumptions as detailed and derived in the aforementioned
papers.
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3.2. Bridge Sustainability Indicators
Consequences of structural damage such as monetary cost have been emphasized as
a part of past studies that evaluate risks under natural hazards. However social and
environmental indicators of sustainable bridge performance in the face of natural
hazards have received less attention. A holistic assessment of sustainability
requires consideration of all three facets of structural sustainability—environment,
society, and economy. Therefore, indicators from all three components of
sustainability are considered and evaluated in this thesis.
The sustainability indicators of focus in this thesis include life-cycle
embodied energy (EE), carbon dioxide (CO2) emissions, waste (W), downtime (D),
fatalities (F), and monetary cost (MC); where the first three indicators are from the
environmental component of sustainability, downtime and fatalities are from the
social component of sustainability, and monetary cost describes the economic
component of sustainability. Complete definitions, units, and symbols for
sustainability indicators considered are tabulated in Table 1. Embodied energy is
defined as the “total energy expended for harvesting, transporting, processing,
packaging, and installing the [bridge] material [or components]” (Pearce 2004). CO2
emissions “reflect the specific inputs of ingredients and energy sources and the CO2
emissions associated with them” (Alcorn 2001). Although other definitions exist for
these terms (Alcorn 2003; Institution of Structural Engineers 1999; Long 2007;
Padgett et al. 2009; Venkatarama Reddy 2004) little deviation exists.
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Table 1. Sustainability Indicators Considered in Thesis
Sustainability Indicator

Symbol

Units

Embodied Energy

EE

MJ

Carbon Dioxide Emissions

CO2

Kg

Waste

W

m3

Downtime

D

Days

Fatalities

F

Persons

MC

$

Monetary Cost

Description
Energy consumed in harvesting,
transporting, processing,
packaging, and installing bridge
material and/or components.
Carbon dioxide emitted in
harvesting, transporting,
processing, packaging, and
installing bridge material and/or
components.
Waste generated due to complete
demolition of bridge structure.
Period of time during which
structure is not open to traffic due
to hazard damage.
Deaths incurred as a result of
hazard damage.
Monetary cost associated with
material and equipment. Future
costs incurred are converted to
present value.

In the context of bridge life-cycle analysis, EE, CO2 emissions, waste, and
monetary cost resulting from the hazard exposure phase are evaluated with
Equation (12) to reflect the sustainability indicator value from repairs or
replacements performed on each bridge component at each possible damage state.
The expected values of downtime and fatalities are evaluated in a similar fashion
with the exception that downtime and fatalities are evaluated at the structural
system level—not the bridge component level. Downtime and fatalities reflect
sustainability indicator contributions associated with rerouting of traffic during
bridge closures and casualties which take place due to hazard damage.
To conceptualize the scope of the proposed life-cycle analysis model, the
structure of interest can be thought of as a larger main system composed of smaller
sub-systems, which each have their own distinct life-cycles that contribute to the
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sustainability indicator totals. Therefore, in this thesis, the bridge structure is the
main system composed of smaller sub-systems such as materials, equipment and
machinery, or rerouted traffic. Each of these sub-systems then have their own lifecycles which are captured through coefficients for EE, CO2, W, D, F, and MC. The
scope of the sustainability life-cycle analysis is dictated by the scope of these
sustainability indicator coefficients. Inconsistencies which exist mainly in CO2 and
EE coefficients found in literature primarily ensue from the differences in scope of
the sub-system life-cycle phases and parameters included in deriving these
coefficients. Figure 2 displays the bridge (main system) LCS analysis scope specific
to this thesis along with the sub-systems considered. The only bridge life-cycle
phase not considered is the operation phase and this is designated with a dotted box
in Figure 2. Phases which are considered for each sub-system are enclosed within
their respective boxes. Contributions from the operation phase such as lighting or
signage are not central to the sustainability assessment of the bridge structural
system, which defines the bounds of the current study, and do not influence the
impacts of hazard mitigation emphasized herein. Furthermore, typical highway
overpass bridges often do not incorporate such features and hence the operation
phase contributions are negligible.
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Figure 2. General bridge LCS analysis scope; bold dashed= main system (bridge)
life-cycle; bold dotted= bridge life-cycle phases not considered; bold solid= bridge
life-cycle phases considered; solid boxed= sub-system life-cycle
With respect to the EE, CO2 emissions, waste, and monetary cost life-cycle
quantifications, the analysis herein explicitly considers material, equipment and
rerouting/detour of traffic during structural downtime due to hazard damage.
Contributions from repair activities are assessed and summed per component
damage, while contributions from downtime are evaluated on the basis of the bridge
system damage state. Therefore, Equation (12) is expanded as follows:
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where m is the bridge component. As stated in Section 3.1, IRh,n,j,m, is the total
discounted sustainability indicator value associated with component repair strategy
j and is quantified by multiplying the discount factor, z(t), with upfront
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sustainability indicator values associated with repair actions, UCn,j,m(X). UCn,j,m(X)
values are quantified by summing contributions from construction materials, SMn,j,m,
and equipment, SEn,j,m, utilized in implementing repair j:
UCn, j ,m X  SM n, j ,m  SEn, j ,m .

(14)

In order to demonstrate how a total discounted sustainability indicator value
is calculated, let the sustainability indicator of interest be carbon dioxide emissions,
the bridge component (m) of interest be bridge columns, and the level of damage (n)
incurred by the bridge component be slight damage. Therefore I R h, n, j , m ( X, t )
represents the total discounted value of carbon dioxide emissions resulting from
repairing bridge columns which incurred slight levels of damage with a repair action
j. For purposes of this example, the repair action j is assumed to be patching
columns with concrete. The volume of material required to patch the columns, the
equipment required to perform this repair, as well the amount of carbon dioxide
(CO2) emitted per unit volume of material and per equipment is all data which is
known. Using kilograms (kg) as the unit of measure for carbon dioxide, the value of
I

R
h,n, j ,m

( X, t ) is calculated as: I

R
h,n, j ,m

( X, t ) = [(volume of material)*(kg of CO2 per unit

volume)+(number of equipment)*(kg of CO2 per equipment)] * (discount factor).
This is simply UCn, j ,m X* zt  as described in Section 3.1 (below Equation 3), with
UCn, j , m X being calculated as shown in Equation 14. When more than one type of

material or equipment is required to perform a repair action, values of (volume of
material)*(kg of CO2 per unit volume of material) and (number of equipment)*(kg of
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CO2 per equipment) for each material/equipment are summed up to get a total
UCn, j , m X value, which is then multiplied by z(t) to get a total I

R
h,n, j ,m

( X, t ) value.

Information required to calculate this upfront value UCn,j,m(X) (and therefore
contributions from SMn,j,m and SEn,j,m) include the following: 1) material coefficients
which are quantities in terms of an indicator measure (such as kg, MJ, dollars, etc.)
per unit volume of the material utilized, 2) equipment coefficients which are
quantities in terms of an indicator measure (such as kg, MJ, dollars, etc.) per
machine utilized, 3) the volume of material required for implementing repair action
j, and 4) the types of equipment required for implementing repair action j. In the
case of the example given above, the material coefficient would be kilograms of CO2
per unit volume of a specific material. Note that some indicators may only require
one type of coefficient depending on what sustainability indicator is being
quantified and if the coefficient provided already includes both equipment and
material quantities in a single value. As an example, if monetary cost coefficients
include cost of equipment and material in their values, then it is unnecessary to look
for a separate material coefficient and equipment coefficient. Alternatively, if the
sustainability indicator of interest is waste, only a material coefficient is necessary
since equipment will not contribute to the waste generated.
SRn(X,t) is the total discounted sustainability indicator value associated with
system level damage n. This values is quantified as SRn X, t   USn Xzt  where USn(X)
is the upfront sustainability indicator value associated with system level damage n
and z(t) is a discount factor applied as already described. Information required for
calculating the system upfront value, USn(X), includes coefficients in terms of the
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indicator of interest per system damage state. The sustainability indicators
associated with system level damage, SRn(X,t), considered in this study include
traffic rerouting due to downtime of structure, downtime, and fatalities. Although
additional uncertainties can be introduced in future studies, direct mapping
between system damage state and sustainability indicator contribution from
downtime is assumed in this thesis. The reason why some sustainability indicators
are quantified at the bridge component level, while others are quantified at the
bridge system level, is because consequences of damage may differ depending on
whether the focus is on components of the structure or on the whole structural
system. For example, grouting is a repair that targets a particular damaged
structural component, while rerouting of traffic is a consequence of damage (or loss
of functionality) of the entire structural system. Additionally, the value of some
sustainability indicators may be associated with overall structural system collapse
or system level closure. For example, data for fatalities due to bridge damage is
information available at the bridge system level, not the component level.
To conduct a life-cycle sustainability analysis, data sources containing
sustainability indicator coefficients are required to estimate the values associated
with all life-cycle phases. It is noted that adoption of such data sources implies
propagation of source assumptions in the LCS analysis; also the sub-system lifecycle bounds of the data sources affect the overall bounds of what is captured in the
LCS analysis. The coefficients for downtime and fatality sustainability indicators
associated with each level of bridge system damage are based on HAZUS-MH (FEMA
2005) and Padgett et al. (2009) respectively and tabulated in Table 2. Waste
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contributions from repair or replacement activities other than demolition are
minimal, therefore only waste generated due to demolition of the entire bridge is
taken into account in this thesis. Waste coefficients will be presented in the case
study section of this chapter since they require bridge type and geometry
information to derive.
Monetary cost coefficients are tabulated in Table 3 in units of dollars per unit
length or dollar per repair/replacement activity. Repair and replacement monetary
costs are based on Department of Transportation (DOT) (TNDOT 2010) and Public
Works Costbook (Mahoney 2009) information. The monetary cost coefficients
considered account for both material and equipment utilized during an activity. For
procedures requiring bridge geometry information, the total monetary cost
associated with such activities will be given in the case study section of this chapter.
Table 2. Downtime and Fatalities per Damage State
Sustainability Indicator
Downtime (days)
Fatalities (people)

Slight

Moderate

Extensive

Complete

7
0

30
0

120
0

400
4.15

Table 3. Monetary Cost Coefficients per Unit of Measure*
Activity
Epoxy Injection
Concrete Patch
Grout
Concrete Lining
Wrap
Jack Bridge Into Place
Anchor Bolt Replacement
Add Fill and Asphalt

Unit
m
m²
m³
Each
m2
Each
Each
m²

Monetary Cost
$154.13
$57.41
$408.94
$93.10
$215.29
$2,500.00
$13.00
$53.82

*Note: Costs reported in table are for the year 2010
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Data sources adopted in this study for CO2 and EE coefficients from material,
equipment, and detour were the most difficult to find and are tabulated in Table 4.
In this study, the life-cycle embodied energy or CO2 emissions from construction
materials used, SMn,j,m, are estimated from material coefficients derived by the
Centre for Building Performance Research (CBPR) in collaboration with the Building
Research Association of New Zealand (BRANZ) (Alcorn 2003). These coefficients
estimate energy or emissions per unit volume of material, considering international
transport of ingredient material, capital equipment of production facility, ingredient
used as fuel, proportions utilized in making secondary products,
collection/reprocessing of waste or recycled products, and local transport to
material production site. Note that these coefficients account for the raw material
acquisition, transportation to factory, and material production.
Table 4. Data Sources Utilized for EE and CO2 Coefficients
LCS Analysis
Contributor

Sustainability
Indicator
EE

Material
CO2

EE
Equipment
CO2

Detour
Vehicles

EE
CO2

Data Source
Centre for Building Performance Research (Alcorn
2003)
Centre for Building Performance Research (Alcorn
2003)
RS Means (2008) Building Construction Cost Data
RS Means (2010)
U.S. EPA (2008)
U.S. Energy Information Administration (2010)
RS Means (2008) Building Construction Cost Data
RS Means (2010) Heavy Construction Cost Data
U.S. EPA (2008)
Argonne Transportation Technology Research and
Development Center (2009)
Federal Highway Administration (1995)
U.S. EPA (2008)
Federal Highway Administration (1995)
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Table 5 provides material coefficients of CO2 and EE adopted for this study. Other
coefficients can be adopted as they emerge from research on material life-cycle
analyses, however, care must be taken to adopt coefficients from a source with
consistent scope of analysis across all material types as is done in this thesis.
Table 5. EE and CO2 Coefficients for Materials
Material
Epoxy (polystyrene)
Concrete (30 MPa)
Grout
Steel (structural)
Polymer wrap
Stainless steel
Rubber (natural latex)

EE
MJ/m3
1,401
2,762
3,496
245,757
202,650
613,535
62,100

CO2
kg/m3
59.9
376
496
9,749
1,030
44,747
16,478

Estimates of equipment used for construction, demolition, and repair both
rely heavily upon RS Means Building Construction Cost Data and RS Means Heavy
Construction Cost Data (RSMeans 2008; RSMeans 2010). These resources are used
to estimate the number and type of equipment used and duration of equipment
usage required for bridge construction or repair actions. Equipment coefficients in
terms of CO2 emissions and embodied energy, in kg and MJ per day of use
respectively, are assumed as tabulated in Table 6 within parenthesis. Equipment
emission are derived assuming the most common engine and fuel type based
directly on coefficients from U.S. EPA (2008). Deriving SEn,j,m for energy additionally
requires estimation of equipment tank capacity and fuel consumed per day.
Conventional heavy construction equipment is generally designed to have a fuel
tank capacity standard to one day (Hwang 2010). Therefore, for this study a full fuel
tank is assumed to be used per day and coefficients of equipment embodied energy
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are taken to be quantities measured in MJ/day. Coefficients are multiplied by the
duration (in days) of equipment use and the fuel type which is taken from U.S. EPA
(2008). Approximate MJ of energy per gallon of fuel used by equipment is adopted
from U.S. Energy Information Administration (EIA) (2010). Full details on
assumptions made in order to arrive to machinery coefficients in terms of embodied
energy presented in Table 6 can be found in Appendix A.
Table 6. EE and CO2 Coefficients for Equipment per Bridge Component
Bridge
Component

Expansion
Bearings

Equipment Used for Component
Repair Actions (EE in MJ/day; CO2 in
kg/day)
Gas engine vibrator (42; 61)
Concrete pump (2,770; 149)
Front end loader (5,412; 322)
Air compressor (2,884; 186)
Crawler loader (11,413; 6,487)
Dump trucks (17,559; 6,499)
Lattice boom crane (10,974; 1,104)
Hydraulic jacking system (1,704; 149)
Other jacking Equipment (1,704; 149)

Fixed
Bearings

Hydraulic jacking system (1,704; 149)
Other jacking equipment (1,704; 149)

Column

Abutment
Passive

Abutment
Active

Front end loader (5,412; 322)
Air compressor (2,884; 186)
Crawler loader (11,413; 6,487)
Dump trucks (17,559; 6,499)
Lattice boom crane (10,974; 1,104)
Grader (13,140; 1,580)
Backhoe loader (1,931; 322)
Hydraulic crane (14,633; 1,104)
Trowel (210; 61)

For sustainability indicators of CO2 emissions, EE expenditure, and monetary
cost, the additional contributions due to rerouting of traffic during bridge closure
requires an estimate of total bridge downtime per damage state. Therefore, upfront
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values, USn(X), in terms of CO2 emissions and EE due to rerouting of traffic per
system damage state are estimated as:
USn  DTn  ADT  Dist  SD

(15)

where DTn is the downtime in days for system damage state n, ADT is the average
daily traffic in terms of number of vehicles, Dist is the detour/rerouting distance,
and SD is the sustainability indicator per vehicle unit distance (e.g. CO2/vehicle
mile). The detour embodied energy, CO2 emissions, and monetary cost coefficients
are 6.07 MJ/mile, 0.41 kg/mile, and 0.43 dollars/mile based on Argonne
Transportation Technology Research and Development Center (2009), U.S. EPA
(2008), and Federal Highway Administration (FHWA 2011) respectively. Upfront
downtime values draw upon ADT and rerouting distances readily provided by the
Federal Highway Administration’s National Bridge Inventory (NBI) database (FHWA
1995). Post-hazard system state traffic flows or delays in the network which could
yield additional energy expenditures and emissions are beyond the NBI detour
estimates provided and not explicitly modeled in this thesis. Although such an
analysis is a significant undertaking, only minor adjustments to the LCS analysis
framework are needed to include these impacts in future work.
The other three sustainability indicators considered in this thesis (waste,
fatalities, and downtime) do not have extra contributions from bridge closure.
Downtime already accounts for days the bridge is closed depending on level of
damage to the bridge. Additionally, waste and fatalities are assumed to not occur
due to rerouting of traffic during bridge closure time. The following section will
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present a case study application of the LCS analysis framework described in
previous sections of this chapter.

3.3. Case Study Assessment of LCS Analysis Framework
A case study is conducted to illustrate application of the proposed LCS analysis
framework to assess the environmental, economic, and social indicators of
sustainability for a representative multi-span continuous (MSC) steel girder bridge
located in Berkeley County, South Carolina (SC). The framework is applied to an
MSC steel girder bridge because it is among the most common bridge classes in the
Central and Southeastern U.S. (Neilson and DesRoches 2007). Although the general
LCS analysis framework can be applied to a range of hazards given sufficient
information on the hazard and bridge vulnerability, this case study considers a
bridge exposed to aging and seismic threats. Expected values of life-cycle embodied
energy, CO2 emissions, waste, downtime, monetary cost, and fatalities from the nonseismically designed “as-built” bridge are compared to those resulting from a
retrofitted bridge case. This comparison is done to evaluate the sustainability of
mitigating seismic damage to aging bridges through structural retrofits.
3.3.1. Case Study Bridge Details and Assumptions
The basic geometry of the representative MSC steel girder bridge considered in this
case study is shown in Figure 3. Further design details of the non-seismically
designed bridge, representative of Central and Southeastern US design and
construction, can be found in Neilson (2005). The bridge is assumed to have a total
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service life of 75 years, and current age of 25 years. The retrofit application is
assumed to occur at the present date with 50 years of remaining service life. The
retrofitted version is enhanced with restrainer cables at the abutments and shear
keys at the abutments and bent caps as shown in Figure 3.

Figure 3. MSC steel bridge geometry and retrofit illustration
At the system level, the mean annual rate of damage, λn(X,t), corresponding
to the complete damage state and t=25 years is 3.87*10-4 for the as-built bridge,
while for the retrofitted case the mean annual rate of complete damage is 2.62*10-4.
In order to derive the rest of component and system level λn(X,t) values utilized in
Equation (13), fragility parameters and a seismic hazard curve specific to the case
study problem are required. The seismic hazard curve for the case study bridge
location of Berkeley County, SC near the city of Moncks Corner (which is north of
Charleston) is derived using information from USGS (2013) and depicted in Figure
4. The as-built time-dependent bridge component and bridge system fragility
curves were derived based on Ghosh and Padgett (2010). Table 7 presents
polynomial functions for fragility median values of the representative as-built MSC
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steel girder bridge which are valid for t ranges of 0 to 100 years. Table 8 presents
the dispersion values used for the as-built bridge at time t=0, and polynomial
functions for dispersion values can be similarly derived. The corresponding fragility
curves of the retrofitted bridge are adapted from median value scaling factors as
proposed in Padgett (2007), applied herein at the component level in addition to the
system level. Table 9 presents the fragility parameters for the retrofitted case study
bridge at time t=25 years.

Figure 4. Seismic hazard curve for case study bridge site located in Berkeley
County, SC (USGS 2013)
The case study bridge has a detour distance of 3,000 meters (3 km) and ADT of
26,800 vehicles (FHWA 1995). These items are used to determine the quantity of
vehicles and extra distance each had to travel due to rerouting during hazard
damage related closures to the bridge in order to estimate USn. No partial
functionality is considered in this thesis, yet this provides an opportunity to
enhance the sustainability estimates in future research.
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Table 7. As-Built MSC Steel Bridge System and Component Level Time-Dependent
Fragility Median Parameters, med(t), in Units of g PGA*
Slight

Moderate

Extensive
-4.00E-07t2-1.22E-

Complete

Col

-1.20E-06t²-4.26E04t+4.01E-01

-8.00E-07t2-6.84E04t+5.43E-01

03t+8.40E-01

4.40E-06t2-3.65E03t+1.95

FBL

1.68E-05t2+1.98E03t+7.15E-01

4.20E-05t2+3.29E03t+1.34

6.96E-05t2+4.35E03t+1.93

2.44E-04t2+9.02E03t+5.07

FBT

3.28E-04t2-3.80E02t+2.58

1.10E-03t2-1.27E01t+7.14

2.17E-03t2-2.49E01t+1.28E+01

1.25E-02t21.42t+6.15E+01

EBL.

-3.20E-06t2+5.28E04t+1.39E-01

-2.80E-06t2+2.06E04t+5.08E-01

2.40E-06t2-7.96E04t+8.41E-01

9.60E-06t2-2.26E03t+1.22

EBT

1.48E-05t2-3.84E03t+6.09E-01

4.96E-05t2-1.41E02t+1.76

1.00E-04t2-2.90E02t+3.25

6.75E-04t2-1.87E01t+1.67E+01

AbPass

-1.96E-04t2+2.07E02t+2.08

-4.93E-04t2+5.65E02t+4.16

-1.67E-03t2+2.08E01t+1.10E+01

-1.67E-03t2+2.08E01t+1.10E+01

AbAct

3.05E-03t2+2.09E01t+1.51E+01

1.21E-01t2+1.20t+
1.25E+02

4.49E-01t2-3.57E01t+2.87E+02

1.34E+01t2-2.43E
+02t+3.04E+03

AbTrans

-2.40E-06t2+1.60E03t+1.19

-2.00E-06t²+7.41E03t+4.83

5.20E-06t2+1.64E02t+1.01E+01

5.49E-04t2+2.82E01t+1.42E+02

System

-3.20E-06t2+5.36E04t+1.39E-01

-4.40E-06t2+1.10E04t+4.52E-01

-2.40E-06t2-4.36E04t+6.82E-01

1.04E-05t2-2.04E03t+1.15

*Note: Polynomials provided in table are valid for ranges of t=0 to t=100 years.

Table 8. As-Built MSC Steel Bridge System and Component Level Dispersion
Parameters (disp) at Time t=0
Component
Column
Fixed Bearing Long.
Fixed Bearing Trans.
Expansion Bearing Long.
Expansion Bearing
Trans.
Abutment Passive
Abutment Active
Abutment Trans.
System

Slight
0.49
0.52
0.52
0.46

Moderate
0.49
0.52
0.52
0.46

Extensive
0.55
0.56
0.62
0.54

Complete
0.55
0.56
0.62
0.54

0.44

0.44

0.57

0.57

0.71
0.64
0.46
0.46

0.71
0.64
0.46
0.45

0.69
0.79
0.62
0.50

0.69
0.57
0.38
0.51
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Table 9. System and Component Level Fragility Parameters for Case Study
Retrofitted MSC Steel Bridge at Time t=25 Adapted from Padgett (2007)
Slight
Moderate
Extensive
Complete
Component
med disp
med disp med disp med Disp
Column
0.47
0.49
0.64 0.49 1.02 0.55 2.37 0.56
Fixed Bearing Long.
1.22
0.53
2.55 0.53 N/A N/A N/A N/A
Fixed Bearing Trans.
2.52
0.52
N/A N/A N/A N/A N/A N/A
Expansion Bearing Long.
0.17
0.46
0.63 0.45 1.01 0.53 1.48 0.53
Expansion Bearing Trans.
0.70
0.38
2.41 0.38 N/A N/A N/A N/A
Abutment Passive
3.87
0.87
N/A N/A N/A N/A N/A N/A
Abutment Active
N/A
N/A
N/A N/A N/A N/A N/A N/A
Abutment Trans.
0.82
0.40
N/A N/A N/A N/A N/A N/A
System
0.17
0.46
0.52 0.46 0.82 0.51 1.35 0.51
Note: These quantities reflect med (retrofitted, t=25), disp (retrofitted, t= 25); N/A=
component is not significantly vulnerable to the damage state, with median value PGA of at
least 4.0 g.

Each bridge component potentially vulnerable to earthquakes is tabulated in
the first column of Table 10 along with their respective acronyms in parenthesis.
The potential repair actions per component damage are listed in the second column
of Table 10, along with their respective upfront sustainability indicator values per
component repair, UCn,j,m, in remaining adjacent columns. Note UCn,j,m values are
required to evaluate IRh,n,j,m totals. The UCn,j,m values are quantified using geometry
of the case study bridge as well as sustainability coefficients provided in the
previous section of this chapter. The probabilities of adopting each repair action,





P I R h,n, j ,m , are adopted from a web-based survey conducted by Padgett and

DesRoches (2007) and given in Table 11 for reference in this thesis. Further details
on the survey methodology can be found in Padgett and DesRoches (2007). Other
assumptions on EE, CO2, waste, fatalities, downtime, and monetary cost are
consistent with the discussion on sustainability coefficients and indicator values in
the previous section.
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Table 10. Bridge Components Considered and Upfront Sustainability Indicator
Values per Repair Action for EE, CO2, MC, and W Respectively
Bridge
Component

Column (Col)

Expansion
Bearings
Longitudinal
(EBL)
Fixed Bearings
Transverse
(FBT), Fixed
Bearings
Longitudinal
(FBL),
Expansion
Bearings
Transverse
(EBT)

Repair and
Replacement Actions

EE (MJ)

CO₂ (kg)

MC ($)

W (m³)

Epoxy injection

3

0.12

91

0

Patch with concrete

60

8

7,722

0

No action

0

0

0

0

Grouting

297

42

35

0

Concrete lining

60

8

93

0

Wrap

27,083

138

2,263

0

Replace column

15,007

1,240

3,552

0

Reinforce and recast
Demolish and replace
bridge

6,545

890

3,709

0

21,134,402

1,214,652

804,309

245

13,655

1,192

2,500

0

0

0

0

0

1,332,995

7,324

476,260

0

0

0

0

0

Patch with concrete

382

52

20

0

Rehabilitate/Anchor Bolt
replacement

107

8

82

0

Replace bearing

86,085

6,474

1,199

0

Epoxy injection

5

0.24

185

0

611

81

965

0

0

0

0

0

1,452

115

1,000

0

3,030

426

349

0

21,134,402

1,214,652

804,309

245

14,691
13,623
0
251,139

1,851
1,246
0
18,703

20,103
2,559
0
85,773

0
0
0
0

Jack bridge into place
No action
Replace bearing
expansion and bridge
deck
No action

Patch with concrete

Abutment
Passive
(AbPass)

Abutment
Active (AbAct)

No action
Add reinforcement and
cover
Grouting
Demolish and replace
bridge
Regrade and resurface
Add fill and asphalt
No action
Replace structural section
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Table 11. Probability of Adopting Repair Actions per Damage State by Bridge
Component
Bridge
Component
Col

EBL

FBT, FBL, EBT

AbPass

AbAct

Repair Action

Epoxy Injection
Patch with Concrete
No Action
Grouting
Concrete Lining
Wrap
Replace Column
Reinforce and Recast
Demolish and Replace
Bridge
Jack Bridge into Place
No Action
Replace Bearing and Bridge
Deck
No Action
Patch with Concrete
Rehabilitate (Anchor Bolt
Replacement)
Replace Bearing
Epoxy Injection
Patch with Concrete
No Action
Add Reinforcement and
Cover
Grouting
Demolish and Replace
Bridge
Regrade and Resurface
Add Fill and Asphalt
No Action
Replace Structural Section

Probability of Adopting Repair Action by
Damage State
Slight Moderate Extensive Complete
45%
5%
0%
0%
14%
23%
0%
0%
23%
0%
0%
0%
5%
0%
0%
0%
5%
9%
0%
0%
5%
36%
0%
0%
5%
23%
72%
0%
0%
5%
20%
0%
0%
0%
8%
100%
15%
77%
8%

42%
12%
46%

41%
0%
59%

0%
0%
100%

50%
50%
0%

0%
0%
100%

0%
0%
50%

0%
0%
0%

0%
50%
12%
19%
15%

0%
28%
17%
6%
6%

50%
n/a
n/a
n/a
n/a

100%
n/a
n/a
n/a
n/a

4%
0%

33%
11%

n/a
n/a

n/a
n/a

23%
19%
58%
0%

41%
59%
0%
0%

15%
62%
0%
23%

n/a
n/a
n/a
n/a
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3.3.2. Expected Sustainability Indicator Values: Remaining Life Comparison
from Hazard Exposure Phase
The LCS analysis is first conducted to quantify the expected values of sustainability
indicators associated with hazard exposure, E[ S h ]. Hazard exposure phase
contributions in terms of EE, CO2, waste, and monetary cost indicators are evaluated
utilizing Equation (13); contributions in terms of fatalities and downtime indicators
are evaluated utilizing only the second portion of the summation,


  X, t exp    X,  SR X, t t , in Equation (13). Results corresponding to
N

T

t

n

n

n

 1

n 1 t 1

hazard exposure for the remaining 50 years of service life of the as-built and
retrofitted MSC steel bridge are given in Figure 5 (a) to (d). The group of plots
compare the expected values of four sustainability indicators associated with
materials and equipment used for repairs/replacements for the as-built and
retrofitted bridge case. This quantity is equivalent to the left hand side of Equation
(13) without considering the addition of the second summation


  X, t exp    X,  SR X, t t for rerouting contributions. Additionally, only
N

T

t

n

n 1 t 1

n

n

 1

CO2, EE, monetary cost, and waste are compared in Figures 5 (a) to (d) respectively
since they are the indicators evaluated at the bridge component level.
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Figure 5. Expected (a) CO2, (b) EE, (c) Monetary Cost, and (d) Waste for remaining
life of aging MSC steel bridge resulting from material and equipment used in repair
of seismic damage; breakdown by bridge component indicated the proportion of
sustainability indicator attributed to repairs caused by vulnerability of that
component
The analysis shows that mitigation of seismic hazard through retrofit can
result in an expected CO2 emissions savings of about 66%, embodied energy savings
of about 69%, monetary cost savings of about 55%, and waste savings of about 80%
over the remaining 50 years of service life based on repair and replacement actions
alone. Furthermore, the plots show relative contribution of component damages to
the sustainability indicators. Repairs associated with expected column damage tend
to contribute the most to energy, emissions, waste and monetary cost expenditures
due to the vulnerability of the component and common need to demolish and
replace the bridge if severe column damage is observed. Similarly, vulnerability of
the expansion bearings of the bridge in the longitudinal direction may lead to the
need for deck replacement or full bridge replacement which are actions that
contribute greatly to unsustainable performance. Vulnerability to these
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components is mitigated by the restrainer cables and shear keys combination
retrofit applied to the “as-built” bridge, subsequently reducing the repairs required.
By reducing the repairs required, the sustainability indicator value totals will
decrease for the retrofitted bridge as shown in Figure 5 (a) to (d).
Incorporating energy and emission contributions from rerouting traffic
during various repair/replacement actions (right hand quantity from Equation (11))
significantly increases the expected values of sustainability indicators. Table 12
summarizes the contributions to E[ S RS h ] from equipment (SE), material (SM), and
rerouting (SR) for sustainability indicators quantified at the component level as well
as total

S RS h

values for sustainability indicators quantified at the system level using

Equation (13). Besides comparing all sustainability indicator totals for as-built and
retrofitted designs, the table illustrates relative contributions to expected EE, CO2
emissions, W, and MC totals during the remaining life hazard exposure phase
associated with material, equipment, and repair rerouting. Results from the
remaining life analysis accounting for extra distance traveled by vehicles during
repairs/replacements reveal that a total savings of 68,338 kg of CO2 emissions,
1,028,131 MJ of embodied energy, $2,416,522 of monetary cost, and 3.5 cubic
meters of waste can be achieved from seismic retrofitting alone. The analysis
application also shows that rerouting comprises the majority of the expected
sustainability indicator totals from the hazard exposure phase compared to material
and equipment contributions. Regarding fatalities and downtime, total savings
achieved from retrofitting the structure are about 0.03 life’s and about 2.8 days of
downtime.
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Table 12. Expected CO2, EE, MC, W, F, and D totals during 50-Year Remaining Life of
Hazard Exposure Phase
Contributions to E[ S RS h ] for 50-year Remaining Life
Sustainability
Indicator
CO₂ (kg)
EE (MJ)
MC ($)
W (m³)
F (lives)
D (days)

Case
As-Built
Retrofitted
As-Built
Retrofitted
As-Built
Retrofitted
As-Built
Retrofitted
As-Built
Retrofitted
As-Built
Retrofitted

E[SM]+E[SE]

E[SR]

Total E[ S RS h ]

17,099.6
5,831.4
264,522.1
81,562.7
630,490.1
287,138.1
2.3
0.5
-

227,117.0
170,047.0
3,363,463.0
2,518,291.9
8,406,468.6
6,333,298.5
4.8
3.2
11.09
8.3

244,216.6
175,878.4
3,627,985.1
2,599,854.6
9,036,958.7
6,620,436.6
7.1
3.6
0.08
0.05
11.09
8.3

3.3.3. Expected Sustainability Indicator Values: Remaining Life
Comparisons and Whole Life Comparisons for Multi-Phase LCS Analysis
The proposed LCS analysis framework is also implemented to find expected
sustainability indicator values associated with all life phases of the LCS model stated
in Equation (2) (with the exception of the operation phase for reasons previously
discussed) in order to give context to the contribution of hazard exposure, and
savings of sustainability indicators considered due to seismic hazard risk mitigation.
Retrofit construction is considered, E[ S cr ], with the E[-] denoting that it is an
expected value. As aforementioned, the operation phase is excluded since its
contribution for the case study MSC steel bridge is assumed to be minimal. E[ S m ] is
estimated by adopting an assumed schedule of bridge maintenance activities, which
include girder repainting and resurfacing at service life of 25 and 50 years, bearing
replacement at 30 years, and waterproofing at 50 years, along with associated
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closure time and traffic rerouting based on Collings (2006). Since retrofits are
assumed to impact only the hazard phase, S RS h , maintenance activities are taken to
be the same for both the as-built and retrofitted bridges. Construction assumes only
new material is used—no recycled or green material—and the end-of-life action
taken is demolition where all is land filled with no recycling. Similar to
maintenance, the end-of-life action is taken to be the same regardless of whether the
bridge is retrofitted or as-built, therefore contributions from the end-of-life phase
will be identical. Additionally, all quantities are taken as deterministic for these
phases.
Resulting expected sustainability values for the multi-phase remaining life
LCS analysis are tabulated in Table 13 and distinguished by phase contribution. A
multi-phase remaining life LCS analysis includes all bridge contributions and phases
beginning at the time the structure is retrofitted (at year 25 of the bridges life) to
the time the bridge reaches its end of life (which is assumed to be at year 75).
Therefore, the multi-phase remaining life LCS analysis spans a total of 50 years (i.e.
75 years- 25 years= 50 years) beginning with the retrofit construction phase (Scr)
and ending with the demolition phase (Sd). For indicators which have an upfront
retrofit investment available, the LCS analysis reveals that these sustainability
indicator totals mitigated by retrofit outweigh the expenditures for the
implementation of the retrofit itself, even in a region of moderate seismicity such as
Berkeley County, SC (where this case study is located).
The differences in LCS totals in terms of each sustainability indicator for both
as-built and retrofitted bridges are shown in Table 14. Additionally, where possible,
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the benefit-to-cost ratio (BCR) calculation is also given in the last column of Table
14. For example, 659,553 MJ of energy expenditure is expected to be avoided in the
remaining 50 years of exposure by retrofitting the bridge, while the retrofit
construction phase contributes an additional 368,578 MJ of embodied energy. This
indicates a BCR of 1.79. Similarly, the BCR for CO2 from retrofitting is 1.53 and for
MC is 53.08, therefore highlighting the enhanced environmental and economic
sustainability achieved over multiple life-phases. Furthermore, the LCS analysis
shows the relative contributions of hazard exposure compared to other remaining
life-cycle phases, revealing that 2.8% of waste generated, 25% of the embodied
energy contributions, 20% of CO2 emission, and 94% of monetary costs for the asbuilt bridge are due to hazard exposure contributions.
Although the retrofit tested was successful in reducing these LCS totals for
the hazard exposure phase, more effective and sustainable retrofit measures could
be targeted in the future as will be explored in the fourth chapter of this thesis
which deals with a proposed sustainability optimization framework. Actions to
reduce dominant contributors to remaining life LCS totals should be explored in
future work in detail as well since for 4 out of 6 sustainability indicators, hazard
exposure is not the dominant contributor phase for the example bridge and location
considered, although it does contribute significantly. As shown in Table 13, for CO2
and waste the dominant phase contributor is demolition and for EE and monetary
cost the dominant phase contributor is maintenance. For the remaining
sustainability indicators, only the hazard exposure phase contributes to total LCS
values therefore dominates.
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Table 13. Expected CO2, EE, MC, W, F, and D totals for the Multiphase LCS Analysis
Assuming 50 Years of Remaining Life
Sustainability
Indicator
As-Built CO₂
(kg)

Case

E[ Scr ]

E[ Sm ]

E[ S RS h ]

E[ S d ]

Total
[LCS]

Phase Total

0

446,026

244,217

515,705

1,205,948

% attributable
to rerouting

n/a

51

93

n/a

38

Phase Total

27,035

446,026

175,878

515,705

1,164,644

% attributable
to rerouting

76

51

97

n/a

36

Phase Total

0

6,243,565

3,627,985

4,731,513

14,603,063

% attributable
to rerouting

n/a

53

93

n/a

46

Retrofitted EE
(MJ)

Phase Total

368,578

6,243,565

2,599,855

4,731,513

13,943,511

82

53

97

n/a

44

As-Built MC ($)

% attributable
to rerouting
Phase Total
% attributable
to rerouting

0

488,123

9,036,959

59,578

9,584,660

n/a

48

93

n/a

90

Phase Total

44,686

488,123

6,620,437

59,578

7,212,823

% attributable
to rerouting

47

48

96

n/a

91

Phase Total

0

0

7.11

245

252

% attributable
to rerouting

n/a

n/a

68

n/a

1.92

Phase Total

0

0

3.63

245

248

n/a

n/a

87

n/a

1.28

0

0

0.08

0

0.08

n/a

n/a

n/a

n/a

n/a

Phase Total

0

0

0.05

0

0.05

% attributable
to rerouting

n/a

n/a

n/a

n/a

n/a

Phase Total

0

0

11.09

0

11.09

% attributable
to rerouting

n/a

n/a

100

n/a

100

Phase Total

0

0

8.30

0

8.30

% attributable
to rerouting

n/a

n/a

100

n/a

100

Retrofitted CO₂
(kg)

As-Built EE
(MJ)

Retrofitted MC
($)

As-Built W
(m³)

Retrofitted W
(m³)

As-Built F (life)

Retrofitted F
(life)

As-Built D
(days)

Retrofitted D
(days)

% attributable
to rerouting
Phase Total
% attributable
to rerouting
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Table 14. Benefit-to-Cost Ratios for Sustainability Indicators
Sustainability
Indicator
CO₂ (kg)
EE (MJ)
MC ($)
W (m³)
F (life)
D (days)

As-Built Total
[LCS]
1,205,948
14,603,063
9,584,660
252
0.08
11.09

Retrofitted Total
[LCS]
1,164,644
13,943,511
7,212,823
248
0.05
8.30

Difference
(Diff)
41,303
659,553
2,371,837
4
0.03
2.79

BCR =
Diff/ Scr
1.53
1.79
53.08
n/a
n/a
n/a

Table 15 presents results of a whole life LCS analysis for an as-built bridge. A
whole life LCS analysis includes all bridge contributions and phases from the time of
initial construction (at year 0 of the bridges life) to the time the bridge reaches its
end of life (which is assumed to be at year 75). Therefore, the whole life LCS
analysis spans a total of 75 years beginning with the initial construction phase (Sci)
and ending with the demolition phase (Sd). The whole life LCS analysis totals for the
as-built bridge case are estimated in terms of all six indicators considered in order
to give context to the relative contribution of natural hazard risks to the full lifecycle sustainability indicator totals from initial construction to end of life. The
whole life LCS analysis totals are tabulated in Table 15. In the context of the whole
LCS analysis (including initial construction), natural hazard risks contribute 14% of
the embodied energy and CO2 emissions, about 90% of monetary costs, and 4% of
waste generated for the SC case study bridge. While hazard exposure is the largest
contributor to LCS totals for the monetary cost indicator, the original construction
attributes the largest percentage for EE and CO2 sustainability indicators. The
largest attributer to waste LCS totals is the end-of-life phase which is expected since
demolition is the only end-of-life action implemented. Fatalities and downtime are
assumed to only occur during events taking place in the hazard exposure phase,
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therefore LCS totals for D and F indicators only have contributions from the hazard
exposure phase. It is noted that such relative contributions are highly dependent
upon the model inputs and assumptions, including structural characteristics,
sustainability coefficients which capture cradle-to-gate phases, and hazard
exposure. However, the results reveal that while other phases may contribute an
equal or larger amount to the LCS analysis totals, hazard risk mitigation at the onset
of bridge design and construction, could help to mitigate a significant percentage of
the adverse sustainable impacts, even in moderate seismic zones where earthquake
events are less frequent.
Table 15. Whole Life LCS Analysis for As-Built Bridge by Phase
Sustainability
Indicator
As-Built CO₂ (kg)
As-Built EE (MJ)
As-Built MC ($)
As-Built W (m³)
As-Built F (life)
As-Built D (days)

E[ Sci ]

E[ Sm ]

1,214,652
446,026
21,134,402 6,243,565
744,731
488,123
0
0
0
0
0
0

E[ S RS h ]

E[ S d ]

Total [LCS]

363,129
5,393,789
11,184,971
11
0.12
16.51

515,705
4,731,513
59,578
245
0
0

2,539,512
37,503,269
12,477,403
256
0.12
16.51

3.4. Closure
While the effects of natural hazards on structural sustainability are often neglected
in sustainability rating systems or infrastructure life-cycle analyses, Chapter 2
presented a number of references which enumerate the links between hazard risk
mitigation strategies and sustainable engineering. These relationships include the
role of pre-event mitigation to avoid adverse consequences of damage, such as
waste generation, which hinder sustainability; and the post-event opportunity to
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design and replace systems in a more sustainable fashion. However, methods are
needed to quantify the effects of natural hazards on the sustainability of structures,
particularly with respect to assessing the role of hazard risk mitigation on bridge
performance indicators pertaining to the three components of sustainability.
The life-cycle sustainability (LCS) analysis model proposed in this chapter
provides a framework to elucidate the role of natural hazard risks when evaluating
bridge performance using risk based indicators of sustainability. The model
presented captures the joint effect of time dependent phenomenon, such as aging,
and natural hazard vulnerability, to evaluate environmental, economic, and social
indicators for bridges. Uncertainty in hazard occurrence, damage potential, and
repair or replacement actions that yield impacts on the three pillars of sustainability
are considered in this model. Results from application of the LCS analysis model
allow users to answer central questions regarding bridge infrastructure
sustainability (e.g. What contribution does hazard damage have in the quantification
of sustainability indicators relative to other life-cycle phases? How sustainable is an
enhanced design or retrofit in terms of reduced environmental impacts?).
For the case study application on a representative non-seismically designed
three span steel girder bridge located in South Carolina, the LCS analysis revealed
several key insights. For example, a reduction of about 69% of embodied energy
from expected seismic repair and replacement actions can be achieved during the
50 years of remaining service life by retrofitting the bridge. When traffic rerouting
is included in the scope of the life-cycle analysis, it tends to dominate the expected
hazard exposure contribution values of sustainability indicators quantified at the
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bridge component level and outweigh the upfront investment in construction of the
retrofit itself. However, even in a moderate seismic zone like that of the greater
Charleston, SC area, the contributions from hazard exposure for the case study
bridge still represent a significant portion of the remaining life and whole life LCS
analysis totals in terms of all indicators except waste. Reason being that only waste
generated during demolition activity is considered in this case study since it
represents the most significant source of waste. Therefore, it is reasonable that the
end-of-life phase which consists of demolishing the bridge structure has the greatest
contribution to LCS totals when evaluating the waste sustainability indicator.
This framework contributes a holistic life-cycle analysis considering
indicators across the three facets of sustainability—economic, social, and
environmental—which can be used in a risk-based design or retrofit paradigm to
optimize sustainability indicators within practical constraints, or as a the basis for
incorporating credits/points for hazard risk mitigation in sustainability rating and
accreditation systems. The following chapter will explore such applications by
integrating the LCS analysis model presented to a sustainability optimization
framework which aids in selecting optimal retrofit and repair strategies that
minimize negative impacts on the three pillars of sustainability.
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Chapter 4

LCS Multi-Objective Genetic Algorithm
Optimization Framework and
Application

According to the emergency disaster database EMDAT maintained by the Centre for
Research on the Epidemiology of Disasters (CRED), the total number and cost
associated with natural disasters reported globally each year has increased in recent
decades (CRED 2009). Chapter 2 outlined the negative impacts which natural
hazards can have on sustainability and Chapter 3 showed how adopting natural
hazard risk mitigation strategies for structures can aid in reducing these adverse
consequences. However, selecting retrofit and repair strategies that simultaneously
achieve social, environmental, and economic sustainability criterion in the face of
natural hazards is not straightforward. This is partially due to the many currently
existing retrofit strategies that reduce hazard risks, to the broad range of potential
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repair alternatives that restore the functionality of damaged structures, and to the
upfront investments required for each of these existing strategies (Anderson and
Gruendler 1995; FHWA 2006; Gupta and Hartnagel 2003; Hwang et al. 2000;
Padgett and DesRoches 2009; Wright et al. 2011). Additionally, trade-offs between
upfront investments versus long term benefits and relationships among different
sustainability indicator totals associated with retrofit and repair strategies may be
unknown, therefore making it a challenge to identify sustainably optimal strategies.
This type of problem can be approached through multi-objective optimization.
This chapter presents a multi-objective optimization framework which
makes use of a genetic algorithm in combination with the LCS analysis framework
presented in Chapter 3. Though several methods exist for solving multi-objective
problems, the reason for utilizing a genetic algorithm is given in Section 4.2. The
proposed multi-objective genetic algorithm (MOGA) will help identify optimal
retrofit and repair combinations which ensure public safety while minimizing
lifetime environmental, economic, and social performance indicators of
sustainability for structures exposed to natural hazards. The key contribution of the
proposed framework is that it offers a systematic risk based quantification of
sustainability indicators integrated in an optimization framework to explore
sustainable upgrades to structures. It also demonstrates the insights and tradeoff
analyses that can be afforded by application of the proposed method. Additionally,
this framework is anticipated to help guide the selection of retrofit and repair
combinations by providing a set of near optimal non-dominated solutions, which
enhance sustainability while ensuring public safety and mitigating or repairing
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damage from natural disasters. Subsequent sections present how the LCS analysis
model is utilized in combination with a genetic algorithm search heuristic to find
near optimal solutions for engineering decision problems requiring balance of
multiple objectives. Application of the combined framework is demonstrated
through a bridge case study requiring the balance of multiple sustainability
objectives.

4.1. LCS Analysis Modifications for Optimization
Implementation
One method required in the proposed MOGA framework is a way to quantify
indicators of sustainability for the structure of interest. Chapter 3 presented a lifecycle sustainability (LCS) analysis model for quantifying lifetime sustainability
indicators for structures exposed to natural hazards. With some slight
modifications (presented in this section), the LCS analysis can be utilized in the
MOGA framework. The purpose of applying the proposed optimization framework
is to find a set of near optimal retrofit and repair combinations which minimize
negative impacts on the three components of sustainability. Therefore, the decision
variables of the proposed optimization framework are the retrofit and repair
strategies implemented. The life phases affected each time different retrofits and
repairs are adopted are the retrofit construction, Scr, and hazard exposure, Sh,
phases.
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Post-event repairs selected will affect upfront sustainability indicator values
UC(X), which are required to evaluate IRh,n,j,m totals in Equation (13) (i.e. hazard
exposure phase equation). The process for quantifying UC(X) values is as described
in Chapter 3. The main distinction between the former LCS analysis presented in
Chapter 3 and that utilized in the optimization framework presented in this chapter
is found in Equation (13). For the optimization framework, the uncertainty in postevent repair strategy selected is removed from Equation (13). In the former
analysis repair actions are taken to be random variables, but in the formulation
adopted for the optimization, the repair actions are taken to be one of the targets for
optimization. Therefore, letting all variables be defined as noted in Chapter 3,
Equation (13) is adapted as:
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where the difference between Equation (16) and Equation (13) is the removal of the
probability of adopting each repair action, PI R h, n, j ,m X, t  and the summation over all
possible repair options. The repair strategy variable “j” in Equation (16) as well as
the retrofit strategy implemented on the structure now represent decision variables
and are therefore found and selected by the proposed optimization framework.
Selection of alternate retrofits will have an impact not only on retrofit
construction phase contributions, Scr, but also on hazard exposure phase
contributions, SRSh. The method for quantifying retrofit construction phase
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contributions remains the same as explained in Chapter 3. The values of Scr will
change depending on the retrofit selected by the MOGA framework. Additionally,
when a retrofit is applied to a structure, the structure’s component and system level
fragility values shift and, in the majority of cases, this shift signifies a reduction in
the vulnerability of the components and the structure as a whole. Therefore, as
different retrofits are implemented the parameters that define the fragility model
change. As a result, the conditional probability of failure of the components and the
structural system itself change with retrofits, which affects the estimate of λn,m(X,t)
and λn(X,t) in Equations (16) and (13).

4.2. General Multi-Objective Genetic Algorithm Model
Several methods exist which can be used to solve multi-objective problems, such as
linear optimization, mixed integer programming, Weighted Sum Method, εPerturbation Method, and evolutionary algorithms such as Particle Swarm
Optimization and GA’s, among others. Most structural engineering design and
decision problems involve selecting values for a set of variables that describe the
performance of the structure while satisfying requirements such as safety limits and
codes of practice. In the majority of cases these variables are discrete and finding
locally optimal or global solutions is difficult. Additionally, there are special cases
when the convexity of the set of optimal solutions (i.e. Pareto front) is unknown,
trade-offs between objective functions are not known, cases when objective
functions cannot be aggregated into a single objective function, or even cases when
objective functions cannot be ranked from most to least important by decision
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makers. These challenges apply to the sustainability optimization problem
addressed in this chapter. For example, as will be shown in the following section,
the objective functions will consist of LCS values in terms of different sustainability
indicators each having different units, therefore objective functions cannot be
aggregated. Also, the shape of the Pareto front and trade-offs between objective
functions are unknown in the sustainability optimization problem—this is one of
the reasons for implementing the LCS MOGA framework. Furthermore, the
importance of sustainability objectives is highly dependent on the specific problem
being addressed and decision maker preferences.
A genetic algorithm (GA) is one method available which can deal with the
aforementioned challenges. Examples of how other methods are not able to address
the sustainability optimization problem challenges include the Weighted Sum
Method which cannot find solutions in non-convex Pareto fronts and it requires
aggregating all objective functions into a single objective function (Messac et al.
2000). The ε-Perturbation Method requires decision makers to select only one
objective function (the most important) to be optimized and others to be set as
constraints which must satisfy “appropriate” values (Deb 1999). Genetic Algorithms
are able to solve multi-objective problems even in cases when the differentiability,
continuity, and convexity of the objective functions are unknown; they also do not
require aggregating or ranking the importance of objective functions (Goldberg
1989; Michalewicz 1996). Additionally, over the years Genetic Algorithms (GAs)
have been demonstrated to be powerful tools for dealing with discrete optimization
especially in the field of structural engineering (Pezeshk and Camp 2002). GAs have
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the advantage of being able to handle both discrete and continuous problems (Deb
2001), nonlinear problems that include integer and discrete variables (Furuta and
Frangopol 2008), and the ability to handle noisy functions(Fonseca and Fleming
1993). While variations of GAs do exist, the framework proposed in this thesis
focuses on an extension of a single objective GA, referred to as multi-objective
genetic algorithm (MOGA). Multi-objective genetic algorithm allows users to obtain
a set of several near optimal solutions simultaneously, as opposed to a single
solution (Furuta and Frangopol 2008). Additionally, MOGA’s ability to maintain a
population of solutions allows it to search for many non-inferior solutions in parallel
(Fonseca and Fleming 1993). A complete review of other well-known GA variations
can be found in Konak et al. (2006).
Consistent with past engineering studies applying optimization to life-cycle
quantities (Furuta et al. 2003; Furuta et al. 2005; Goldberg 1989), the general steps
which describe the MOGA process are as shown in Figure 6. Minimization is the
purpose of implementing MOGA in this thesis, therefore solutions are considered to
be the “most successful” if the total values for all objective functions are not larger
than total values derived using another potential solution. The steps presented in
Figure 6 are repeated until termination conditions, such as maximum number of
iterations or convergence of solutions, are met.
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Generate Initial
Population
Conduct Crossover

Perform Mutation
Evaluate Fitness
Functions

Gen +1

Perform Selection

Termination
Criterion Met?

no

yes

Terminate

Figure 6. General multi-objective genetic algorithm process
Objective functions, constraints, and GA parameters must be defined before
implementing the MOGA process. GA parameters consist of population size, number
of generations, crossover rate, and mutation rate. In genetic algorithms, a gene
refers to the parameters which make up a solution (for example one single repair
action for one bridge component) and a generation is every new “loop”, or iteration,
in the GA process as indicated in Figure 6 by the “Gen + 1” arrow. Parameter values
depend on the given problem, fitness (objective) functions, and the genetic
algorithm variation being used. Some studies suggest performing additional
algorithms to calibrate such parameters (Allen et al. 2007; Law and Szeto 2007; Lin
et al. 2003; Meyer-Nieberg and Beyer 2007). However, given its heuristic nature, no
single algorithm can ensure appropriate GA parameter values will be returned or
guarantee an optimal calibration which increases the GA performance. This means
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that without more variables being deterministic a unique solution cannot exist, even
after multiple iterations. Therefore, solutions are referred to as near optimal (and
not optimal) because MOGA is a heuristic and optimality cannot be guaranteed
(Moore et al. 2003). It can only be ensured that good enough, non-dominated,
solutions are found through MOGA.

4.3. LCS Multi-Objective Optimization by Genetic Algorithm
Framework
In order to address the challenge of selecting near optimal structural upgrade
options, such as retrofits and repairs, that not only ensure public safety but also
satisfy the objectives of sustainability, the LCS analysis model presented in Chapter
3 can be integrated into the MOGA process (Figure 6) to form the LCS multiobjective optimization framework given by:
Minimize:

LCS1 X, T   S cr X   S op X, T   S m X, T   S RS h X, T   S d X, T 
LCS 2 X, T   S cr X   S op X, T   S m X, T   S

RS

h

(17)

X, T   S d X, T 

:

LCS k X, T   S cr X   S op X, T   S m X, T   S RS h X, T   S d X, T 

such that:

 f, life   f, life, min

where LCS1 to LCSk are total life-cycle sustainability indicator objectives for
sustainability measures 1 to k such as monetary cost, waste, and CO2 emissions. The
decision variables (i.e. retrofit and repair strategies) are represented by the X
variable in Equation (17) since X is defined as a vector of structural parameters
including bridge type and geometry. In this thesis only one constraint related to
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public safety is utilized. However, the framework can accommodate multiple
constraints related to any aspect of the structure beyond safety.
The constraint for this optimization framework is set equal to a minimum
system lifetime reliability index, βf,life,min, whose value depends on the decision
maker, structural details, and the level of safety required. The system level
reliability index is used in the constraint because system performance is often
indicative of the structure’s ability to meet safety (or functionality) objectives and is
the typical requirement in design practice. As in the LCS analysis framework, the
upgrades considered are repairs and retrofits. Since retrofits change the structural
parameters and hence the reliability of the structure, the system lifetime reliability
index, βf,life, must be re-evaluated each time the structural parameters change. The
reliability index β is related to the probability of failure, Pf , of a bridge structure by
Pf= Φ (-β) where Φ is the standard normal cumulative distribution function. A
higher value of βf,life represents a lower probability of failure for the bridge system,
hence the reason for a minimum βf,life value constraint. Therefore, βf,life is calculated
as -Φ-1(Pf,life) where Pf,life is the lifetime probability of failure of the bridge system.
For each generation of the life-cycle sustainability multi-objective
optimization application, a new population, consisting of new retrofits and repairs,
is selected to quantify the objective functions, LCS1 to LCSk, and the constraint, βf,life.
Changes in retrofit options are reflected in X, which indicates the type of structure
and design details selected in the present MOGA generation. The general process
for implementing life-cycle sustainability multi-objective optimization by genetic
algorithm (LCS-MOGA) framework is shown in Figure 7. As displayed in Figure 7,
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the LCS-MOGA framework begins by generating an initial population composed of
structural retrofit and repair options for each structural component, 1 to M, and for
each increasing level of hazard damage, 1 to N.

Figure 7. LCS multi-objective optimization by genetic algorithm framework for
selecting near optimal retrofits and repair combinations
The upgrades of interest in this study are pre-event structural retrofits and postdisaster repairs, however the framework can be extended to other types of
upgrades as well. Each numbered block beginning with the letter “R” in the figure
represents a different retrofit option (under the “Retrofit Options” subtitle) and
each numbered block beginning with the letter “C” represents a different
component repair option (under the “Repair Options per Component and per
Damage State” subtitle). The initial population of retrofit and repair combinations is
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used to evaluate fitness functions, which are the sustainability objective functions,
and the constraint βf,life, shown in Equation (17). The termination condition is met
once the number of non-dominated solutions approximately converges or a
maximum number of generations (i.e. iterations) is reached. Until this predefined
termination condition is reached, the framework goes on to implement genetic
algorithm procedures consisting of selection, crossover, and mutation. The
selection procedure chooses acceptable retrofit and repair combinations from the
current population to populate the next generation.
In order for retrofit and repair combinations to survive, all corresponding
total sustainability values, LCS1 to LCSk, cannot be larger than the total values
resulting from another combination in the population. Additionally, each repair and
retrofit combination can also be rejected if it violates the predefined constraint. In
the context of the LCS MOGA framework presented, Figures 8 (a) and (b) show
examples of how crossover and mutation are performed on retrofit and repair
combinations. Focusing on one structural component, the first blocks labeled with
an “R” followed by a number in the figure represent retrofit options, while the next
four blocks labeled with a “C” followed by a number represent repair actions
implemented at slight, moderate, extensive, and complete damage states of the
component respectively. For example purposes, let the structural component of
interest in Figures 8 (a) and (b) be bridge columns. Retrofits R1 and R3 represent
steel jackets and restrainer cables respectively. Repair strategies per damage state
are as follows: C1= epoxy injection (slight damage), C5= patch with concrete (slight
damage), C2= grouting (moderate damage), C6= wrap (moderate damage), C3=
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replace column (extensive damage), C7= reinforce recast (extensive damage), C4=
demolish bridge (complete damage), C8= demolish and replace bridge (complete
damage).

(a)

(b)

Figure 8. Genetic operations performed on retrofit and repair combinations, where
(a) implements crossover operation and (b) implements mutation operation
Figure 8 (a) shows how during crossover of combination 1 and combination
2, all data beyond the randomly selected “crossover point” (indicated in the figure
by a dotted line) is swapped between the two combinations resulting in new
combinations of retrofit and repairs. Combinations 1 and 2 undergo crossover and,
in this example, the crossover results in swapping of repairs for extensive and
complete levels of damage to bridge columns. Figure 8 (b) shows how during
mutation, a single “gene”, represented by a numbered block, from combination 1 is
randomly replaced by another “gene”. In this example, combination 1 undergoes
mutation and results in a new repair strategy being implemented when bridge
columns incur extensive levels of damage. After the genetic algorithm procedures
are completed, and termination conditions are met, the end result is a set of non-
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dominated, near optimal, retrofit and repair options which satisfy the objectives of
sustainability and constraint.

4.4. Case Study Application of LCS-MOGA Framework
4.4.1. Bridge Details and Assumptions
A case study is conducted to illustrate the application of the proposed LCS MOGA
framework to the selection of near optimal upgrade alternatives for a structure
subject to natural hazards. The framework is applied to a multi-span continuous
(MSC) steel girder bridge located in Berkeley County, South Carolina with the same
geometry (Figure 3) and earthquake hazard characteristics (Figure 4) as those
presented in Section 3.3.1. Although the case study bridge is exposed to an
earthquake hazard, the framework can be applied to a structure exposed to any
natural hazard so long as information regarding the hazard and the structure’s
vulnerability exist.
Eight bridge configuration options are considered in this study: no retrofit
application (defined as “as-built”), steel jackets, restrainer cables, seat extenders,
shear keys, elastomeric isolation bearings, restrainer cables in conjunction with
shear keys, and seat extenders in conjunction with shear keys. Bridge fragility
values for the “as-built” case are as presented in Chapter 3. Bridge fragility values
for the cases when each of the seven retrofits are applied are adapted from median
value scaling factors as proposed in Padgett (2007) and tabulated in Appendix B.
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Additional details regarding retrofits and their impact on bridge performance can be
found in Padgett (2007).
Estimates of upfront retrofit construction investments (Scr), not considering
downtime, are tabulated in Table 16. Since the type of retrofit and the amount of
material required for each retrofit will vary depending on the bridge in question, the
data in Table 16 is specific to the case study MSC steel bridge. Investments are given
in terms of CO2, EE, MC, D, F, and W and quantified as specified in Section 3.2. No
downtime (related to restoration), waste (related to demolition), or fatalities are
assumed to be incurred in the retrofit construction phase therefore these values are
listed as 0 in Table 16. However all three components of sustainability (economy,
environment, society) are still accounted for in the framework since LCS totals are
quantified in terms of all six sustainability indicators noted above, having at least
one indicator measuring impacts to each pillar of sustainability (environmental=
CO2, EE, and W; economic= MC, social= F and D). Additionally, contributions to LCS
totals come from life-cycle phases beyond retrofit construction; even though an Scr
total may be zero, other life-cycle phases are not necessarily zero and can still
contribute to final LCS totals in terms of the given sustainability indicator. Further
refinement of the retrofit construction process can serve to revise these
assumptions in the future.
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Table 16. Upfront Investments for Retrofits Considered in Case Study in Terms of
Various Sustainability Indicators.
Upfront Retrofit Construction Investment (Scr)
Case#

Retrofit Type

CO₂(kg)

EE (MJ)

MC ($)

D (days)

F (life)

W (m³)

1
2
3
4

As-Built
Steel Jacket
Restrainer Cables
Seat Extenders

0
9,668
958
6,862

0
243,711
24,148
172,984

0
36,000
8,460
9,000

0
0
0
0

0
0
0
0

0
0
0
0

5

Shear Keys

5,623

41,478

15,000

0

0

0

6,581

65,626

23,460

0

0

0

12,485

214,462

24,000

0

0

0

27,587

177,134

37,237

0

0

0

6
7
8

Restrainer Cables
& Shear Keys
Seat Extenders &
Shear Keys
Elastomeric
Isolation Bearings

Note: D, F, and W are assumed to be negligible for retrofit construction phase and
taken to be 0.
The total service life of the bridge is 75 years with retrofits occurring at year 25,
which is assumed to be the present date. Therefore, 50 years of remaining service
life are evaluated with the LCS MOGA framework. The same seven bridge
components, repair strategies, and associated EE, CO2, MC, and W quantities as
those used in Section 3.3 and presented in Table 10 are applied in this LCS MOGA
case study. “Repair code” letters are assigned to each repair action for ease of
identification and are listed in Table 17 along with lower case letters within
parenthesis designating the damage state for which the repair is applicable. The
damage states considered and corresponding repair code letters are as follows:
slight (s), moderate (m), extensive (e), and complete (c). As explained in Section 3.2,
the number of fatalities and downtime of the bridge are two sustainability
indicators evaluated at the system level, rather than at the component level. The
number of fatalities and the downtimes associated with each level of system damage
are tabulated in Table 2 in Section 3.2. Additionally, maintenance phase Sm values
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and bridge demolition phase, Sd, values are estimated as stated in Section 3.3.3,
Table 13.
Table 17. Repair Actions for Bridge Components Considered and Corresponding
Repair Code Letters
Bridge
Repair/Replacement Action
Repair
Component
Code
Epoxy injection
A (s,m)
Patch with concrete
B (s,m)
No action
C (s)
Grouting
D (s,m)
Concrete lining
E (s,m)
Column (Col)
Wrap
F (s,m)
Replace column
G (s,m,e)
Reinforce and recast
H (m,e)
Demolish and replace bridge
I (e,c)
Jack bridge into place
J (s,m,e)
Expansion
Bearings
No action
K (s,m)
Longitudinal
Replace bearing expansion and
L (s,m,e,c)
(EBL)
bridge deck
Fixed Bearings
No action
M (s)
Transverse (FBT), Patch with concrete
N (s)
Fixed Bearings
Rehabilitate/Anchor Bolt
O (m,e)
Longitudinal
replacement
(FBL), Expansion
Bearings
Replace bearing
P (e,c)
Transverse (EBT)
Epoxy injection
Q (s,m)
Patch with concrete
R (s,m)
No
action
S (s,m,e,c)
Abutment Passive
(AbPass)
Add reinforcement and cover
T (s,m)
Grouting
U (s,m)
Demolish and replace bridge
V(m)
Regrade and resurface
W (s,m,e)
Add fill and asphalt
X (s,m,e)
Abutment Active
(AbAct)
No action
Y (s,c)
Replace structural section
Z (e)
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4.4.2. LCS MOGA Optimization Formulation
Six total lifetime indicators of sustainability are included as objectives in this study:
embodied energy, carbon dioxide emissions, monetary cost, waste, downtime, and
the number of fatalities. For this case study bridge, operation phase contributions
are assumed to be minimal and contributions from initial construction,
maintenance, and demolition phases are assumed to be constant throughout the life
of the bridge regardless of retrofit option applied. Additionally, retrofit and repairs
affect only the retrofit construction and hazard exposure phases. Therefore, given
these assumptions, only the Scr and SRSh phase contributions need to be minimized
through the LCS MOGA framework. Substituting sustainability indicator objectives
and LCS phases of interest into Equation (2), the LCS MOGA problem is formulated
as:
Minimize:

LCS EE X, T   S cr X   S RS h X, T 

LCS CO2 X, T   S cr X   S

(18)

X, T 
LCS MC X, T   S cr X   S h X, T 
LCS W X, T   S cr X   S RS h X, T 
LCS D X, T   S cr X   S RS h X, T 
LCS F X, T   S cr X   S RS h X, T 
RS

h

RS

s.t.:

β f,life  3.0

where LCSEE, LCSCO2, LCSMC, LCSW, LCSD, and LCSF are the objective functions
quantifying total lifetime embodied energy in units of mega joules (MJ), carbon
dioxide emissions in kilograms (kg), monetary cost in dollars ($), waste in cubic
meters (m³), downtime in days (d), and fatalities in the number of lives lost,
respectively. The input variables required in order to evaluate Equation (18) are
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the retrofit and repair actions selected by the algorithm, as shown in the first box of
Figure 7, for each bridge component at each of the four possible damage states
considered. Retrofit strategies are represented by the X variable, since X is defined
as a vector of structural parameters including bridge type and geometry. Repair
strategies are represented by the j variable present in the hazard exposure (SRSh)
phase equation (Equation 13) and specifically affect the I R h,n, j ,m X, t  term of the SRSh
phase calculations. Once these initial retrofit and repairs have been selected, Tables
2, 10, and 16 can be used to quantify Scr and SRSh for the six sustainability indicators
as shown in Equation (18).
There are currently no system level target reliability indexes suggested by
U.S. standards. However, bridge component target reliability indices in U.S.
standards are on the order of 3.5 (Nowak 1995) and past cost optimization studies
conducted on a similar bridge type utilize a system β value of 3.0 (Frangopol et al.
2000). Therefore, the subjective constraint, βf,life,min is set equal to 3.0 for the case
study illustration, which is equivalent to a lifetime system failure probability (Pf) of
0.00135. It is important to note that βf,life,min is a value defined by the decision maker
and can vary since it depends on a number of factors including the structure, type of
natural hazard exposure, level of safety required, as well as risk tendency of the
decision maker.
4.4.3. Results and Discussion
The LCS multi-objective optimization by genetic algorithm framework is performed
by following the process shown in Figure 7. Fitness functions are evaluated by
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substituting retrofit construction and hazard exposure phase contributions into the
optimization objectives posed in Equation (18). Input estimates for Scr are
presented in Table 16 (Section 4.4.1), upfront sustainability indicator values for EE,
CO2, MC, and W measures (needed to quantify I R h, n, j , m X, t  totals) are given in Table
10 (Chapter 3), and upfront values for D and F measures are given in Table 2. GA
parameters utilized for this case study application are as follows: population size =
500, mutation rate = 0.1, and crossover rate = 0.6. These parameter values are
selected based on judgment combined with insight from past studies (Furuta et al.
2003; Furuta et al. 2006). The initial number of generations was set at 75 and
increased by intervals of 25. The maximum number of generations was set to 500
however convergence occurred at generations = 200. Convergence in this thesis is
defined as the converging of number of optimal solutions.
Out of a total of 3,317,760 potential retrofit and repair combinations, results
show that the size of the final population is 84,325 near optimal solutions. Although
this may seem like a large number of solutions, it represents only 2.5% of the over 3
million retrofit and repair combinations. The resulting near optimal combinations
are solutions because they minimize life-cycle contributions of sustainability
indicators while maintaining a target lifetime reliability index value. Additionally, a
randomized test composed of 100,000 randomly generated retrofit and repair
combinations is performed in order to have a benchmark to compare the quality of
the solutions obtained through the proposed LCS MOGA framework and provide
confidence in the proposed approach. The test is composed of 100,000 random
combinations since a population of similar size to the one generated in the MOGA
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framework should be used to perform the random test. The randomized test
performed has three major steps. First, 100,000 repair and retrofit combinations
are formed and evaluated utilizing the LCS analysis process presented. The second
step is to find the non-dominated solutions from the 100,000 random combinations.
Finally, the near optimal combinations found in the second step are compared to the
near optimal combinations found utilizing the MOGA framework. This is performed
to find how many of the solutions found by MOGA dominate those found through the
random approach. Based on this benchmark comparison, 99% of the solutions
found by LCS MOGA were better than those found in the random test—indicating
the significant advantage offered by MOGA as anticipated.
Due to the large amount of data, rather than listing all near optimal
combinations, it is more practical and useful to provide: 1) a table with the retrofit
and repair actions which appear in the set of solutions and 2) a chart showing the
frequency of each optimal retrofit and repair option in the complete solution set.
Analyzing the 84,325 optimal combinations of retrofits and repairs revealed that
only two of the eight retrofit options listed in Table 16 are near optimal. All optimal
combinations had one of two retrofits: 1) Seat Extenders and Shear Keys or 2)
Elastomeric Isolation Bearings. A reason for this includes that these retrofit options
are the most effective in preventing complete system level damage, thus they most
significantly influence sustainability indicator totals. However it is interesting that
both of these retrofits are near optimal since, as seen in Table 16, they are among
retrofit options with the highest upfront investment costs (Scr). This highlights an
advantage for applying the proposed LCS MOGA framework when lifetime
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sustainability benefits and savings resulting from applying various retrofits are
unknown.
All retrofits and repairs which make up the 84,325 optimal combinations are
organized in Table 18 column-wise by combinations using seat extenders and shear
keys as optimal retrofit action (column 3) or combinations using elastomeric
isolation bearings as optimal retrofit action (column 4). Additionally, the table is
organized row-wise by component damage levels, where all capital letters (called
“code letter”) represent optimal repair actions which appeared in the solution set
for each component with a specific level of damage. Definitions for each repair code
letter are listed in Table 17. As an example of how to use Table 18, one of the
84,325 optimal combinations can be found as follows: 1) select one of the optimal
retrofit strategies (either “Seat Extenders & Shear Keys” in column 3 or “Elastomeric
Isolation Bearings” in column 4), 2) select one repair strategy (i.e. one code letter)
from the columns with slight level of damage (bridge component= Col, damage
level= s) row within the third or fourth column depending on what optimal retrofit
strategy is applied, 3) repeat for all other damage states and bridge components
listed in Table 18. The end result is one of the optimal solutions.
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Table 18. Near Optimal Retrofits and Repairs by Bridge Components and Damage
Level
Optimal Repairs Associated with Optimal Retrofits
Bridge Component
Col

Damage
Level
S
M
E
C

Seat Extenders &
Shear Keys

Elastomeric Isolation
Bearings

A; B; D; E; F; G
A; B; E; F; G; H
G; H

A; B; D; E; F; G
A; B; E; F; G; H
G; H; I
I
K
J; L
J; L
L
N
O
O; P
P

EBL

S
M
E
C

FBT

S
M
E
C

I
K
J
J
L
N
O
O
P

FBL

S
M
E
C

N
O
O; P
P

N
O
O; P
P

EBT

S
M
E
C

N
O
O; P
P

N
O
O; P
P

AbPass

S
M
E
C

Q; R; T; U
Q; R; T; U
S
S

Q; R; T; U
Q; R; T; U; V
S
S

AbAct

S
M
E
C

Y
W; X
W; X; Z

Y
W; X
W; X; Z

Y

Y

Note: s, m, e, and c refer to slight, moderate, extensive, and complete damage states.

Information from resulting optimal combinations tabulated in Table 18
suggest a library of viable retrofits and repairs that may be considered by an owner
to achieve improved hazard performance and meet sustainability objectives. Results
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also reveal that despite there being 84,325 near optimal combinations of retrofit
and repairs, there are only 8,638 different expected sustainability value totals. This
means many non-dominated combinations result in the same expected total values
of embodied energy, carbon dioxide emissions, monetary cost, waste, downtime,
and number of fatalities. To provide insight on the total sustainability values
identified in the near optimal set of solutions, total ranges for each of the six
sustainability indicators considered are given in Table 19. LCS ranges for optimal
combinations having “Seat Extenders & Shear Keys” as optimal retrofit option are
found in the second column of Table 19, while LCS ranges for optimal combinations
having “Elastomeric Isolation Bearings” as optimal retrofit option are found in the
third column of Table 19.
Table 19. Ranges for LCS Indicator Values of Near Optimal Solutions by Optimal
Retrofit
LCS Indicator Total Ranges Associated with Near Optimal Solutions
by Retrofit
LCS
Indicator
CO₂ (kg)
EE (MJ)
MC ($)
D (days)
F (life)
W (m³)

Seat Extenders & Shear Keys

Elastomeric Isolation Bearings

172,605 to 172,850
2,590,799 to 2,596,145
4,307,339 to 4,333,126
8*
0.04*
3*

172,859 to 190,451
2,323,932 to 2,622,762
3,970,280 to 4,266,405
7*
0.036*
2 to 5

*All solutions in the optimal set have same expected value of sustainability indicator total.

The frequency of near optimal retrofit and repair options is shown in Figure
9. Each label along the x-axis corresponds to a single bar and represents a different
near optimal retrofit or repair action. The first two bars (from left to right)
represent near optimal retrofit actions. The retrofit number corresponds to a
specific retrofit type as defined in Table 16 (e.g. retrofit 7= seat extenders and shear
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keys). The third bar and on (from left to right) represent near optimal repair
actions for each bridge component, for each damage state. Using Table 17, the
corresponding bar labels indicate the following information: bridge component
(damage state)- repair code letter. As an example, the label for the third bar is
“Col(s)-A”; using Table 17, Col= column, s= slight damage state, and A= epoxy
injection repair. Therefore, “Col(s)-A” means Column component (slight damage
state)- epoxy injection repair. The rest of the bars are labeled and interpreted in a
similar matter. By displaying how frequently each retrofit and repair option making
up the solution set appears in the 84,325 different near optimal combinations, the
frequency chart in Figure 9 aids in identifying the most common options, and
therefore the most preferable retrofit and repair options for our bridge case study
problem (among the near optimal solution set). From the frequency chart, the most
preferable retrofit option is elastomeric isolation bearings. The most preferable
repair options for each bridge component at each increasing level of damage are as
follows: Col(s)-A, Col(m)-A, Col(e)-G, Col(c)-I, FBL(s)-N, FBL(m)-O, FBL(e)-P, FBL(c)P, FBT(s)-N, FBT(m)-O, FBT(e)-O, FBT(c)-P, EBT(s)-N, EBT(m)-O, EBT(e)-O, EBT(c)P, EBL(s)-K, EBL(m)-J, EBL(e)-L, EBL(c)-L, AbPass(s)-U, AbPass(m)-T, AbPass(e)-S,
AbPass(c)-S, AbAct(s)-Y, AbAct(m)-X, AbAct(e)-Z, AbAct(c)-Y.
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Figure 9. Frequency chart for near optimal retrofit and repair actions
Most traditional life-cycle cost optimizations focus explicitly on monetary
costs. Therefore, to serve as a comparative study to the presented optimization
considering six sustainability indicators, an optimization based only on monetary
cost was performed on the case study bridge. Results from this optimization based
on monetary cost alone reveal that the near optimal solution set in this case is
composed of only 21 different retrofit and repair combinations. Additionally,
analyzing all 21 near optimal combinations reveals that these combinations all had
the same near optimal retrofit option: Elastomeric Isolation Bearings; thus
indicating that the variation between the 21 different optimal combinations is due
to repair actions for different levels of component damage. These results highlight
that solutions based on monetary cost alone are not enough to answer the
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sustainability optimization problem. By optimizing monetary cost, only a subset of
the possible solutions can be identified.
The robustness of resulting optimal retrofit and repair combinations was
also checked by evaluating the sensitivity of the original near optimal results to
changes in the selected minimum system lifetime reliability index, βf,life,min, value, as
well as selected upfront sustainability indicator values (UC(X) and US(X)).
Variations on βf,life,min values and upfront sustainability indicator values tested
within the LCS MOGA Framework in order to check sensitivity of values and
robustness of solutions are as follows: 1) βf,life,min value was increased by a value of 1,
2) βf,life,min value was decreased by a value of 1, 3) UC(X) value for CO2 emissions
indicator was increased by 25%, 4) UC(X) value for CO2 emissions indicator was
decreased by 25%, 5) UC(X) value for MC indicator was increased by 25%, 6) UC(X)
value for MC indicator was decreased by 25%, 7) US(X) value for D indicator was
increased by 25%, and 8) US(X) value for D indicator was decreased by 25%. All
changes to βf,life,min and upfront sustainability indicator values were performed one
at a time while all other parameters remained as described in case study problem
previously presented. The following percent of new solutions obtained from
running each of the eight sensitivity analyses were found to be the same as the
original near optimal solutions: 1) increasing βf,life,min= 96.47%, 2) decreasing
βf,life,min= 93.03%, 3) increasing UC(X) for CO2 emissions= 80.06%, 4) decreasing
UC(X) for CO2 emissions= 76.68%, 5) increasing UC(X) for MC= 76.03%, 6)
decreasing UC(X) for MC= 80.63%, 7) increasing US(X) for D= 22.62%, and 8)
decreasing US(X) for D= 29.69%. Results from the sensitivity analyses reveal that
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the optimal solution set is sensitive to variations in the US(X) for the D parameter.
Since changes in the US(X) for the D parameter have a significant impact on near
optimal solutions, future work should concentrate on refining and gathering
accurate data for downtime (D) indicator values when implementing the LCS MOGA
framework for future problems. However, sensitivity analyses results also reveal
that varying the βf,life,min, UC(X) for the CO2 emissions, and UC(X) for the MC
parameters does not influence the near optimal solutions significantly. Therefore
the near optimal solution is robust in regards to these three parameters.
Previously unknown trade-off relationships between the six sustainability
indicator totals can also be determined through this framework. Visualization of a
six dimensional plot comparing all sustainability indicators is not possible, therefore
indicators are compared two at a time for ease of interpretation. Fifteen pairs of
indicators are formed and analyzed such that all indicators are compared to each
other—for example CO2 vs. EE, CO2 vs. MC, CO2 vs. D, and so forth. The importance
of these comparisons lies in finding the trends formed between the indicators, as
well as identifying those pairs that share similar relationships. Trends formed from
case study results are displayed in Figures 10 (a) to (e) in terms of LCS values for
the sustainability indicators indicated on the axes. These values include all “costs”
incurred for the given retrofit and repair options implemented on all bridge
components at all damage states. Additionally, all fifteen sustainability indicator
pairs follow one of the five trends displayed in Figures 10 (a) to (e).
Figure 10 (a) is a plot of CO2 vs. EE total LCS values and has a strong positive
correlation. This is logical since both CO2 and EE are indicators from the
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environmental category of sustainability, and in general energy intensive
construction activities and traffic detours also produce emissions. Both CO2 vs. MC
and EE vs. MC follow the positive relationship shown in Figure 10 (b). However,
based on past work by the author (Tapia and Padgett 2013), which applied MOGA to
find retrofit and repairs that minimize hazard exposure phase MC, EE, and CO2
emissions, environmental indicators of sustainability are expected to have a
negative relationship with monetary cost. Therefore, the uncharacteristic positive
trend between environmental and economic indicators found in this case study
application is due to the consideration of additional sustainability indicators in the
social category and additional contributions from the retrofit construction (Scr)
phase. This shows that the consideration of additional indicators and additional
bridge life-cycle phases can alter the relationships between indicators within other
categories of sustainability. This highlights the importance of approaching
sustainability analyses of structures from a holistic point of view; holistic in that it
includes all components of sustainability—environmental, social, and economic—
and all significant and relevant life-cycle phases of the structure.
Figure 10 (c) depicts the trend for the following indicator comparisons: CO2
vs. D, CO2 vs. F, EE vs. D, EE vs. F, MC vs. D, and MC vs. F. The data forms a relatively
constant graph when plotting the aforementioned pairs of indicators. This constant
graph signifies a lack of relationship between the pairs of indicators which can be
due to significant downtime and fatalities only occurring when there is complete
bridge system failure. The positive step-graph shown in Figure 10 (d) corresponds
to CO2 vs. W and is also seen for EE vs. W and MC vs. W. Since in this study only
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waste generated due to complete bridge demolition and replacement is considered,
this trend is reasonable. For example, for one near optimal retrofit repair
combination, no repairs for the slight, moderate, and extensive damage levels
involved demolishing and replacing the bridge. Therefore, although there are CO2
emissions from the repair and rerouting activities, no waste of significance is
assumed to be generated. However at the complete level of damage, demolishment
and replacement of the bridge is required, therefore in this case both CO2 emissions
and waste are generated. Hence it is possible to have increasing CO2 emissions
while amount of waste generated does not change.
Figure 10 (e) displays F vs. W and shows a nearly constant graph which
signifies a lack of relationship between these metrics. Both D vs. W and D vs. F also
have a similar relationship. The figure shows how W values increase while F values
remain near the same value. Recall that values of W are evaluated at the bridge
component level while F values are evaluated at the system level. Therefore, when
one of the seven bridge components incurs enough damage to require demolishing
the bridge, waste generated due to demolition of the entire bridge is taken into
account in the LCS values shown in Figure 10 (e). Fatalities on the other hand are
assumed to only occur when the entire bridge system collapses—“complete” system
damage. As a result of these assumptions, one component can incur enough damage
to require demolition of the bridge (therefore cause waste), but for the entire bridge
system to not collapse (therefore no fatalities occurred), therefore causing the
increase in W but not F values on the plot.
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Relationships among these six sustainability indicators are not obvious from
upfront retrofit investments or upfront cost of repairs in terms of sustainability
indicators. This underlines the advantage of applying the LCS MOGA framework
when interactions and relationships between multiple objectives are unknown—as
is the case with LCS objectives. Additionally, the application of the LCS MOGA and
resulting upgrade options can offer a viable set of practical solutions to improving
bridge safety while striving for enhanced sustainability. The total sustainability
indicator ranges can further provide a benchmark for comparison with nontraditional retrofit or repair options that may either have reduced upfront
investment (in terms of sustainability indicators), provide improved hazard
resilience, or a combination thereof.
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Figure 10. Trade-off relationships between the following LCS indicator values: (a)
CO2 vs. EE, (b) CO2 vs. MC, (c) CO2 vs. D, (d) CO2 vs. W, (e) F vs. W

103

4.5. Closure
Although there has been rising awareness of sustainability in the field of
engineering, there is still a need to integrate sustainability concepts into the
selection of infrastructure upgrades such as retrofit or repair methods. Currently,
upgrades are typically selected based on monetary cost and structural safety.
However, retrofits, repairs, and replacements should be selected such that they not
only provide adequate performance under natural hazards, but also satisfy the three
objectives of sustainability simultaneously. The proposed LCS MOGA framework
makes use of multi-objective optimization by genetic algorithm (MOGA) to identify
and select near optimal retrofit and repair strategies that ensure safe structural
performance under natural hazards while minimizing environmental, economic, and
social lifetime performance measures of sustainability. Contributions from all the
life-cycle phases of the structure are accounted for in the framework, including the
upfront investments required for retrofit actions.
The case study presented applies the LCS MOGA framework to a multi-span
continuous (MSC) steel girder bridge subject to earthquake hazards. In this study,
near optimal retrofit and repair combinations are those which minimize lifetime
contributions from the six sustainability indicators: embodied energy (EE), carbon
dioxide (CO2) emissions, monetary cost (MC), waste (W), downtime (D), and
number of fatalities (F). EE, W, and CO2 emissions are considered as environmental
indicators, F and D as social indicators, and MC as an economic indicator of
sustainability. All three pillars of sustainability are accounted for through these six
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indicators, however future research can extend the LCS MOGA framework to
address other measures of sustainability that may be of interest. Public safety is
ensured by imposing a minimum reliability index constraint in the optimization.
Results show that 2.5% of all possible combinations are non-dominated (near
optimal). The near optimal retrofit and repair frequency chart (Figure 9) shows the
most common options among the near optimal solution set, therefore helps identify
the most preferable retrofit and repair actions. Findings also highlight relationships
between lifetime indicators of sustainability, which were relationships previously
unknown particularly for solutions to infrastructure exposed to natural hazards.
Positive correlations were found between the following pairs of sustainability
indicators: CO2 vs. EE, CO2 vs. MC, EE vs. MC, CO2 vs. W, EE vs. W, and MC vs. W.
Resulting positive correlations between the aforementioned sustainability
indicators point at the need to quantify only a subset of the six sustainability
indicators(not all of them) for the specific case study problem in this chapter. An
example of the subset of sustainability indicators which can be optimized while still
capturing solutions optimal to all six original sustainability indicators include CO2,
D, and F.
This framework is anticipated to help guide the selection of retrofit and
repair combinations by providing a set of near optimal solutions which enhance
sustainability while ensuring public safety and mitigating or repairing damage from
natural disasters. Future work should explore alternate optimization methods as
well as multi-criteria decision analysis in which stakeholder preferences are also
elicited and weighted in ranking solutions to solve the sustainability problem
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presented. Optimization of actions beyond retrofits and repairs, such as initial
design of new structures, inclusion of the operation phase, consideration of
alternate maintenance strategies, as well as the timing of all such actions during the
life of a structure should also be explored in future work. Additionally, the proposed
framework can offer a basis for exploring the uncertainty associated with the
sustainability indicators considered and sensitivity to GA parameter values selected.
While the demonstrated LCS MOGA framework was applied using objectives of
minimizing expected values of sustainability indicators, it has application to
minimizing the risk of exceeding target levels of such indicators. Furthermore, with
a few modifications to the life-cycle phase equations, the LCS MOGA framework can
be expanded and applied to problems dealing with bridge networks as well as
structures beyond bridges.
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Chapter 5

Conclusions and Future Opportunities

5.1. Summary and Conclusions
This thesis aimed to help bridge three main gaps: 1) identify the link between
natural hazard risk mitigation and sustainability, 2) provide a risk-based model for
quantifying bridge sustainability, 3) and provide a method for improving bridge
infrastructure performance under aging and seismic threats while achieving the
broader goals of sustainability. It first provided a review of existing terms,
perspectives, and assessment methods pertaining to sustainable engineering and
natural hazard risk mitigation of structures with a special focus on bridge
infrastructure. Whereas effects of natural hazards on structural sustainability are
often neglected in sustainability rating systems or life-cycle analyses applied to
structures, especially bridge infrastructure, a growing body of literature enumerates
the explicit links between natural hazard damage, natural hazard risk mitigation
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strategies, and sustainability. These relations include the role of pre-event
mitigation to avoid adverse consequences of damage that hinder sustainability and
the post-event opportunity to design and replace systems in a more sustainable
fashion. However, the literature review offered in Chapter 2 also revealed the need
for specifically two methods: 1) a method to quantify indicators of sustainable
bridge performance corresponding to the three pillars of sustainability while
considering the effects of exposure to natural hazards and threats 2) a framework
for finding retrofit and repair combinations for structures subject to natural hazards
such that lifetime negative impacts to the environment, economy, and society are
minimized.
Chapter 3 posed a framework to address some of the gaps in existing
methods for evaluating the sustainability of structures. The proposed life-cycle
sustainability analysis framework captures the joint effect of time-dependent
phenomenon, such as aging, and natural hazard vulnerability while evaluating
economic, environmental, and social indicators of bridge vulnerability in which
uncertainty in hazard occurrence, damage potential, and repair or replacement
actions are considered. This framework contributes a holistic life-cycle analysis by
quantifying indicators across the three facets of sustainability. Chapter 3 case study
results for a multi-span continuous steel girder bridge located in a moderate seismic
zone reveal that, although there are other life-cycle phases besides the hazard
exposure phase that contribute the most to total lifetime sustainability values, the
hazard exposure phase still contributes a significant amount to multi-phased lifecycle sustainability analysis totals (for cases when remaining life and whole life of a
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structure are considered). Additionally, results highlight the effects of natural
hazards on bridge sustainability, particularly with respect to assessing the role of
natural hazard risk mitigation on sustainability indicators of bridge performance.
Chapter 4 presented the LCS MOGA framework which makes used of multiobjective optimization by genetic algorithm to identify and select near optimal
retrofit and repair strategies that ensure safe structural performance under natural
hazards while minimizing environmental, economic, and social lifetime performance
measures of sustainability. Key contributions of this framework include providing
one of the first studies to offer systematic risk based quantification of sustainability
indicators integrated in an optimization framework to explore sustainable upgrades
to structures. The framework also demonstrated the insights and trade-off analyses
that can be afforded by application of the proposed framework. LCS MOGA was
applied to a case study MSC steel girder bridge subject to aging and earthquake
hazards which seeks to minimize lifetime contributions of six sustainability
indicators corresponding to the three pillars of sustainability: embodied energy,
carbon dioxide emissions, monetary cost, waste generation, downtime, and number
of fatalities. Results show that 2.5% of all possible combinations are near optimal
and the robustness of these solutions was checked by performing sensitivity
analyses using minimum system lifetime reliability index, βf,life,min values and
selected upfront sustainability indicator values (UC(X) and US(X)). Additionally, the
frequency charts developed for near optimal combinations offer insight on most
preferable retrofit and repair options among the solutions. Findings from the
framework application also highlight previously unknown relationships between
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the six lifetime indicators of sustainability considered which aid in identifying
correlated indicators and can therefore help reduce the number of sustainability
indicators needing to be optimized at once in a future framework application. The
LCS MOGA framework is anticipated to help guide the selection of retrofit and repair
combinations by providing a set of near optimal solutions which enhance
sustainability while ensuring public safety and mitigating or repairing damage from
natural disasters.

5.2. Future Opportunities
Interdisciplinary research involving the joint consideration of sustainability, natural
hazards, and structural engineering is constantly evolving. With growing awareness
regarding the importance of sustainability, there is much room for future research
including work which builds on the frameworks presented in this thesis. Some
suggestions on future opportunities are enumerated below:
1. Future research is required to define not only appropriate discount ratios but
also adequate discounting functions that can be used for environmental and
social indicators of sustainability such as carbon dioxide emissions, energy
expenditure, downtime (driver delay), and fatalities.
2. Application of the LCS analysis framework can be expanded to include other
sustainability measures of interest beyond the six analyzed in the LCS
analysis and LCS MOGA frameworks such as equity of access to
infrastructure, availability of bike and pedestrian lanes, ozone layer
depletion greenhouse gas emissions, and human toxicity to name a few.
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Additionally, impacts to sustainability due to regular traffic flows or delays,
alternate maintenance procedures and schedules, and consideration of
alternative end-of-life actions should be explored.
3. The frameworks presented in this thesis evaluated sustainability indicators
for a single bridge at the structural component and system level. Future
work should further develop the frameworks to evaluate the sustainability of
a network of roads and bridges exposed to natural hazards. This will help in
further exploring the prioritization of bridge retrofit in a regional inventory
of bridges (or bridge network) to enhance sustainability and how the
interconnection between roads and bridges affect near optimal retrofit and
repair combinations for a network.
4. While case study results for both frameworks are presented in terms of
expected values, future applications can incorporate statistical measures
such as variance to address uncertainty beyond those associated with the
natural hazard, structural performance, and repairs. Additionally
uncertainty related to sustainability coefficients and indicators should be
refined.
5. The sensitivity to GA parameter values utilized in the LCS MOGA framework
should be explored along with other possible sources of uncertainty.
6. Case study evaluation of sustainable bridge performance considering
multiple threats beyond earthquakes and aging should be posed, including
quantifying the relative importance of various threats and the sensitivity of
results to different hazard exposure conditions. Furthermore, the
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framework can be applied to infrastructure other than bridge infrastructure
such as buildings.
7. The LCS MOGA framework made use of an extension of single objective
genetic algorithm referred to as MOGA. Future work should explore
alternate optimization methods as well as multi-criteria decision analysis in
which stakeholder preferences are also elicited and weighted in ranking
solutions to solve the sustainability problem presented. Optimization of
actions beyond retrofits and repairs, such as initial design of new structures,
operation and maintenance strategies, as well as the timing of such actions
during the life of a structure should be further analyzed.
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Appendix A- Embodied Energy Equipment
Coefficients
Full details on fuel type and fuel tank capacity assumptions made for machinery
considered in this thesis in order to quantify embodied energy equipment
coefficients (SEn,j,m) are tabulated in the excel worksheet shown in Figure A-1.
Machinery
Column Repairs
gas engine vibrator
concrete pump (small)
front end loader, W.M., 2.5 C.Y.
air compressor, 365 cfm
crawler loader, 3 C.Y.
dump trucks 12 C.Y., 400 H.P.
lattice boom crane, 90 ton
Expansion Bearings
hydraulic jacking system/other jacking equipment
Fixed Bearings
hydraulic jacking system/other jacking equipment
Deck Replacement
lattice boom crane, 90 ton
Abutment Passive
front end loader,W.M., 2.5 C.Y.
dump trucks, 12 C.Y., 400 H.P.
air compressor, 365 cfm
crawler loader, 3 C.Y.
lattice boom crane, 90 ton
Abutment Active
grader, 30,000 lbs
backhoe, loader, 48 H.P.
tandem roller, 5 ton
hyd. Crane, 80 ton
trowel, 48'' walk-behind

Fuel Type

Approximate Gallons= Full Tank

Energy Equivalent (MJ)

gas
gas 4-stroke
diesel
gas 4-stroke
diesel
diesel
diesel

1.2 litres= 0.32 US gallons
80 litre= 21.13 US gallons
140 L= 36.984 US gallons
22 US gallons
78 US gallons
120 US gallons
75 gallons

42
2770
5412
2884
11413
17559
10974

gasoline

13 US gallons

1704

gasoline

13 US gallons

1704

diesel

75 gallons

10974

diesel
diesel
gas 4-stroke
diesel
diesel

140 L= 36.984 US gallons
120 US gallons
22 US gallons
78 US gallons
75 gallons

5412
17559
2884
11413
10974

diesel
diesel
diesel
diesel
gasoline

89.8 U.S. gal
13.2 US gallons
37 US gallons
100 US gallons
6.4 qt.= 1.6 US gallons

13140
1931
5414
14633
210

Figure A-1. Assumptions for fuel type and fuel tank capacity per machinery
considered
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Appendix B- Fragility Scaling Factors for
Retrofitted Bridges
Bridge fragility values for the seven retrofits considered in the case study
application of Chapter 4 are adapted with scaling factors as proposed in Padgett
(2007). Scaling factors applied to the “as-built” bridge fragility values
corresponding to the MSC steel bridge in order to account for each retrofit
application are presented in this appendix.
Table B-1. Scaling Factors for the Steel Jacket Retrofit
Slight
Moderate
Extensive
Complete
Component
med
disp
med
disp
med
disp
med
disp
Column
3.62
0.95
4.00
0.95
3.74
0.95
3.21
0.95
Fxd-Long
0.89
0.94
0.85
0.94
0.84
0.94
1.00
0.00
Fxd-Tran
0.98
1.00
0.97
1.00
0.97
1.01
0.95
1.00
Exp-Long
1.00
1.00
1.02
0.98
1.02
1.00
1.01
1.00
Exp-Tran
1.04
1.00
1.06
1.00
1.09
1.02
1.12
1.02
Ab-Pass
1.12
1.07
1.14
1.07
1.00
0.00
1.00
0.00
Ab-Act
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
Ab-Tran
0.90
0.95
7.21
2.11
1.00
0.00
1.00
0.00
System
1.05
1.02
1.11
1.04
1.14
1.04
1.18
1.05
Table B-2. Scaling Factors for the Elastomeric Isolation Bearings Retrofit
Slight
Moderate
Extensive
Complete
Component
med
disp
med
disp
med
disp
med
disp
Column
1.62
1.08
1.76
1.08
1.88
1.08
1.96
1.09
Fxd-Long
1000
0.00
1000
0.00
1000
0.00
1000
0.00
Fxd-Tran
1000
0.00
1000
0.00
1000
0.00
1000
0.00
Exp-Long
1.52
1.23
1.11
1.22
1.16
1.23
1.54
1.24
Exp-Tran
1000
0.00
1000
0.00
1000
0.00
1000
0.00
Ab-Pass
0.79
0.91
0.77
0.91
5.49
1.13
4.44
1.07
Ab-Act
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
Ab-Tran
0.39
0.81
1.67
1.38
1.82
1.33
1.00
0.00
System
1.37
1.29
1.19
1.30
1.27
1.27
1.61
1.24
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Table B-3. Scaling Factors for the Restrainer Cables Retrofit
Slight
Moderate
Extensive
Complete
Component
med
disp
med
disp
med
disp
med
disp
Column
1.11
1.06
1.14
1.07
1.17
1.05
1.17
1.06
Fxd-Long
1.55
1.05
1.74
1.05
36.00
0.00
1.00
0.00
Fxd-Tran
1.02
0.99
1.03
0.99
1.03
0.99
1.04
0.99
Exp-Long
1.13
1.02
1.22
1.02
1.22
1.02
1.25
1.03
Exp-Tran
1.00
0.98
1.00
0.98
1.01
0.98
1.01
1.00
Ab-Pass
1.59
1.12
1.75
1.12
1.00
0.00
1.00
0.00
Ab-Act
1.74
1.25
1.87
1.37
2.25
1.33
1.00
0.00
Ab-Tran
0.94
0.99
8.02
2.19
1.00
0.00
1.00
0.00
System
1.05
1.02
1.03
1.02
1.11
1.02
1.18
1.02
Table B-4. Scaling Factors for the Seat Extenders Retrofit
Slight
Moderate
Extensive
Complete
Component
med
disp
med
disp
med
disp
med
disp
Column
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Fxd-Long
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.00
Fxd-Tran
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Exp-Long
1.00
1.00
1.00
1.00
1.00
1.00
1.50
1.00
Exp-Tran
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Ab-Pass
1.00
1.00
1.00
1.00
7.29
1.25
1.00
0.00
Ab-Act
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
Ab-Tran
1.00
1.00
8.81
2.23
1.00
0.00
1.00
0.00
System
1.00
1.00
1.00
1.00
1.00
1.00
1.21
0.98

Component
Column
Fxd-Long
Fxd-Tran
Exp-Long
Exp-Tran
Ab-Pass
Ab-Act
Ab-Tran
System

Table B-5. Scaling Factors for the Shear Keys Retrofit
Slight
Moderate
Extensive
Complete
med
disp
med
disp
med
disp
med
disp
1.16
1.05
1.20
1.05
1.24
1.05
1.26
1.05
1.05
0.97
1.04
0.97
1.04
0.97
1.00
0.00
1.52
0.99
1.76
0.99
1.93
1.01
28.61
0.00
1.00
1.02
1.04
1.00
1.04
1.02
1.04
1.01
1.31
0.85
1.58
0.85
1.78
0.91
2.27
0.98
1.07
1.01
1.09
1.01
8.15
1.27
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
0.72
0.88
5.04
1.92
7.12
1.72
1.00
0.00
1.11
1.00
1.14
1.04
1.14
1.05
1.09
1.05
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Table B-6. Scaling Factors for the Restrainer Cables and Shear Keys Retrofit
Slight
Moderate
Extensive
Complete
med
Component
disp
med
disp
med
disp
med
disp
1.16
Column
1.06
1.18
1.07
1.23
1.05
1.24
1.06
1.64
Fxd-Long
1.05
1.85
1.05
36.00
0.00
1.00
0.00
1.37
Fxd-Tran
0.94
1.53
0.94
1.65
0.99
28.61
0.00
1.13
Exp-Long
1.02
1.22
1.00
1.22
1.02
1.25
1.01
1.31
Exp-Tran
0.85
1.60
0.85
1.81
0.93
2.32
1.00
1.45
Ab-Pass
1.09
1.57
1.09
1.00
0.00
1.00
0.00
1.74
Ab-Act
1.23
1.84
1.37
2.22
1.31
1.00
0.00
0.66
Ab-Tran
0.87
4.42
1.89
1.00
0.00
1.00
0.00
1.11
System
1.02
1.14
1.06
1.20
1.05
1.21
1.03
Table B-7. Scaling Factors for the Seat Extenders and Shear Keys Retrofit
Slight
Moderate
Extensive
Complete
Component
med
disp
med
disp
med
disp
med
disp
Column
1.16
1.05
1.20
1.05
1.24
1.05
1.26
1.05
Fxd-Long
1.05
0.97
1.04
0.97
1.04
0.97
1.00
0.00
Fxd-Tran
1.52
0.99
1.76
0.99
1.93
1.01
28.61
0.00
Exp-Long
1.00
1.02
1.04
1.00
1.04
1.02
1.57
1.01
Exp-Tran
1.31
0.85
1.58
0.85
1.78
0.91
2.27
0.98
Ab-Pass
1.07
1.01
1.09
1.01
1.00
0.00
1.00
0.00
Ab-Act
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
Ab-Tran
0.72
0.88
5.04
1.92
1.00
0.00
1.00
0.00
System
1.11
1.00
1.14
1.04
1.16
1.05
1.40
1.03

