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Resumo

A gestdo de ativos de infraestruturas envolve diversos processos relacionados com o seu ciclo de
vida nomeadamente na avaliacao do estado de conservacao, modelacao da degradacao, manutencao
e otimizacdo. Entre os varios ativos que compdem a rede ferroviaria, as pontes sao ativos valiosos
para a rede ferroviaria, uma vez que permitem cruzar determinados obstaculos tais como rios, vales,
entre outros. No entanto, esses tipos de estruturas estdo expostos a varias ameacas que podem
causar degradacao severa a longo prazo ou a curto prazo em caso de eventos extremos. Dessa
forma, a falta de manutencéo pode resultar em grandes consequéncias indesejaveis tanto para a

estrutura, colapso parcial ou total do sistema, como para as pessoas.

Além disso, diversos estudos tém sido propostos por diferentes autores relativo a analise pos-
recuperacdo apés um evento extremo por meio do calculo da resiliéncia. A resiliéncia representa a
capacidade da infraestrutura de se recuperar de eventos extremos e representa um indicador valioso

para estimar as dimensdes das consequéncias.

O principal objetivo desta investigacdo & contribuir para uma evolucdo da pratica atual de
monitorizacao de infraestruturas em Portugal, através da proposta de uma metodologia de gestao
baseada no risco e na resiliéncia. A metodologia desenvolvida inclui a estimativa de modelos de
degradacao que contemplam a degradacdo devido a eventos como corrosdo e eventos como
terremotos, inundacdes, entre outros. Além disso, a metodologia desenvolvida sugere diferentes
planos de manutencao para um determinado periodo do ciclo de vida. Algoritmos genéticos sdo aqui
adotados para otimizar problemas com dois objetivos conflituosos entre si, desempenho e custos.
Estes conceitos sao validados individualmente através dos capitulos desta tese e validados no

capitulo 7 num estudo de caso de uma ponte ferroviaria de betdo armado localizada em Portugal.

Palavras chave
Sistemas de Gestdao de Pontes, Risco, Resiliéncia, Degradacao, Eventos Extremos, Otimizacao

multiobjetivo, Algoritmos genéticos.
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Abstract

Asset management of infrastructures involves several processes related with its life cycle namely on
the assessment of the condition state, degradation modelling, maintenance, and optimization. Among
the several assets that compose the railway network, bridges are valuable assets for the rail network
by providing cross critical links such as waterways, valleys, and other types of facilities. However,
these types of structures are exposed to several threats that can cause severe degradation at long
term or at short term in case of hazard events. In this way, the lack of maintenance can result in
large undesirable consequences either for the structure, such as partial or total collapse of the
system, or for the people.

Moreover, several studies have been proposed by different authors concerning the post recovery
analysis after a hazard event through the calculation of the resilience. Resilience stands for the ability
of the infrastructure to recovery from hazard events and represents a valuable indicator to estimate
the dimensions of the consequences.

The main goal of this research is to contribute to an evolution of the current practice of infrastructure
monitoring in Portugal by proposing a management methodology based on the risk and on the
resilience.

The developed framework includes the estimation of degradation models that captures degradation
due to events such as corrosion and events such as earthquakes, floods, among others. Moreover,
the developed methodology is capable of suggesting different maintenance plans for a certain life
cycle period. Genetic Algorithms are here employed to optimize problems with two different
conflicting objectives, performance and costs.

These concepts are validated individually through the chapters of this thesis and validated in the

chapter 7 in a case study of a reinforced concrete railway bridge located in Portugal.

Keywords
Bridge management systems, Risk, Resilience, Degradation, Hazard events, Multiobjective

optimization, Genetic Algorithms.
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Chapter 1

1 Introduction
1.1 Background and motivation

The transport network is extremely important to the social-economic development of a country.
Particularly, the railway transport has been revealing crucial to a sustainable growth of the society.
Railways, in their present form, made their first appearance at the beginning of the 19 century in
British mines [1]. The golden age of the railways occurred during the first industrial revolution where
it was introduced several developments such as the introduction of steam, and the extensive
exploitation of coal and iron mines. The first railway lines operating in Europe began around 1830
being attained its maximum density at 20* century. In Portugal, according to Souza [2] the main
development of railway infrastructures occurred between 1850 and 1870 with the construction of
the railway lines in center and south of Portugal. With the First World War, the railway entities became
economically weakened being extremely necessary a support from the state. Later, in the 50's, with
the constant increasing of the population, the railway transport vision changed, in which it was
abandoned the exclusive transport of goods being thus turned into a general transport of people and
goods. In this way, there were created new programs for the management in the railway
infrastructures for the new level of demand by the society. However, with the developments in road
infrastructures, and with the large advantages that the road transport presented when comparing
with the rail transport regarding door-to-door transport, higher comfort and flexibility led the users,
in general, to opt by having their personal car. To overcome these problems, several investments
among all the Europe, have been implemented in the field of railway infrastructures so the
competitiveness can be assured. One of those investments was under ShiftRail program, which
aimed to contribute to: (i) cutting the life-cycle cost of railway transport; (ii) doubling the railway
capacity and (iii) increase reliability and punctuality by as much as 50%. Also, other research projects,
further discussed in chapter 2, have been financed by the European Commission on the assessment
of existing railway infrastructures. Among railway infrastructures, bridges compose a crucial asset on
the railways by providing critical links to cross waterways, valleys among other types of facilities. For
example, in Portugal, the main companies responsible for the management of infrastructure are
Infraestruturas de Portugal (IP), Brisa and Ascendi.

Moreover, during their life-cycle, bridges are exposed to natural hazards that can seriously
compromise their functionality. In fact, several failures of bridges have been occurring over the last
decades being the most common failures due to scour, floods, impact of vehicles and overloading.

Because of these events, large amount of consequences either in terms of human lives or in terms

21



Chapter 1 - Introduction

of economy have been recorded. In this way, the engineering community has been dedicating some
efforts at understanding bridge failures and to developing methodologies to provide a reliable
behavior of the structure.
Moreover, the importance of knowing the process of degradation of a bridge is very critical to
understand when the bridge should need maintenance actions. As the available budget is limited,
the needs of establishing management systems to provide optimal maintenance schedules to the
stakeholders become an important matter.
In Portugal, the actual management system comprises the following objectives [3]:
e Assure the safety of the structures, maintaining them at the level of capacity predicted in
design.
e Assure that the railway traffic is done without restrictions and under the conditions of comfort
and velocity predicted.
e Maintain the data records of bridges updated, organising the information to plan and optimize

the interventions, minimising costs, and interferences with the circulation.
1.2 Research scope and objectives

The life-cycle analysis of bridges has been a topic widely studied for several researchers through
these last decades in which some of them are worth it to mention. Neves and Frangopol [4] proposed
a model that considered the uncertainties in the performance deterioration process, times of
application of maintenance actions, and in the effects of maintenance actions on the condition,
safety, and life-cycle cost of structures by defining all parameters involved in the model as random
variables. Later, Okasha and Frangopol[5] proposed a computational framework including lifecycle
performance prediction, maintenance optimization and updating lifecycle performance using
structure health monitoring (SHM) data and controlled testing results. The framework was
implemented in several roadway bridges. Du and Karoumi [6] presented a work in the field of life
cycle assessment (LCA) of railway bridges by proposing a guideline to quantify the environmental
burdens for the railway bridge structures. A comparison case study between two alternative designs
of the Bridge under study was carried out through the whole life cycle, with the consideration of
several key maintenance and end-of-life scenarios. Nielsen et al. [7] proposed a framework for life
cycle management that consisted on the assessment, maintenance optimization of concrete and
steel railway bridge in Australia. Safi et al. [8] introduced the Swedish bridge and tunnel management
system following by an implementation life-cycle cost scheme. The study presented different
alternatives for the final life cycle cost with the inclusion of several variables. Freire et al. [9] proposed
a management system for bearing devices integrated in a bridge. The framework included a database

module, inspection a decision making. Almeida et al [10] proposed a life cycle cost estimation and
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cost minimization through an optimization algorithm. The framework was composed of the
degradation model, cost models and optimization. The costs models were divided into direct and
indirect costs. Fernando et al. [11] proposed a model for the evaluation of intervention strategies
based on progressive damage and hazard events. The model was based on the Markov theory.
Denysiuk et al. [12] aimed to propose a computation framework applied to a highway bridge to help
the project managers in the process of decision making. The analysis was conducted in an element
level and a structural level. Yianni et al. [13] focused their study on the development of a Petri net
as a degradation model based on the Network Rail company database to present a new degradation
model as response to the limitations of the Markov chains. Xie et al [14] proposed a life time
reliability-based maintenance analysis considering life cycle costs and life cycle environmental
impact. The results were shown through optimization procedure with an implementation of an optimal
schedule. Griffin and Patro [15] presented a paper describing the current approach regarding the
railway bridge assessment and the innovative work that has been carried out to improve the efficiency
of the assessment. Fernandes et al.[16] presented a framework for railway bridge maintenance
affected by the corrosion effects. The proposed framework considered a multiobjective optimization
by considering the reliability and costs of maintenance as the two objectives. Later, Fernandes et al.
[17] presented a similar approach but based on risk analysis instead.

By analysing all these studies developed over the last two decades, it can be stated that a great
amount of work has been conducted in the field of bridge management and decision making.
However, digging into the literature, very few studies address issues of bridges being subjected to
both progressive and hazard events. Here, progressive events stand for events such as reinforcing
corrosion whereas hazard events stand events that suddenly force to bridge to an immediate repair
or its closure, in case of very serious damages. Examples of studies that address these topics can
be seen in [18-21].

Likewise, another very important issue that remains still a challenge in the bridge management field
stands for the post hazard event analysis, wherein questions like how much time the system takes
to recover to its original functionality as well as which consequences are involved, are crucial to fully
comprehend the dimension of the problem. These questions have been answered by studies as
referenced in [22-24].

Nevertheless, another issue pointed out relies on the lack of studies regarding the railway bridge
management. Most of the railway works are more concerned to safety assessment, dynamic tests,
and interaction between rail track and train rather than about life cycle analysis. Accounting all these
challenges pointed out, the present thesis proposes a methodology for a bridge management system
(BMS) applied to railway bridges through their lifecycle, which combines progressive degradation

with hazard events. Several key performance indicators (KPIs) will be estimated with special focus
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on the estimation of the risk that the infrastructure is subjected during its life-cycle due to the several
hazard events. Note that, although the focus of this thesis relies more on railway bridges, the

proposed methodology is broadly applied to other types of infrastructures.
1.3 Thesis Outline

Following the current chapter, the chapter 2 is dedicated to the overview of the current infrastructure
management systems applied worldwide as well as the most relevant research and development
project, among the infrastructure management topic, developed ever since. Special focus is after
given to the bridge management systems.

The chapter 3 focuses on the issues of assessment of existing bridges wherein it is discussed the
current practices adopted on the assessment of bridges within the most common Key Performance
Indicators (KPIs). The chapter is finalized with three practical applications on bridges composed of
different typologies and materials. Special focus is given to the reliability, robustness, and risk KPIs.
The chapter 4 aims to address the topic related to the degradation modelling. It starts by conducting
a thorough literature review among the most relevant degradation models applied in the field of
infrastructures. After the literature review, two different types of models, mechanistic and stochastic,
are applied to two practical applications.

The chapter 5 addresses to the life-cycle of infrastructures by presenting the literature review on the
three main aspects that composes the sustainability concept, economy, social and environment.
Moreover, an overview of the optimization algorithms is conducted with special focus on multi
objective optimization algorithms based on genetic algorithms. To finish the chapter, two practical
applications are conducted, the first to a single bridge, and the second to a hypothetical network to
highlight the differences in terms of involved costs on the maintenance.

The chapter 6 is dedicated to the hazard analysis of bridges by conducting a literature review on the
most common hazards that occur on a bridge. Moreover, a literature review on the resilience concept
is conducted to discuss the issues related to the recovery of a system in the post hazard event. This
concept is after applied to the same two practical applications presented in the chapter 5 with the
inclusion of a possible hazard occurrence.

The chapter 7 aims to present a risk and resilience-based methodology on a railway bridge subjected
to multiple hazards, a seismic hazard and corrosion effect over the time. A 2D Finite Element (FE)
model for the bridge is developed using the software TNO DIANA.

To finalize, the chapter 8 concludes the thesis by drawing the final remarks as well as some future

directions for further works to be developed.
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2 Infrastructure Management Systems

Asset Management (AM) is a multidisciplinary task that involves a lot of processes related to life cycle
analysis, maintenance, risk analysis and optimization [25, 26]. As a formal approach to propose
guidelines on the field of AM, the International Standard Organization (ISO) released in 2014 the ISO
55000 series. These series were composed of three documents: (i) ISO 55000 - Asset Management
Overview, Principles and Terminology; (ii) ISO 55001 - Asset Management Systems: Requirements;
and, (iii) 1SO 55002 - Asset Management Systems: Guidelines for the application of ISO 55001.
According to ISO 55000 [27], AM can be defined as a “co-ordinated activity of an organization to
realize value from assets”. There are a wide range of definitions of AM depending on the field of
evaluation. Infrastructure management systems (IMS) is the combination of engineering,
management, financial and economic practices, applied over the life cycle of infrastructure systems,
to provide an adequate level of service for users in the most cost-efficient way [28]. In order to have
an integral and comprehensive life-cycle analysis, it is fundamental to assure the functionality of all
the modules that, integrated on the system, will allow to carry out all the activities relating on
managing the network of infrastructures. Normally, those modules are: (i) database; (ii) degradation
and cost models, (iii) optimization models and (iv) updating modelling.

The database is considered the heart of the IMS. Normally this database is composed by an inventory,
with information regarding the infrastructure ID, location, construction year, drawings and other
documents, inspection component that stores all the information about inspections and reports that
can include the condition state. Also, the database can compose the component regarding the
maintenance actions which will inform the owner about the type of maintenance carried out in that
period [29].

The degradation and cost models comprise another module of an IMS. They are supported on the
database, where it is given all the historical information concerning the condition of the structure as
well as the maintenance actions that will determine the performance of the models.

The optimization is considered the brain of the system since it consists in the development of an
algorithm that defines the best strategies to apply based on the information obtained by the
degradation models. Generally, the outcome is based on multi-objective problems where normally
two conflicting objectives are defined (e.g., cost and condition rate) and multiple solutions are
obtained giving to the project manager a set of optimal options to be considered on the decision-

making process.
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The update models aim to gather all the information obtained by the three previous components and
to modify them through techniques that may be mathematical in nature. One of the most well-known
techniques is the Bayesian inference. In field of the IMS, pavement and bridges are currently the
infrastructures with more applications. Pavements are one of the most important road infrastructures
wherein several pavement management systems (PMS) were developed to establish forecasting
models as well as maintenance schedules to keep the infrastructure safe. Great part of the PMS
employs as forecasting models the Markovian chain theory and regression analysis [30]. Examples
of PMS real applications concerns to HDM-4, a PMS system applied in more than one hundred of
countries [31]. The analytic framework of HDM-4 is applied for a life cycle analysis of 15-40 years
which analyse four different modules [32]: (i) Road deterioration, concerning the prediction of the
model; (ii) work effects, i.e. the maintenance activities and their effects on the road as well as the
corresponding costs; (iii) road user effects, regarding vehicle operation costs, costs of travel time and
costs to the economy of road accidents and (iv) social and environmental effects, i.e. vehicles
emissions and noise.

Regarding railway IMS, there are already presented some studies such as in [33], wherein it is
adopted the concept of artificial intelligence, through case based reasoning, to solve current problems
based on similar previous problems. Furthermore, in [34] it is highlighted the importance of
maintenance of railway IMS by proposing a condition-based maintenance chain composed of the
following steps: (i) monitoring; (ii) analysis; (iii) warning/alerts generation; (iv) planning; (v)
optimization; (vi) scheduling and execution and (vii) management.

Another field less explored, but already with some investigation, concerns the building management
systems. For example in [35], the authors stated that although there is not a significant amount of
investigation on this field, there were already some examples of expert knowledge systems focused
on specific construction elements such as flat roofs, waterproof membranes, industrial floor epoxy
coatings, wall ceramic tiling, wall gypsum plasters, gypsum plasterboard walls, wall nature stone
claddings and wood floorings. Other different IMS concern the water waste management systems,
see [36], electricity and gas distribution, see [37-39].

The following section states an overview of the most important research projects developed in the

field of IMS, followed by an overview of the most important bridge management systems worldwide.
2.1 Research projects over the world

Due to a wide range in thematic of infrastructure management, a large amount research and
development (R&D) projects over the world have been developed, namely in order to disclose,
standardize and generalize the best research works and practices in these type of structures [40]. In

the following section, it will be mentioned some of these works in the USA and Europe.
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In the USA, one of the research programs was the NCHRP - National Cooperative Highway Research
Programs which was developed presenting reports in the following areas such as (i) life-cycle cost

analysis [41], multi-objective optimization [42] and decision-making process [43].

Also, in Europe, several R&D projects were developed, namely on roads, rail track, tunnels, railway

and roadway bridges, among others, see Figure 2-1.

From Figure 2-1, it can be seen that several projects since 1998 were developed. BRIME - Bridge
Management in Europe [44], the oldest in the field of highway infrastructures, had the main goal of
cost-benefit analysis and structural reliability. Later, COST 345 [45] was focused on bridges, tunnels
and retaining walls with the objective of assessing the costs of maintenance, inspection, and
rebuilding. LIFECON - Life Cycle Management System [46] dedicated its work on bridges and tunnels.
DARTS - Durable and Reliable Tunnel Structures [47] aimed to analyze the life cycle analysis on
tunnels by performing structural assessment under hazard events such as fires, chloride ingress,
and carbonation. SAMARIS - Sustainable and Advanced Materials for Road Infrastructures [48]
focused on road and tunnel infrastructures giving their main contribution on the improvement of
maintenance of highway infrastructures and implementation of innovative techniques to increase the
performance of infrastructures. SAMCO - Structural Assessment, Monitoring and Control [49] aimed
to investigate life cycle management and develop guidelines on structural health monitoring on
structures such as buildings, power plants, and industries. Sustainable bridges [50], in the field of
railway infrastructures, aimed to conduct an investigation on the increase of the load carrying
capacity of bridges and the speed in the European rail network. Innotrack — Innovative Track Systems
[51], presented in the field of the railway track an investigation work aiming at decreasing the life-
cycle costs (30% until 2020) and increase the Reliability, Availability, Maintenance, Safety (RAMS).
DuratiNet — Durable Transportation Infrastructures in Atlantic Space [52] focused their studies on
the durability of transport infrastructures and deterioration of infrastructures near the sea. ETSI -
Bridge Life Cycle Optimization [53] as well as COST TU1406 - Quality specifications for roadway
bridges, standardization at a European level (BridgeSpec) [54] conducted their research works on
roadway bridges with focus on life cycle assessment of bridges. Still on bridges, SBRI - Sustainable
steel-composite bridges in built environment [55] developed a project of investigation for steel bridges
focusing on life cycle cost and life cycle assessment. MAINLINE - Maintenance, renewal and
improvement of rail transport infrastructure to reduce Economic and environmental impacts [56]
investigated management tools to assess the environmental and economic impacts on its life-cycle

and new technologies to extend life-cycle for railway infrastructures. SustIMS - Sustainable
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Infrastructure Management System [57] developed an optimization tool that could integrate all the
assets of a highway. INFRALERT - Liner infrastructure efficiency improvement by automated learning
and optimized predictive maintenance techniques [58] focused its work on both road and railway
infrastructure on the field of optimization and decision making in maintenance planning. Concerning
transport network infrastructures, AM4INFRA - Common Framework for a European Life Cycle based
Asset Management Approach for transport infrastructure networks [59] aimed to provide an easy
comprehensive multi-modal management of mobility needs and expectations to the agencies by
developing a framework for life cycle and risk-based Asset Management. SAFEWAY is the most recent
project among IMS, currently on going, wherein the objective is to design, validate and implement
strategies, tools and technical interventions to significantly increase the resilience of the transport
infrastructure by reducing risk vulnerability and strengthening network systems to extreme events.
More detailed information about the working program as well as the deliverables can be consulted

in [60].
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Figure 2-1 - Research projects in Europe in the field of assessment and management of infrastructures

2.2 Bridge management systems

Bridges are vital to the social economic development of a country since they are essential components
that provide crossings at critical locations, that otherwise could add a significant amount of time travel
[43]. Although, due to several processes of degradation, these infrastructures needed to be constantly

monitored and maintained. Life cycle management of bridges comprises several activities during their life
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cycle including design, operation, and maintenance which will help to maintain the integrity of the bridge

[7]. According to [29], the main stages of a life cycle for a bridge are depicted Figure 2-2:

‘ 1. Conception H 2. Analysis H 3. Design H 4. Construction H 5. Service H 6. Demolition/Collapse ‘

‘ Preventive Management | ‘ Regular Maintenance and Repair ‘

Figure 2-2 - Main stages of a life-cycle of a bridge (adapted from [29])

2.2.1 BMS over the countries

In a general way, infrastructures are vital to the growth of a society and to the well-being of the
people. Therefore, it should be constantly managed by implementing procedures and practices to
ensure an optimal strategy of intervention that can maximize its benefit. Each country presents their
own strategies of management by developing their BMS. For example, in the USA, PONTIS and
BRIDGIT were the developed BMS. PONTIS, now denominated as AASHTOWare, is one of the most
well-known and complete BMS in the entire world. PONTIS has the capacity of “express the
engineering concerns of deterioration and structural performance in economic terms understandable
to a broader audience” [61]. BRIDGIT was a BMS released by NCRHP and considered ideal for
smaller departments of transportation. This BMS “facilitates the organization of bridge data, provides
clear, accurate and timely reporting, can rank bridge populations by a number of user-specified
criteria, allows the identification of critically deficient structures, and facilitates the tracking of
deterioration trends and repair performance” [62]. BRIDGIT elements are classified into seven
categories: deck, superstructures, piers, abutments, joints, railing, and bearings. The main difference
upon these two BMS developed in the US rely on the optimization module. Whilst BRIDGIT adopts a
“bottom-up” approach, PONTIS goes for a “top-down” approach. In Switzerland, KUBA[63] is the
road structure management system developed for the Swiss Federal Roads Authority. It is currently
divided in four components, a data collection system, a management system, a special transport
assessment system and a reporting system. More details about their functionality can be seen in
[63]. In [64] it is reviewed several management systems applied in different locations of Canada.
Examples of BMS in Canada are Alberta BMS, Ontario BMS and Quebec BMS. In Japan, Miyamoto
et al. [65] presented a practical application of a BMS in which it is evaluated the performance of
bridges offering also a rehabilitation strategy based in a combination of two performance indicators,
cost minimization, and quality maximization. The framework developed was composed of: (i)
inspection data; (ii) evaluation of the performance indicators such as load-carrying capacity and

durability being ranked in a scale of 0-100 and then divided into five groups from 0-19, 20-39, 40-
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59, 60-79, 80-100 in which the first group was the most dangerous and the fifth the safest; {iii)
deterioration prediction in which the deterioration curves for load-carrying and durability were defined
as biquadratic and cubic functions respectively; (iv) cost and effect on maintenance and (v)
optimization of rehabilitation strategy by applying genetic algorithms (GA) to solve the multi-objective
problem. In South Africa, Nordengen et al. [66] described the development of a BMS in Pretoria by
the Center for Scientific and Industrial Research in partnership with Stewart Scott International. The
system was composed of five modules: (i) Inventory; (ii) Condition; (iii) Maintenance; (iv) Budget and
(v) Inspection. The inventory was composed of bridges and culverts. Inspection module contained
detailed information about the structures regarding summaries of inspection, ratings, inspection
photos and reports. The condition module was composed of weighting factors in order to prioritize
repair/rehabilitation based on Degree (D), which ranged from 1 to 4 being O with no defect, Extent
(E), from 1-local to 4-general, and Relevancy (R), from 1-minimum to 4-critical. These weighting
factors were used to distinguish between structural and non-structural members. The budget module
served to estimate the costs associated with each repair. The optimization was proceeded by using
the cost ratio per defect and the limited budget per year. Repairs were allocated based on an Urgency
ratio (U). In the UK, Network Rail manages all the railway infrastructures. The main goal of the asset
management program is the improvement of the rail network capacity by reducing the maintenance
costs. The areas of work cover on the asset optimization, asset information, risk management and
the consideration of several optimization schedules to establish an equilibrium between the
availability of the system and efficiency of work. The objectives of this management program have
established a quality control plan with a duration of 5 years. The current quality control plan period
started in 2015 with the main goal of performing maintenance based on risk [67]. Currently, the
Network Rail management is composed of the database, where all the records of the structures are
stored, the forecasting module, where the predictive model adopted is based on the Markovian
approach, the intervention module, and the life-cycle cost module. In Portugal, The BMS GOA (Gestao
de Obras de Arte) is currently used by several Portuguese companies. This system has the following
objectives[68]: (i) to inventory all data related to all structures of the network; (ii) to register inspection
results in order to define maintenance actions; (iii) to budget the costs of maintenance actions; (iv)
to define a schedule of interventions depending on the available budget. In Denmark, DANBRO was
the BMS implemented since the 1980s [69]. The DANBRO system is mainly organized by the
inventory, inspection, optimization, and rehabilitation works, long term budget, price catalogue and
heavy transport administration. The bridges are divided into fifteen elements where maintenance
actions can be performed manually. The condition state of the bridge goes from 0 to 5 being 0 the
best and 5 the worst condition [69]. Moreover, in 2008, The International Association for Bridge

Maintenance and Safety (IABMAS) developed a questionnaire of several BMSs around the world [70].
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Since then, three editions have been published in 2010, 2012 and 2014. The last report accounted
with questionnaires on 25 BMSs from 18 countries. This report made a review of the several features
adopted in the BMS namely: (i) used performance indicators; (ii) condition state measure; (iii)
degradation models adopted per each BMS; (iv) planning frame time; (v) cost estimation. In annex
A, a resume of the features of the several BMSs regarding the performance indicators used,

prediction information and cost information are presented, based on IABMAS report.
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3 Assessment of existing bridges
As structures are ageing, there is an extreme need to assess them. The main reason concerns the load-
carrying capacity. Because the structure deteriorates during its life-cycle and volume traffic has been
increasing over the years, most of the structures, namely bridges, are submitted to higher loads than
those from which they were designed. The safety evaluation of structures is dependent of many factors
to assess its condition state. Since the absolute safety of structures cannot be reached at all, because of
the many sources of uncertainty, there is a need of applying a probabilistic approach instead of a
determinist approach. One of the main drawbacks in the assessment of existing structures is the fact that
almost all codes are based on the design of new structures. Therefore, a certain structure could be
classified as unsafe when in fact the structure is safe if a probabilistic approach is applied. Nowadays, in
USA and Canada there are already probabilistic guidelines for the assessment of existing structures [71,
72]. In Europe, it can be mentioned the British guidelines [73, 74], the Swiss guideline [75] and the
Danish guideline [76]. O'Connor [77] presents a paper where is pointed out the saved costs for adopting
a probabilistic approach. Hence, it comes up a question such as: why do not apply these methodologies
for the design of new structures? In fact, in spite of the benefits of a detailed approach, when compared
to the associated costs of designing a new bridge, they are relatively low and do not justify its complexity
[78, 79]. Structural Assessment and Monitoring Control (SAMCO) [80], an European funded research
and development project, proposed different levels of structural assessment with an increasing of
complexity, see Figure 3-1. The simplest methods are those based on partial coefficients, i.e. the semi-
probabilistic approach used in codes[71, 81]. In this approach, all the materials are defined accounting
with their class and using the characteristic and design values. The corresponding loads are obtained in
a similar way to the materials. The load effects are obtained considering a linear-elastic, and for each
element of the structure, a plastic behavior of materials is adopted[82].
Concerning the intermediate levels, additional information can be considered on the materials through
some laboratory experiences and incorporated in the models through Bayesian inference. Concerning the
loads, deterministic values are adopted, but based on real data.
The most advanced level combines the non-linear analysis with probabilistic analysis. All the mechanical
parameters of the materials and the loads are considered as random variables with corresponding

probabilistic laws.
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Qualitative Assessment Level 0: Assessment of damages based

on visual inspections

Measurement Based Assessment ; ”
Level 1: Assessment of serviceability

based on load effects

Structural Assessment Level 2: Assessment of safety and
serviceability using simple models based
on data from documents

Level 3: Assessment of safety and
serviceability using refined models based
on data fram monitoring tests

Madel Based Assessment

Quantitative Assessment

Level 4: Adaptation of target reliability
measures and assessment of safety and
serviceability with modified structure
values

Level 5: Probabilistic assessment of
safety and serviceability

Figure 3-1 - Levels of assessment of structures (adapted from [80])

However, within the last years, significant research has been developed worldwide regarding the condition
assessment of structures, namely by non-destructive tests, visual inspection techniques and Structural
Health Monitoring (SHM). The later revealed to be a very important technique since it involves a wide
range of activities which allow obtaining information about the actual performance of existing structures.
COST TU1402 - “Quantifying the value of Structural Health Monitoring” was developed to assess the
value of SHM and quantify it to improve the decision basis for the life-cycle management.

On these days, there are several ways of evaluating a structure condition. More recently, the concept of
performance indicators was introduced, simplifying the communication between consultants, operators,
and owners. Concerning bridge infrastructures, Strauss et al [83] proposed a categorization of the
performance indicators (Pls) and interactions between the performance goals (PGs), that were crucial for
optimal bridge management, by defining three levels. The first level was at the component level wherein
the Pls are evaluated in terms of damages to specific components of a bridge. The second level concerned
to the system level by evaluating the bridge condition, reliability, safety, and its functionality. The third
and most complex concerned to the network level by evaluating the importance of the bridges to the
system of infrastructures and the way they can influence the performance of the other assets. The
literature presents a wide range of Pls that, combined with other Pls, can result in a key performance
indicators (KPIs). These KPIs can be classified as qualitative and quantitative. Qualitative KPIs are
represented as an arbitrary scale using linguistic terms such as high, moderate, low, and very low.

Furthermore, they can be presented in a form of condition index being defined by a scale of integer values.
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These type of KPIs are the most adopted across Europe on visual inspections [84]. However, the structural
condition and safety levels are not explicitly accounted and thus resulting on the fact that discrete
stochastic transitions between condition state may fail to account the actual structural performance [85].
Quantitative indicators are more applied to assess physical characteristics of a structure. They are very
useful to measure since they provide more detailed information about ultimate, serviceability and fatigue
limit states. Their major drawback accounts on the variety of quantitative indicators that the literature
presents to assess the condition state of the infrastructure being thus difficult to state an universal
measure to estimate its actual condition state. In the following sections, some of the most applied

quantitative KPIs in the literature are hereafter discussed.

3.1 Reliability of structures

Reliability is a KPI widely studied in the field of structures and used to perform analysis under
uncertainties. The main goal of this Pl is to identify the failure probability of the system. The failure
probability is defined as a violation of a limit state. Generally, that limit state is given by a Z function which

is the difference between resistance demand (R) and load effects (S) being defined as:

Z=R-S (3-1)

According with Melchers [86], the probability of failure can be obtained by a convolution integral defined

as follows:

pr=P(Z <0) = [ Fa(q). fs(@)dq = () (3-2)

where Fy is the cumulative resistance distribution function, f the probability density function of the load
effect, ¢ is the standard normal distribution function and S the reliability index. The analytical
determination of the integral in equation (3-2) is only possible for very simple cases. The most common
case is for Rand Sas two independent variables with a mean of pg and pg and variances of o3 and oZ.
Considering the safety margin in equation Z = R — S and the addictive properties, the mean and variance

of Z is given by:

Mz = Mg — K (3-3)

02 =02+ a2 (3-4)
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Replacing on the equation (3-2), the py is given by:

p;=P(R—S<0)=PZ<0)=dC=LL) (3-5)

oz

where ¢ is the standard normal distribution function. Considering the equations (3-3), (3-4) and (3-5),
the probability of failure is given by:

—(Mr — Ks)

pr=¢ [ﬁ] = ¢(=h) (3-6)
wherein £ is given as:

i (3-7)
The obtained equation (3-7) is the reliability index proposed by Cornell [78, 87]. However, the Cornell
formulation for the reliability index calculation does not solve the invariance problem once it depends on
the approximation made for a non-linear Limit State function. Later, in 1974, Hasofer Lind proposed the
calculation of the reliability index wherein the limit state function was transformed into a normal space
allowing thus to overcome the invariance problem. Basically, this method aimed to find the design point,
through an iterative process, that was given by the shortest distance between the origin and the failure
surface. For a deeper explanation of the formulation see [87]. Another approximated analytical methods
described in the literature refer to First-Order Reliability method (FORM) and Second-Order Reliability
method (SORM), see [86-89]. These problems are solved by applying the following steps: (i)
transformation of the variables into a standardized space; (ii) approximation by Taylor series expansion

and (iii) obtain the design point which is given geometrically by the shortest distance to its origin.

3.1.1 Simulation Methods

Regarding the simulation methods, they present a high relevance when the problem is non-linear. Their
greatest drawback relies on the computational time when assessing the probability of failure. There are
two distinguished simulation methods: (i) pure simulation also known as crude Monte Carlo Simulation
(MCS) and (i) variance reduction techniques such as Latin Hypercube Sampling (LHS).

The MCS is an easy method to apply wherein the probability distribution functions (PDFs) of random

variables are simulated by generating random values. The probability of failure is given by:

35



Chapter 3 - Assessment of existing bridges

N,
(x)<0
pr = gT (3-8)

where Ny (xy<o is the number of simulations that represents the structural failure and AVthe total number

of simulations. However, this method presents high computational cost when assessing the probability of
failure, thereby being unpracticable on complex engineering problems. To overcome this drawback,
variance reduction techniques were developed such as Latin Hypercube Sampling (LHS) [90, 91]. LHS
is a variant of MCS that stratifies the sample in a way that the theoretical probability distribution function
of the random variables is divided into mintervals with equal probability. This technique follows the steps:
(i) divide the variable X; into Vintervals of equal probability; (i) selection of representative values (e.g.
middle points); (iii) combination by shuffling the vectors containing the representative values of each
variable; (iv) evaluation of the limit state function for each combination and (v) estimation of the probability
of failure. Despite the considerable reduction on the number of samples when comparing to the MCS,
this method still comprises a considerable time computing.

To overcome the hassles provided by the simulation models, the literature proposes the definition of
metamodeling approaches. Basically, the main idea is to replace the original limit state function by a
meta model which is faster evaluated. One of the most common approaches relies on the polynomial
response surface method. However, such approach will not be further discussed since it is out of the

scope of the present thesis. Nevertheless, it can be consulted in [92-95].

3.1.2 Literature review on the application of reliability in civil engineering problems

In civil engineering, specifically on bridges, there are already applications among these approaches
to solve reliability problems. Joan Casas et. al [82] presented on their work a simplified probability-
based assessment for railway bridges aiming to be simple for the bridge evaluator, with a good
accuracy and appropriate for the most common failure modes on bridges. This work carried out four
different cases at the cross-section level. The same author also presented a methodology to calculate
the reliability index of masonry arch bridges at the ultimate and serviceability limit state [96]. The
non-linear analysis of the masonry bridge was performed by an LHS to obtain the reliability index at
the ultimate limit state. Another interesting work reports to Nowak et al. [97] regarding an analysis
of the reliability concrete bridges considering three different codes (Spain [98], Eurocode [99] and
AASHTO [100]) aiming to compare the obtained results. The results have shown that the Eurocode
is the most conservative being AASHTO the most permissive. The reliability indexes were calculated
using FORM. Moreira et al. [101] proposed a probabilistic approach to obtain the reliability index of

5 masonry arch bridges from Portugal with different spans to assess their safety according to different
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codes. The reliability approach was obtained by applying LHS. Matos et al. [102] proposed a
framework for structural probabilistic assessment composed of two main steps to compute the
reliability index, the first wherein the numerical model was updated through a model identification
procedure and the second wherein the deterministic model was converted to a probabilistic model.
Each parameter was updated by Bayesian inference to give more accuracy to the results. The
developed non-liner finite element model accounted with a sensitivity analysis and simulation
techniques to compute de final reliability of the structure. Cavaco et al. [103] presented a framework
to study the robustness of an existing reinforced concrete structure to define optimal and
maintenance repair planning. The structural performance was computed by obtaining the reliability
index combining FORM with response surface method. This work aimed to assess the corrosion on
the reinforcement. Guimardes et al. [104] proposed an innovative framework based on the
metamodeling techniques. His framework was validated and tested for several examples aiming to
highlight the significant reduction of the number of simulations to obtain the reliability index when
compared with other authors.

3.1.3 Target Reliability index

Besides the calculation of the reliability index, there are minimum values imposed by some standard
codes. The target reliability index (Brarger), Of threshold value, is defined as the minimum value that
the structure should present to be considered safe. The optimum value of reliability index depends on the
level of consequences when the limit state is violated and its cost. Since the cost of increasing the safety
of an existing structure is higher than the cost of increasing the safety of structure during its construction
phase, there are recommended different values for the reliability index [105]. The ISO 13822 [106]
imposes three fundamental considerations to the establishment of minimum levels of structural
performance: (i) economic considerations; (ii) social considerations and (iii) sustainability considerations.
Table 3.1 presents the threshold values for several standards considering different reference periods and

different degrees of consequence.
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Table 3.1 - Threshold reliability values considering the different standards

Consequences
Standard
Very Low Low Medium High
Reference Period : 1 year

EN1990 [107] - 4,2 47 5,2
ISO 2394 [108] 2,9 35 4,1 47

ISO 13822 [106]
PMC [109] - 31 3,3 37

Reference Period : 50 years

EN1990 [107] - 33 38 43
ISO 2394 [108] 2,9 2,3 31 38
ISO 13822 [106] 2,3 31 38 4,3
PMC [109] - 1,7 2,0 2,6

It is important to note that Table 3.1 defines the threshold values without considering the structural
system (i.e., element level assessment) and non-linear considerations. On the other way, Fib standard
[110] presents the threshold reliability values for a global level by considering the structural system and

non-linearity, see Table 3.2.

Table 3.2 - Reliability index according with £6[110].

Safety Levels

1 2 3 4 5

Reliability Index

B = 9,00 9,00 > B > 8,00 8,00 > B > 6,00 6,00 > f > 4,60 4,60 >

Qualitative Assessment

Excellent Very Good Good Satisfactory Insufficient

3.2 Risk Assessment

Risk is a worldwide measure adopted in several different fields other than engineering. According with the
book Fundamentals of Risk Management [111], risk is defined as “An event with the ability fto impact
(inhibit, enhance or cause doubt about) the mission, strategy, projects, routine operations, objectives,
core processes, key dependencies and/or the delivery of stakeholder expectations”. Moreover, in the
same book, different organizations propose their own definition according with their own purposes, see

Table 3.3.
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Table 3.3 - Definition of risk according with different entities[111]

Organization Definition of Risk
ISO Guide 73 Effect of uncertainty on objectives. Note that an effect may be
ISO 31000 positive, negative, or a deviation from the expected. Also, risk is

often described by an event, a change in circumstances or a

consequences.

Institute of Risk Management (IRM) Risk is the combination of the probability of an event and its

consequence. Consequences can range from positive to negative.

Orange Book from HM Treasury Uncertainty of outcome, within a range of exposure, arising from a

combination of the impact and the probability of potential events.

Institute of Internal Auditors The uncertainty of an event occurring that could have an impact on
the achievement of the objectives. Risk is measured in terms of

consequences and likelihood.

3.2.1 Risk Assessment in civil engineering

Risk is considered a more complex measure than reliability because it assembles the structural
performance of the bridge at a probabilistic level with indicators related to the development of the
society that can differ according to the region. In the works of Faber and Stewart [112] and Ellingwood
[113] a comprehensive analysis of the risk indicator as well as its importance to facilitate a risk-
informed assessment is discussed. Moreover, within the work of Faber and Stewart [112], a generic
representation of the flow of the risk-based analysis is discussed, wherein the main stages are
addressed to: (i) System representation; (ii) Exposures and hazards and (iii) Consequences. Its
representation is also thoroughly explained in Joint Committee on Structural Safety (JCSS) [114].
Due to its complexity, risk has been recognized by the bridge engineering community as a topic of
high interest as the literature can prove. For example, Daniel Imhof [115] proposed in his PhD thesis
a risk assessment of existing bridges wherein it was suggested five risk indicators: (1) current safety;
(2) future safety; (3) warning level; (4) condition; (5) importance. Adel Al-Wezzer [116] presented in
his PhD thesis a risk-based bridge maintenance strategies in which a five-step methodology is
proposed: (1) system definition; (2) system breakdown; (3) elementlevel modelling; (4) risk
assessment; (5) risk management. Padgett et al. [117] proposed a cost benefit analysis due to
seismic event by applying retrofit measures on non-seismic design bridges. Decd and Frangopol [18,
118] investigated a risk assessment of a bridge under multiple hazards such as abnormal traffic
loads, environmental attacks, scour and earthquakes that were considered for a computation of time-
dependent reliability, hazards function and survivor function. Zhu and Frangopol [119] studied issues
related to deterioration through the performance indicators of reliability, redundancy and risk. An
event-tree model was applied to assess the direct, indirect, and total risk associated with the failure

of a component due to corrosion and traffic loads. The same authors [20] proposed a risk-based

39



Chapter 3 - Assessment of existing bridges

optimal maintenance of a bridge subjected to multi-hazard scenarios, traffic and earthquake loads,
to analyze different failure modes. Kameshwar and Padgett [21] proposed a parameterized fragility
assessment based on multi hazard risk assessment to assess bridges subjected to earthquakes and
hurricanes. Their framework covered three stages: (i) Characterization of multiple hazards; (ii)
Assessment of a parameterized multi-hazard fragility and (iii) Evaluation of the multi-hazard risk.
Saydam et. al [120] proposed a five-state Markov model to predict the time-dependent performance
of bridges. In this methodology, the direct consequences were computed according to the transitions
to out-of-service states. Indirect consequences were computed considering the state probability in
out-of-service states. The same author [121, 122] presented a reliability-based approach to
component and system failure probabilities. Here, the risk was quantified in terms of expected direct
and indirect losses on a component failure. Barone and Frangopol [123] presented two approaches
to solve maintenance problems: (i) annual reliability-index and annual risk performance indicators;
(i) lifetime functions such as availability and hazard-based. The results showed for the first approach
that reliability-index and risk were correlated once they were associated with the same system failure
mode. However, lifetime functions were associated with extreme cases and there was no need of
correlation between these two variables once they control different aspects of the problem. Dong and
Frangopol [124] studied the fatigue crack growth on the deck considering risk updating based on the
inspection of the crack size. The results were presented at the element and system level and with
different levels of correlation effects. Zhu and Frangopol [125] considered risk analysis considering
partial and full closed lanes on a bridge subjected to traffic loading and scour. Their proposed
framework took into consideration six stages: (i) hazard identification; (ii) identification of lane closure
scenarios; (iii) annual failure probabilities of structural components; (iv) occurrence of the
probabilities of the identified scenarios; (v) estimation of the consequences for the different scenarios
and (vi) risk assessment caused by the lane closure. Zanini et al. [126] proposed a fully time
dependent probabilistic framework for seismic risk assessment of bridges with an application to a
case study of 500 bridges. Yilmaz et al. [127] proposed a methodology for the assessment of the
risk of the bridge subject to both earthquake and flood scenarios. Mondoro and Frangopol,[128]
conducted a study of a bridge applying risk analysis due to multiple extreme events, floods,
hurricanes, and tsunamis. Several failure modes and their respective consequences were studied at
the deck, pier, and foundation level. This study was important to assess the effectiveness of

management strategies.
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3.2.2 Risk quantification
As for the field of structural analysis, a definition of risk considers a probability of occurrence of an event

(likelihood) and the corresponding consequences as follows:

where Ps is the failure probability and Cr the associated consequences. The consequences estimation

can be direct, i.e. the direct damage on the infrastructure, and indirect, i.e. the damages surrounding the
infrastructure system. Hence, the calculation of the risk can be divided into direct and indirect risk and

re-written as follows [129]:

Rpir = P(E) X P(D|E) X P(C|D) X Cpy, (3-10)

Rina = P(E) X P(D|E) X P(C|D) X Cinq (3-11)

where Cp;- and Cpp,q4 are the direct and indirect consequences, respectively, P(E) is the probability of
occurrence of an event susceptible of causing any damage, P(D|E) is the conditional probability of the
structure being damaged considering it is subjected to the exposure, E and P(C|D) is the collapse
probability conditional on damage, D.

Considering a multi-hazard scenario and different type of damages, the equations mentioned above can

be re-written as:

Rowy = f f Coir - fors W10 fi () dly dx (312)
X y

Ring = f f Cina-P(CID = ) fos (12 fi () dy dx (3-13)
X y

where fD|E is the probability of damage conditional on a given exposure, fg is the exposure probability

density function and P(C|D = y) is the failure probability given a certain damage.

3.3 Robustness of Structures
Robustness of structures has been recognized over the years as a theme of high interest due to the

collapse of big structural systems wherein consequences were considered unacceptable concerning its
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initial damage. Over the years, several system failures have been occurring, such as: (1) Ronan Point
Building in 1968, London; (2) New World Hotel in 1985, Singapura; (3) The Highland towers in 1993,
Kuala Lumpur; (4) Sampoong Department Store in 1995, Seul; (5) Hintze Ribeiro Bridge in 2001,
Portugal; (6) World Trade Center in 2001, New York; (7) The Torch Tower in 2015, Dubai; (8) The Adress
Hotel in 2015, Dubai; (9) Morandi Bridge in 2018, ltaly; among others. Structural robustness began to
be seriously studied after the massive disaster of World Trade Centre collapse. Another reason for a
renewed interest of robustness analysis were derived from failures due to unexpected loads, design errors,
errors during execution, unforeseen deterioration and poor maintenance [130]. In this context, a
workshop carried by JCSS in collaboration with International Association for Bridge and Structural
Engineering (IABSE) at the Building Research Establishment in London, UK (December 2005) gathered
50 experts, from research institutions, companies, and government, to discuss issues related with
robustness. The conclusions led to a consensus that the present situation about ensuring sufficient
structural robustness through codes and standards was highly unsatisfactorily. Therefore, a joint
European project in Robustness was created, the COST action TUO6010 — Robustness of Structures.

In general, robustness can be defined as a capacity that a certain structure has to support a certain
amount of damage without occurring global collapse. Starossek and Haberland [131] presented several
definitions of robustness in civil engineering domain by different authors including the Eurocode
documents EC 0 [107] and EC 1-7 [132], which stated that robustness is “the ability of a structure to
withstand events like fire, explosions, impact or the consequences of human error, without being
damaged to an extent disproportionate fo the original cause”. The authors also discussed several terms
related with robustness, such as exposure, vulnerability, damage tolerance, redundancy, ductility, and
reliability.

Furthermore, several works were proposed in the field of robustness and classified by different natures,
deterministic, probabilistic and risk based. Regarding deterministic indicators, the study of Frangopol and
Curley [133] proposed redundancy as performance indicator comparing the intact structure with damage.
This indicator ranged from one to infinity presenting thus a drawback in terms on the difficulty on
quantifying the safety of the structure. Starossek and Haberland [134] presented an assessment of
robustness based on the progressive collapse dividing into impact and redistribution. The proposed
performance indicators ranged from zero to one being zero the worst situation and one the best in terms
of robustness. Biondini and Restelli [135] proposed a robustness measure associated to accidental
actions. The performance indicator assessed was obtained by comparing a situation of a damaged and

undamaged solution wherein the robustness varied from zero to one. Cavaco [136] proposed in his PhD
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thesis a quantification of robustness somehow hard to define, to measure and to introduce in standards
once the author considers that robustness is dependent on the structure environment. According with
this author, robustness was presented as a performance evaluator since it evaluated the variation of
structural performance indicator under a certain damage spectrum. The robustness ranged from zero
and one, for null and full robustness, respectively. Concerning probabilistic indicators, Frangopol and
Curley and Fu and Frangopol [133, 137] proposed probabilistic indexes to measure structural redundancy
concerning the probability of failure and reliability index. However, as the deterministic indicator above
presented by the same author, the range varied from zero to infinity being uncertain to measure how
robust the structure was. Lind [138] proposed a quantitative measure for vulnerability and damage
tolerance to compare scenarios of damaged and undamaged structures. Ghosn and Moses [139] focused
their work on bridges, wherein the redundancy was defined as the capacity to redistribute the applied
loads after reaching the ultimate capacity of the members. To assure adequate bridge redundancy and
system safety, the authors proposed the verification of four limit states: (i) member failure limit state; (ii)
serviceability limit state; (iii) ultimate limit state; (iv) damaged condition limit state.

Concerning risk-based performance indicators, Baker et. al [129] proposed a risk-based robustness
assessment, based on direct and indirect risk. This index takes values between zero and one wherein a
very robust structure corresponds to the value of one and zero to a structure which is highly dependent

of the indirect risk. Table 3.4 resumes all the approaches as well as the involved variables.

3.4 Strengths and weaknesses of the key performance indicators

After a review of several types of KPIs accounted to assess the performance of infrastructures in general,
Table 3.5 presents their strengths and weakness. The next section aims apply those different presented
KPIs and provide a practical and insightful discussion on three case studies: (i) simply supported
reinforced concrete (RC) bridge; (i) steel bridge and (iii) masonry arch bridge. Those three case studies

are located in different regions and different networks.
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Table 3.4 — Robustness measures according to different authors

Authors, date

Measure

Description

Frangopol and Curley

(1987)

L:
intact
R =

Lintuct - Ldamag ed

Lintact and Lggmagea are the undamaged and

damaged measures, respectively

Starossek and

Haberland (2011)

R;=1- pl_ (Based on damage

lim

tolerance)

R, is the robustness index, p is the damage extension;

Puim 1S the degree of acceptable progressive damage.

Rq =1-2.[ [d(i) — i] di (Based

on redundancy)

d (i) the maximum total damage resulting from and

including the initial damage of extent /

Biondini and Restelli b(&) f(5=0) Rob(6) is the robustness measure, f(§ = 0) and
Rob(6) = ———
(2008) (&) f(8) are the undamaged and damaged measure
D=1
Cavaco (2013) R = fx)dx £ (x) is the structural performance
D=0

Frangopol and Curley

P — P
RI = f(damaged) f(intact)

Praamageay and Pr(intace) are the failure probability

(1987) Prantact) for damaged and intact scenario, respectively
Fu and Frangopol Be = Bintact Bintact and Baamagea are the reliability index for an
p = ——— At
(1990) Bintact = Paamagea undamaged and damaged scenario, respectively
1y and ry are the system resistance for intact and
P(ry,5) damaged conditions damaged conditions; P(r, S) is the
Lind (1995) =
P(ra,S) probability of failure of the system either as function of
the loads and resistance
The method is based on verification of four different limit
Ghosn and Moses
- states and then the redundancy is calculated by the
(1998)
difference between structure and the member level
Rpir Rpiyr is the direct risk and R4 is the indirect risk.
Baker et al. (2008) Leop = o0
Rpir + Rina
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Table 3.5 - Strengths and Weakness of the KPIs

Type of KPI Measure Strengths Weaknesses
- v" Most adopted across Europe [84]; Not accurate enough about the structural performance [84];
o
% Condition State v" Easy scale to implement on a system classification as well as it is useful for Each system adopts their own scale [70].
:z; the decision-making process [40].
v' There is already great amount of literature on how to obtain such indicator as Most of the cases, the probability of failure is not easy to obtain
well as guidelines and codes; [104];
v" It enables to address problems such as ultimate, serviceability and fatigue Among non-linear application, it can reveal problems regarding the
analysis at analytical level [140, 141]; computational time especially when applying MC simulation [144];
Reliability
v" It provides a new level of assessment that can provide to be better at the A great number of uncertainties involved [86].
economic level when compared with the partial safety factor analysis [142];
v" This indicator involves probabilistic analysis and combined with non-linear
o analysis can reflect more accuracy on the real behavior of the structure [143];
<
§_ v' Great amount of research already on this topic in the field of bridges; Several different formulations by the authors with different scales to
= Robustness measure as well as several definitions [145];
s v" A good measure to assess the redundancy of the structure when subjected to
abnormal loads that affects the overall performance [145]. Dependency of several parameters (Risk-based analysis).
v" Already some guidelines as well as several research studies developed to solve The calculation of the risk indicator involves the calculation of direct
the problem of risk analysis; and indirect consequences which can involve proabilitly density
functions that can present a complex problem [129];
Risk v" Very complete measure of assessment the condition state of the infrastructure

and the surrounding environment.

Risk analysis are based on information which can be uncertain or
incomplete [112].
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3.5 Case A - Simply supported RC bridge

The simply supported RC railway bridge is located in “Beira Baixa” line and inserted in a segment that
links the cities of “Guarda” and “Covilha”, Portugal. This bridge was re-built in 2009 due some needs of
extending its span. The whole system is divided into the infrastructure, which is subdivided mainly into
the abutments, bearings, and foundations, and the superstructure, that is mainly composed of the beams
and the slab, see Figure 3-2. This practical case is focused on the deck. The primary solution adopted for
the deck was a composite cross section composed by steel profiles embedded within reinforced concrete.
Due to the need of extending the bridge span and the typology of abutments, the final solution was a deck
with a slab monolithically connected to two pre-stressed beams casted in situ. The deck is composed of
two pre-stressed beams, each one with 0,90m width and 0,70m height and a slab with a mean thickness
of 0,325m. In what concerns the pre-stress, a posttensioned solution was adopted. The bridge is
composed of one single span of 13.20m. Figure 3-2 and Figure 3-3, illustrate the bridge view and the
cross section, respectively. The reinforcement for each beam is composed of 13@25, positive steel
reinforcing, 4@20 and 6@16, negative steel reinforcement, and 40 cm? of pre-stressing steel, see Figure
3-4. Still concerning the deck, a longitudinal analysis will be conducted focusing the maximum flexural

response at midspan.

Figure 3-2 - Railway bridge view
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Figure 3-3 - Cross section of the deck
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Figure 3-4 - Bridge Reinforcing: a) Reinforcing steel; b) Pre-stressing, dimensions in [m]

3.5.1 Reliability index calculation

The following section is dedicated to the calculation of the reliability index for the ultimate limit state at

midspan at an initial age due to traffic loads. The limit state function adopted was given as stated in

equation (3-1). Although a great part of real problems require numerical models to be solved due to its

highly non-linearity, this problem was solved by an analytical expression once it dealt with a simply

supported beam model. For this analysis, self-weight and additional permanent loads were considered as

dead loads. Regarding the live loads, a load model provided by Portuguese code [146] was applied, see

Table 3.7, being the mean values obtained from the characteristic values considering the percentile of
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98% as suggested in [82]. Moreover, those loads were affected by a dynamic coefficient that according

to the Portuguese code is given by:

2.16
V1-0.2

=1+ —-0.27) (3-14)

As for the resistance properties, their mean values and coefficient of variation were based on [109, 147,

148], see Table 3.6.

Table 3.6 - Considered variables for Reliability Calculation

Description Random Variable Distr. Type Mean Value cov
Steel yielding strength (f;y) Normal 560 MPa 5.35%
Reinforcing steel young modulus (E) Normal 200 GPa 2.5%
Prestressing steel young modulus (E}) Normal 195 GPa 2%
Reinforcing steel Area (4s) Normal Nominal time-dependent
Resistance
Prestressing steel Area (4,) Normal Nominal 2%
Concrete compressive strength (f,) Normal 38 MPa 10%
Neutral Axis depth (x) Normal 0.26 m 5.5%
Model uncertainties (6) Lognormal 1.2 15%
Self-weight (S,,) Normal 72.94 kN/m 8%
Additional dead loads (G,) Normal 33.4 kN/m 10%
pl=207.4 kN
Loads Load due the train (Q¢rain) Normal —10%
p2=63.4 kN/m
pl=74.76kN
Centrifugal force (Qcent) Normal —10%

p2=23.86kN/m

In this work, the reliability index was based on bending and resistance moment calculation, see Table
3.7. For the resistance, the flexural strength of the beam was assumed to be reached when the strain in
the extreme compression fiber attained the maximum compressive strain (&.,=0.0035). Thereby, the
strains in the reinforcing and prestressing steel were computed from a linear strain distribution by straight-

line proportion. The limit state function (LSF) can be re-written as:

Z =0 X Mg — (MpL, + Mytrain + Mgcent) (3-15)

where Mg, Mpy, Motrain and Mgcene are respectively the resistance moment, moment due to dead

loads, moment due to train load and moment due to centrifugal force. Note that the centrifugal force does

not have a visible influence on this bridge since the railway line is practically straight. However, this force
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was considered in this case since the same was took into account on the design reports provided by the
owners of the company. For sake of simplicity, equation (3-15) is shown in its compact form. lts
computation was conducted through a FORM analysis. Furthermore, the reliability index value obtained
at the initial age was 5.60. Comparing these values with Table 3.1 and Table 3.2, according with EN
1990 [107], the minimum value for the reliability index for a reference period of one year is 5.2 for the
highest consequences. Once the obtained reliability index was greater than the threshold value, the bridge
verified the safety at ultimate limit state. Concerning ISO 2394 [108], the threshold value is 4.7, leading
to the conclusion that the bridge verified once again the safety regarding the ultimate limit state.
Comparing the target reliability index of the PMC [109], also it was concluded that the safety of the bridge
was satisfied at ultimate limit state. According with fib[110], the obtained reliability index is comprised

between the values of 8 and 6, revealing that the bridge was in a good condition.

Table 3.7 — Bending Moment Calculation

Load Scheme Moment Calculation (middle span)

Self-weight

Dead Additional Pead Loads Pai*Pse 2 2
X X

LLLLLLLLLLEL LA LLLLLLLL by, =B pue L

permanent —

loads

o Live Loads Motrain = [(34 X +2 X 1) X 5= py X (1.6 +08) = p, X

oad mode p p. p P, P2

. T B D PR sexas)xer

Live loads Unedom

Centrifugal

¢ 34m i 1.6m oo Mchnt =036 x MQtrain

orce (B

Reinforcing £ou(dpi — x)
Resistance  and pre- My = fys X A X d3 + Ap X dyy X (E” X ( = pxl ))
demand stressing - 2

X
steel —(fcm><b><ﬂz><7—fys><A;><d;)

* ¢ is the affecting dynamic coefficient of 1.36. This value was obtained according with Portuguese code

3.5.2 Risk Analysis

Following the formulation presented in section 3.2.2, the probability of failure, given a certain event, was
obtained by the reliability index previous calculated in 3.5.1. Note that for this application the event was
the traffic overloading. The direct consequences considered in this study were associated to the rebuilding
of the RC deck. Regarding the indirect consequences, they can be of different nature like loss of human
lives, injuries, and time loss due to detour of the vehicles. Since there was no information about human

lives and injuries, this application focused on the time loss due to detour of the vehicles. The rebuilding
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costs (direct consequences) point to the replacement of the deck. According to the literature, see [18,

118], the rebuilding of the deck is given by:
Crep = Crep X Arep (3-16)

where c,.p is the cost per square meter (€/m?) and A, is the rebuilding area, i.e. the deck in m2.
As for the time loss (indirect consequences), alternative routes were defined for the vehicles crossing
under the bridge and for the train during the time of rebuilding of the system. An alternative route for the
vehicles is shown in Figure 3-5. The red line shows an alternative route to the users until the next train
stop. The points marked with the letter A and B denotes the beginning and the ending of the detour,
respectively and the red circle the location of the bridge. The detour route (km) and the detour costs due

to the time loss (min) for this scenario can be expressed as follows [149]:

2
LD LP
Chetour = DUR X PER X Y TMD X |CK x (LD — LP) + CH X [— — — (3-17)
S| )
where DUR is the duration of the activity (days), PER is the conditioned traffic percentage, v is a variable
that considers the calculation for cars (v=1) and for trucks (v=2), TMD is the average daily traffic, LD
is the detour route (km), LP is the normal route (km), S,, is the normal speed (km/h) and S, the restricted

speed (km/h), CK is the unit cost per kilometer (€/km) and CH the unit cost per hour (€/h). Table 3.8

shows the quantification of the considered variables.
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Legend:
Point A: Begin of the detour; Point B: End of the detour

Red Circle: Bridge Location; Black Line: Railway line; Red Line: Alternative detour

Figure 3-5 - Alternative detour map
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Table 3.8 - Consequence parameter estimation (parameters adapted from [149])

Description Notation Value
Rebuilding of the deck (€/m?) Creb TD* (680,1360,2550)
Rebuilding area (m?) Arep 157**
Conditioned traffic percentage PER TD* (80%-90%-100%)
Cars Trucks
Average daily traffic TMD
950 50
Cost per kilometer (€/km) CK 0.18 0.68
Cost per hour (€/h) CH 8.4 10.1
Normal Speed (km/h) Sn 120**
Restricted Speed for cars (km/h) Sy 70** 50**
Detour route (km) LD 18.108**
Normal route (km) LP 2.640*

*TD stands for triangular distribution

**Values measured for the present practical application

The duration of the maintenance activity (DUR) is related to the time the system takes to recover to its

full capacity normally given in days. Such variable is an unknown parameter due the lack of information

for the case. To tackle this problem, the presented results for the indirect consequences were presented

per day of reconstruction of the deck. Note that the consequences were assumed to be probabilistic due

to ¢,ep and PER variables. Thus, a triangular distribution was generated in MATLAB [150] considering

1000 samples. Considering the following assumptions for the consequences, Figure 3-6 shows the
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estimated direct and indirect consequences, respectively. Having estimated the consequences, the

corresponding risk is depicted in Figure 3-7
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Figure 3-6 - Estimated consequences: a) direct; b )indirect
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Figure 3-7 . Risk estimation: a) Direct, b) Indirect c) Total

From Figure 3-7¢), it was observed that the total risk to the RC deck was practically inexistent. This result
was somehow expected given the high value for the obtained reliability and a corresponding very low
probability of failure(6.183e-8). Despite of the initial risk value being very low, its exposure, i.e. bridge
deck, to several threats such as environmental attacks, collisions of vehicles, can lead to a considerable
increase on the risk metric. Furthermore, the obtained total risk shown in Figure 3-7 accounted with a
scenario that the recovery of the system is occurred in 1 day. However, by increasing the number of days
to RC deck takes to recover, the total risk indicator will increase its dependency on the indirect
consequences. Next section aims to investigate the influence on those increases, i.e. on the indirect

consequences by computing the risk-based robustness measure function of the recovery days.
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3.5.3 Risk-based robustness indicator

As stated in the previous section, a risk-based robustness index will be estimated based on the formulation
proposed in [129]. Recalling the measures presented in Table 3.4, the risk-based robustness is given as
follows:

— Rpir
fron = RpirtRind (3-18)

where Rp;,- and Ry, 4 are the direct and indirect risks, respectively. This index decreases as the indirect
consequences increases. As mentioned in section 3.3, an index close to the value of 1 is very low
dependent on the indirect consequences whereas value of O is highly dependent of the indirect
consequences. To understand the daily growth of the indirect consequences, Figure 3-8 presents the

time-dependent cumulative daily indirect consequences for 1 year.
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Figure 3-8 - Cumulative time-dependent indirect daily consequences

Considering this time dependency for the bespoke indirect consequences, the time dependent robustness

index as well as the total risk are shown in Figure 3-9.
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Figure 3-9 - Risk based robustness index and total risk
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Considering the obtained results in Figure 3-9 it was concluded by the calculation of the risk-based
robustness index that the structure decreased at the end of 1 year by 90% assuming that the recovery
time was assumed to be one year. However, in the reality, assuming a recovery time of 1 year for a simply
supported RC deck would be totally unrealistic. More realistic values for a problem like this, and
considering there is a road crossing under the bridge, should be around 5 to 10 days of full recovery.
That would led to a robustness index of almost 100%. Moreover, looking only for this indicator might be
insufficient since the total risk involved was completely null. In this way, although the risk-based
robustness allows to estimate a normalized result between 0 and 1 accordingly with the indirect risks for
the system, it should not be forgotten the order of the risk under analysis. In this case, for the initial age,
the RC deck presented very reduced values of risk. However, for the scenarios wherein the bridge is
subjected to other hazards such as environmental attacks, earthquakes, bridge strikes, the risk could be
much higher and carefully attention should be paid. Such scenarios will be carefully analyzed in furthers

chapters.

3.6 Case B - Steel railway bridge

This railway bridge is located in Obidos region, Portugal at the 99,805 km of “Linha Oeste” (Western
Line) of the Portuguese rail network. The bridge connects Obidos town with Caldas da Rainha city,
crossing the Rio Arnodia. The bridge was originally built in 1886. However, due to the need to modernize
the rail line, the bridge was renewed in 1990. The studied bridge is made of steel, see Figure 3-10, with
a total length of 27.25m and a width of 5.3m. For this practical application, the analysis is focused on

the superstructure.

Figure 3-10 - Bridge overview
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3.6.1 Bridge geometry

The structural scheme adopted for this application was based on a truss bridge, see Figure 3-11. Given
that the different trusses present a different geometry, for the sake of simplicity, different letters were
attributed to each point. Note that the truss bridge is symmetric wherein the distance between adjacent
points is 4.30m with a corresponding height of 6.2m. Table 3.9 and Figure 3-12 the geometry of the bars

and the cross section dimensions, respectively.

/ \ \ ) /
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\ / \
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T b o] d e f g
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Figure 3-11 - Structural scheme adopted for the calculation

Table 3.9 — Geometry of the bars

Area of the
Bar Composition Total Area (mm?)
section (mm?)
1 edge 478x 8 3824
16144
[CD]
4L (8x80x80) 5120
[bB] 1 web (280x8) 2240
[cC] 8720
4L (90x90x9) 6480
[dD]
1 web (280x8) 2240
[ab]
2 bars (300x7) 4200 10360
[be]
4L (70x70x7) 3920
1 web (280x8) 2240
[cd] 2 bars (400x9) 7200 13360
4L (70x70x7) 3920
1 edge (500x7) 3500
2 webs (400x7) 5600
[aB] 17820
4L (80x80x8) 5120
2 bars (100x18) 3600
2 edges (454x8) 7264
[Bcl
2 webs(300x7) 4200 15384
[Cd]
4L (70x70x7) 3920
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Figure 3-12 - Cross sections: a)[BC] and [CD]; b) [bB], [cC] and [dD]; c) [ab], [bc], d) [cd]; e)[aB]; f) [Bc] and [Cd]
3.6.2 Load modelling
For the present application, the load model to apply was based on the load model 71 (LM71) given by

[151], see Figure 3-13. Note that the presented values were presented as characteristic values.

Qr Qi Qk Q
|||||qilc|||||l J l J,||||[q|k|||||

08m l.6m 16m 1.6m 0.8m

gx = 80kN/m Qr = 250kN

Figure 3-13 — LM71 (adapted from [151])
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Moreover, the present application accounted with the dynamic effects. According with EN 1991-2 [151],

the dynamic factor, ¢3, is given as follows:

2.16

" Jigo2

@3 +0.73 (3-19)

where L is the determinant length, i.e., the span length £ for simply supported bridges or L, for other
bridge types, allowing this factor to be used for other structural members with different support conditions.
Several determinant length values are provided in [151]. In this case (simply supported bridge), the

determinant length was the bridge span. Hence, for this case the obtained dynamic factor was 1.16.

3.6.3 Structural Analysis

For the structural analysis of the truss bridge, to estimate the axial force in each bar, the software FTOOL
[152] was used in here. Note that this software aims to estimate the axial forces due to the actions
provided by the LM71 and its self-weight and therefore to proceed to the reliability index calculation.

Figure 3-14 shows the adopted model. The axial forces are hereafter presented in Table 3.10.

4932kN

487.5 kN
638.7 kN

<
4875 kN
3

. 6387 kN

Figure 3-14 — FTOOL adopted model

Table 3.10 - Axial forces

Bar Forces [KN] Bar Forces [KN] Bar Forces [kN]
[aB] -1675.0 [Bc] 895.7 [Cd] 301.0

[ab] 959.5 [BC] -1472.6 [CD] -1645.0

[bB] 0 [Cc] 7342 [Dd] 493.2

[bc] 959.5 [cd] 1472.6

It was observed from the axial forces that some bars are submitted to compression leading therefore to

possible buckling issues. In this way, to proper a quantification of the resistance of these bars, a coefficient
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x should be calculated and addressed to the resistance estimation of the bar. Next section is dedicated

to the estimation of this coefficient for the compressed bars.

3.6.4 Buckling estimation coefficient on the resistance measure
The estimation of the buckling reduction coefficient, y, followed the suggestions of EN 1993-1-1[153]
given by the following steps depicted in Figure 3-15.

Bucklingcurve  aq a b c d
Lery Ef// Imperfection 013 021 034 049 0.76
factor, a
M=m f— A =max(ly, 1) ——— ¢; = 05[1+a(A1—02) + 27
s l
1
Lcrz \/ ef// x=

Legend: i s+ s> — 12
Ay : reference slendemess (to calculate the normalized slenderness);
E : Young modulus of the steel; o 1.0
fys : vielding strength of the steel; x = min(¥y, x7,1.0)
2 : normalized slenderness; l
Ly : critical length of the bar; Np =y % fy % A

Aggy : effective cross section (in case of class 4);
A : cross section;

i: radius of gyration;

s coefficient to obtain the reduction coefficient;
a: imperfection factor

X: reduction coefficient

Np: Resistance axial force

Figure 3-15 - Reduction coefficient calculation steps (based on [153])

Following the steps of the Figure 3-15, the reduction coefficients are presented in Table 3.11. The
remaining steps for the coefficient calculation are addressed on the annex B. Note that, for the present
application, the cross sections were not considered as class 4. Thus the effective area is equal to the total

cross section.

Table 3.11 — Reduction coeffients

Bar Reduction coefficient, y
[aB] 0.99

[BC] 1

[Cc] 0.50

[CD] 1

[Dd] 0.50

3.6.5 Reliability index calculation
For the calculation of the reliability index in this practical application, as mentioned in section 3.6 only
the superstructure will be considered, i.e. the deck. Such consideration relied on the information provided

on the drawings for this bridge. Likewise the previous case, the reliability calculation related to a LSF
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definition. Thus, for the truss bridge, the LSF was calculated by considering the difference between the

resistance axial strength and the axial action as expressed in equation (3-20).

7 = f, x A — Ng(PL,LM71) (3-20)

where fy is the yield strength of steel in MPa and A is the cross section in mm?2. The axial load was

given as a function of the permanent loads (PL) and the live loads. Considering that uncertainty
quantification was needed to have a proper definition of the reliability index, the variables were defined
by probabilistic normal distributions with mean and coefficient of variation except for the model

uncertainties, which was considered lognormally distributed, see Table 3.12.

Table 3.12 — Random variables quantification
Coefficient of

Variable Mean Value Variation Reference
(CoV)
Cross Section, A (mm?) Nominal 4% [109]
Resistance 202.16 MPa
Yielding strength, f,,,,,(MPa) - 7% [109]
101.08MPa*
Permanent Loads (PL) 23 kN/m 10%
Actions 207.4 kN
Live loads (LM71) — 10% [151]
63.4 kN/m

*Value of the yielding strength affected by the buckling coefficient

After having defined all the resistance and demand variables, a structural analysis was made, and the
limit state equations were chosen and entered within a FORM analysis to calculate a reliability index.
Once the structure is isostatic, the obtained global reliability index was given by the minimum value
obtained for each bar element. Table 3.13 shows the obtained reliability indexes. Accordingly, the
considered reliability index for the whole truss system was 4.87 corresponding to the [Dd] element bar
located at the middle span. According with the threshold values defined in Table 3.1 and Table 3.2, the
structure was above the threshold values of ISO 2394 and the PMC and it was considered to be in a

satisfactory level according with fib. However, according with EN 1990, for the minimum value of the
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reliability index, considering that a reference period of one year is 5.2 for the highest consequences, the
structure did not meet the requirements. However, considering the medium consequences, the structure
met the requirement. Once the structure was not located in a principal railway line of Portugal, the
consequences normally are of lower dimension, therefore the threshold value could be reasonably
checked according with the medium value. However, a warning should be placed for this bridge once

with the deterioration process and natural hazards, the structure could present a serious threat.

Table 3.13 — Reliability indexes for each bar element

Bar [aB] [ab] [bB] [be] [Be] [BC] [Cc] [cd] [Cd] [CD] [Dd]

Reliability index 9.87 10.00 14.29 10.00 11.53 9.96 5.83 8.98 12.70 8.87 4.87

3.6.6 Risk Analysis

The risk analysis calculation followed the same procedure as section 3.5.2 with the calculation of the
consequences for the same scenarios, i.e. rebuilding of the deck and detour costs. For the detour costs,
Figure 3-16 shows an example of an alternative detour route considering that the bridge is out of service.
Given the redundancy of the roadway network, there were several options. However, the fastest detour
was selected to minimize the consequences. Following the equations (3-16) and (3-17), given the
parameters presented in Table 3.14, the direct and indirect consequences are depicted in Table 3.15 for
the initial age. Note that here the rebuilding costs were assumed as deterministic per length of the deck
(€/m), due to the report information about reconstruction of steel bridges provided by the Portuguese
infrastructure company “Infrastruturas de Portugal (IF)”. Moreover, the PER variable is considered
deterministic measured as 100 % since the presented application differs from the previous one by

crossing a river and not a roadway thus resulting on a complete closure.

Table 3.14 - Variable quantification for indirect consequences (parameters adapted from [149])

Description Notation Value
Rebuilding of the deck (€/m)* Creb 8000
Length (m)*** L 27.25
Traffic conditioned percentage PER 100%
Cars Trucks
Average daily traffic TMD
9000 1000
Cost per kilometer (€/km) CK 0.18 0.68
Cost per hour (€/h) CH 8.4 10.1
Normal Speed (km/h)** Sn 160
Restricted Speed (km/h)*** Sr 70 50
Detour route (km)*** LD 7.000
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Normal route (km)*** LP 5.000

* value assumed according with bridge repairing reports from IP
** normal speed of the train for that zone of the line

*okk

measured values for the present application

B\ caldas damme
Rainha

Legend:
Point A: Begin of the detour; Point B: End of the detour
Red Circle: Bridge Location; Black Line: Railway line; Red Line: Alternative detour

Figure 3-16 — Detour route

Table 3.15 - Consequences and Risk
Consequences Risk

Direct (€) 218000 0.616
Indirect (€)* 404 0.001
Total (€) 218404 0.617

*estimated per day

Analogously to section 3.5.2, the obtained risk was practically zero due to the high value of the reliability
index and the corresponding very low probability of failure (5.58e-7) for the overloading hazard scenario
previously defined at the initial age. The next section aims to estimate the risk-based robustness index

applying the same procedure as section 3.5.3.

3.6.7 Risk-based robustness indicator
The previous section aimed to estimate the risk considering the daily indirect consequences.
Nevertheless, those consequences can be higher once the system can take more time to recover. Figure

3-17 illustrates the cumulative time-dependent daily estimated consequences.
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Considering the equation (3.18) for the robustness indicator calculation, Figure 3-18 shows the
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Figure 3-17 — Cumulative time dependent consequences
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Figure 3-18 - Risk based robustness index and total risk

Considering the obtained results, similar insights could be drawn comparing to the previous application.
The total risk was very low therefore not presenting any threat to the system. Analyzing the robustness
indicator, compared to the previous application, it could be concluded that the system was not as
dependent as the indirect risk since the dropping rate of the curve was smoother. In fact, the detour route
was almost the same length as the original route which made the indirect consequences smaller in this
case. Nevertheless, it constitutes a noteworthy information to mention that the recovery of the system
here is totally theoretical once there is no information available regarding real recovery times for this
application. However, more realistic values could be appointed to 5 to 10 days to totally replace of the

steel bridge.
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3.7 Case C - Masonry railway arch bridge: Canharda viaduct

Canharda Viaduct, see Figure 3-19, was built in 1882 and it is located in Beira Alta railway line. It is
composed by five full-centered arches, each one with a free span of 12 m and a maximum height of 20
m. Its total extension is of 86,5m with a top width of 4m and it is all built of rough dry joint masonry. All
piers have the same geometry, with exception of their heights, being the cross section in longitudinal and

transversal directions, variable (linear variation).

Figure 3-19 - Canharda Viaduct

3.7.1 Bridge geometry

Due to the complexity of a masonry arch bridge (MAB), the present application dealt with a detailed
modelling of the structural elements and a simplified modelling of the non-structural elements. According
with the [154, 155], the most important elements concern: (i) typology of the arches, the length and
thickness of the span; (i) the width of the arches; (iii) backfill material and backing height and (iv)
geometry of the piers and abutments.

Concerning the bridge, both abutments were modelled considering a backing height of 3000mm. The
five arches of the bridges were similar and considered with a ring thickness of 870mm (considered to be
uniform), a total span length of 12000mm and a rise of 6000mm, i.e. a span to rise ratio of 0.5, see

Figure 3-20. Regarding the 4 piers, Table 3.16 presents the adopted dimensions.

Table 3.16 — Geometry of the piers

Pier 1 Pier 2 Pier 3 Pier 4
Total Height (mm) 4600 11350 11350 6400
Width at top (mm) 2500 2500 2500 2500
Width at base (mm) 2700 3000 3000 2800
Number of blocks (mm) 11 27 27 15
Backing height over the pier (mm) 3000 3000 3000 3000
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Figure 3-20 — Geometry adopted for the main arches [mm]

3.7.2 Bridge materials

The MAB accounted with the quantification of the following materials for the model: (i) masonry; {(ii) Fill
and (iii) ballast. Table 3.17 shows their quantification. Regarding the masonry, the density was adopted
to assume the value of 25 kN /m3 with a compressive strength of 20 M Pa. The friction coefficient was
considered of 0.58 (corresponding friction angle of 30°). For the fill, a density of 15 kN/m3 was
considered based on the measurements on the bridge span. As for the internal friction, an angle of
30°and a null cohesion were adopted. The null cohesion was an adopted value as a conservative measure
for the model calculation. Moreover, the fill properties were hypothetical considered to be uniform, the
same hypothesis considered in the studies of [96, 156].The ballast density was adopted as 17.66
kN /m3 based on [157]. For the track, a value of 1.42 kN /m? based on [158].

Table 3.17 — Parameters considered for the analysis

Materials Parameters Quantification
Density, ¥, (KN /m3) 25
Compressive Strength, 20
Masonry fe (MPa)
Friction Coefficient,
0.58
n(=)
Density, vy (kN /m3) 15
Internal friction angle,
Fill 30
¢ ()
Cohesion, ¢ (kPa) 0
Ballast Density, ¥, (kN /m3) 17.66

Track load per unit
Track 1.42
area, T, (kN/m?)
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3.7.3 Load modelling

For the present application, the load model to apply was based on the LM71 presented by [151], the
same as presented by the previous applications. Moreover, the present application accounted with the
dynamic effects, ¢4 following the equation (3-19). In this case (series of arches) and according to EN

1991-2 [151], the determinant length, Ly, was twice the clear opening. Additionally, if the assessed

structure is an arch bridge, the dynamic amplification may be reduced through a reduction factor [151],
given by:

h—1
red ¢3 = 3 — 0 (3-21)

being red ¢ greater or equal to 1,00 and /s the height of cover including the ballast from the top of
the deck to the top of the sleeper given (in meters). The load PDF will be multiplied by the reduced
dynamic amplification factor, given by equation (7), to increase the static load magnitude as to consider
the static response amplification due to dynamic phenomena. The corresponding obtained value was of
1.18. Another important aspect regarding the LM71 recalls to the inclusion of the uniform distributed
loads since these loads are optional depending or not of their favourable effects on the bridge performance
calculation. This aspect was studied by [159] on MAB wherein three different load combinations were
studied. Santis [159] concluded that the presence of the optional distributed loads has a favourable effect
on the performance of bridge. Bearing this in mind, the present application considered the LM71

composed by the four concentrated loads.

3.7.4 Structural modelling

The present application was modelled by the software Limit State RING [160]. RING software idealizes
MAB as an in-plane assemblage of rigid units, separated by contact interfaces along masonry joints, with
a rigid-plastic constitutive behaviour [161]. MAB may collapse due to crushing, sliding along interfaces or
a mix of these two failures mechanisms. The spandrel walls are not explicitly considered and the fill's
influence is indirectly modelled through its effects (density, dispersion of the loads applied at the surface
and horizontal passive pressure) [161]. The passive pressure, provided by the fill, is obtained through the
Rankine theory. Since passive pressure is fully mobilised only for high deformations and displacements
of sections of an arch into surrounding fill [161, 162], a reduction factor of 50% was applied to passive
pressure, in order to considerer this fact. The live loads are dispersed according to the Boussinesq theory,

with a limiting distribution angle of 30°, according to performed laboratorial tests [161]. The arch effective
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bridge width, i.e., the width of masonry arch in transversal direction that resists the applied loads, was
considered equal to the bridge width, since no cracks were found. Regarding the collapse mode, the
assessed bridge was entirely modelled in RING, once all failure modes involved more than one span
(seven hinges mechanism), leading to being only obtained multi-span failure modes. For a more detailed

description of MAB, address to [101].

3.7.5 Deterministic model output

Considering the assumptions on the model, through RING software [160], the mechanism of collapse
that led to the minimum load factor obtained is given in Figure 3-21. The minimum load factor obtained
was of 4.10. Note that this value is the multiplier on factored vehicle loads required to cause collapse. It
was observed from Figure 3-21 a global mechanism with an interaction mainly of the arches 2 and 3.
Also it was noticed that the global mechanism also affects the pier 2 and 3 on the base. More detailed

information about the different types of collapse mechanisms in MAB, refer to [101, 163, 164].

Load Vehicle

T
Backing height

“Thrust zone

Figure 3-21 - Global mechanism of the MAB for the deterministic model

3.7.6 Reliability index calculation

The following section addresses a probabilistic analysis and the calculation of the reliability index. Before
carrying out a probabilistic analysis, a sensitivity analysis was performed to minimize the number of
probabilistic parameters for the analysis. For more detailed sensitivity analysis calculation, see [101].
According with [101], for the present application, the following parameters were considered: (i) density
of the masonry; (i) density of the fill; (iii) friction angle of the fill; (iv) pier width and (v) arch thickness.

Table 3.18 shows its quantification for the mean value and coefficient of variation.

Table 3.18 — Random variables adopted
Materials Parameters Mean Value COV (%)
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Masonry Density, ¥, (KN/m?) 25 10
Density, ¥y (kN/m3) 15 10
Fill Internal friction angle, 20
30
¢ ()
Pier width, W}, (mm) * 10
Geometry Arch Thickness, 10
870
t (mm)

*see Table 3.16

The LSF is given as follows:

Z (Yo Ver @ Wy, t,LM71) =R =S (3-22)

The definition of an analytical expression, as seen on the previous applications, was not possible here to
obtain due to the complexity of the problem. Hence, the calculation was performed through LHS method.
The analysis considered 90 samples for the reliability calculation. From each simulation, an adequacy
factor was obtained, to which a curve fitting process was performed to adjust the most suitable PDF.
Considering that this application assumed all the resistance parameters behave according with a normal
distribution, the curve fitting was validated through the central limit theorem thus resulting on a normal
distribution. Hence the resistance parameter was represented by a normal distribution with the following

parameters:

R~N(4.10,0.472)

As for the actions, considering the LM71 affected by the dynamic coefficient, a normal distribution for the

actions was considered as given as:

S~N(1.18,0.11%)

Note that the resistance and the actions were herein presented with normalized values. Moreover, a
convergency test was performed to check the adequacy number of simulations adopted by obtaining the
ratio between the cumulative mean on the 77 simulation over the overall mean for the 90 simulations, see

Figure 3-22.
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Figure 3-22 — Convergency of the simulations

The reliability index was obtained through FreET software [165] with a corresponding value of 6.10. The
obtained value was very high for this arch bridge. Indeed, for arch bridges with medium span (10-15m),
the fill internal friction angle is important, since it provides more passive pressure, resulting in an
additional restrains, and thus a higher collapse load. Another important issue is the ballast and the fill
height in the arch crown zone of the arch. This process allows a higher dispersion of the lives loads

resulting therefore in less stresses in the arch and in a higher collapse load.

3.7.7 Risk analysis

The risk calculation followed the same procedure as the previous applications. Figure 3-23 shows an
example of an alternative detour route considering that the bridge is out of service. Again, following
equations (3-16) and (3-17), given the parameters presented in Table 3.19, the direct and indirect
consequences are depicted in Table 3.20 for the initial age. Note that the rebuilding constructions were
compared to a big intervention wherein the condition state of the bridge was considered as minimum and
close to collapse. Its quantification was based on the report information about reconstruction of masonry

bridges provided by /P company.
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Legend:
Point A: Begin of the detour; Point B: End of the detour

Red Circle: Bridge Location; Black Line: Railway line; Red Line: Alternative detour

Figure 3-23 - Detour route
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Table 3.19 - Variable quantification for the direct and indirect consequences

Description Notation Value
Rebuilding (€/m)* Creb 1000
Length (m)*** L 86.50
Traffic conditioned percentage PER 100%
Cars Trucks
Average daily traffic TMD
9000 1000
Cost per kilometer (€/km) CK 0.18 0.68
Cost per hour (€/h) CH 8.4 10.1
Normal Speed (km/h)** Sn 200
Restricted Speed (km/h)*** Sy 120 100
Detour route (km)*** LD 19.000
Normal route (km)*** LP 8.100

* value assumed according with bridge repairing reports from IP
** normal speed of the train for that zone of the line

*** measured values for the present application

Table 3.20 - Consequences and Risk
Consequences Risk

Direct (€) 86500 6.45e-5
Indirect (€)* 29971 2.23e5
Total (€) 116471 8.683-5

*estimated per day

3.7.8 Risk-based robustness indicator
Likewise the previous sections of risk-based robustness calculation, Figure 3-24 shows the cumulative

total consequences function of the number of days to recover.
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Figure 3-24 - Total consequences estimation
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Considering the equation (3.18) for the robustness indicator calculation, Figure 3-25 shows the

robustness indicator and the associated total consequences considering the cumulative daily recovery
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Figure 3-25 - Risk based robustness index and total risk

The obtained results concluded that the risk-based robustness indicator was highly dependent on the
indirect consequences as there was a considerable drop on the values for low days of recovering. As for
the total risk, as the probability of failure was very low due to the high reliability index, the values were

practically zero concluding that due to the overloading effects, there was a minimal risk involved.

3.8 Final remarks

The present chapter aimed to introduce the theoretical formulations adopted in the literature for the
calculation of the KPIs in existent structures, reliability, risk, and robustness. Moreover, an overview of
the most relevant works applied in civil engineering adopting these KPIs was herein presented as well as
a brief table about the comparison among those KPlIs in terms of strengths and weaknesses. This chapter
ended with an application of those KPIs to three different practical applications: (i) simply supported RC
bridge; (i) steel bridge and (iii) masonry arch bridge. Regarding the reliability index, the structures
revealed to be in good condition state for problems related with overloading. Moreover, a comparison was
made with the threshold values provided by the codes wherein the practical cases A and C revealed to
meet the requirements for the threshold values. In what concerns the practical case B a special attention
should be paid for the threshold values preconized by the EN 1990 for a reference period of 1 year and
considering the level high for the consequences.

Regarding the estimation of the risk, all the three cases revealed to present a very minimal threat to the
system given the variables introduced in the problem and the hazard considered, i.e. the overloading
highlighting the fact that the bridge are over-designed in most of the cases. However, it should be noted

here that consideration of different hazards such as bridge strikes, floods, earthquakes, among others,
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or even the degradation process of the structure could lead to different levels of risk and consequently to
higher levels of consequences.

To finalize, an estimation of the risk-based robustness index was carried out based on the formulation of
Baker et. al [129] to measure the robustness of the system. This measure was slightly different from the
other robustness measures since the risk-robustness is highly dependent on the indirect consequences
of the system, i.e. variables that depend on the location of the structure, development of the society and
the network around the structure. Hence, a lower robustness in here might not mean that the structure
has a very low performance, as observed in the present applications. Moreover, this measure estimated
alone with any other calculations could lead to naive and erroneous conclusions. The next chapter aims
to focus on degradation modelling of structures wherein the state of the art of the most relevant
degradation models on infrastructures are discussed. The chapter ends with an application of the

degradation models into practical applications.
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4 Degradation modelling
Degradation models are an important part of a Management System since they predict the future
condition of the infrastructures, being therefore an essential tool for the decision-making process. The
process of developing a degradation models is not an easy task due to several uncertainties associated
to the process. Degradation can be defined as “the decrease in capacity of an engineered system over
time, as measured by one or more performance indicators” [166].
According with the formulation of degradation stated in [166], its basic formulation considers the initial
capacity, denoted as Vj, the degradation over the time, such as D (t) and the remaining capacity, V (t),

resulting on the following equation:

V(t) =V, —D(t) (4-1)

According with equation (4-1), the failure occurs when the remaining capacity drops to zero. However, in
the practical cases there are always a threshold value, denoted by 4 which defines the limit value

allowable to be reached for an infrastructure. In this way, the expression is re-written as:
V(t) = max(V, — D(t), k) (4-2)

Degradation models are divided into (i) Mechanistic models (ii) Deterministic models; (iii) Random-variable
models; (iv) Stochastic models; (v) Petri-net models, (vi) Artificial intelligence models and (vii) Bayesian
networks. Note that the notation herein used for the classification of the degradation models are based
on the literature review. Figure 4-1 shows a resume of the different degradation models presented in the

literature.
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Figure 4-1 - Degradation models for bridges
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4.1 Mechanistic models

Mechanistic models are based on theoretical models and they are usually applied to describe specific
deterioration of specific components [167]. The main drawback of these models concerns its application
to a higher level (e.g., network level). The literature presents several theoretical models to model the
degradation of an infrastructure. For example, in the studies of [168] and [169], a corrosion damage
model for steel bridges is proposed. The mechanism model based on this study follows an exponential

function given by:

C(t) = At? (4-3)

where C is the average corrosion penetration, fis the number of years and A and B are parameters
derived from observations. With this model, rates of corrosion for steel bridges can be estimated and
consequently the remaining resistance capacity.

Another example of application relies on reinforcing concrete (RC) structures wherein most of the models
presented in the literature are corrosion-based models. Typically, the loss of structural strength in aging
RC bridges is mainly attributed to the chloride-induced corrosion of reinforcing bars [170]. In this process,
various mechanisms are evidenced such as loss of the reinforcement area, accumulation of corrosion
products leading to volumetric expansion that results in concrete cracking and spalling, loss of the steel-

concrete bond, and variation of mechanical properties of steel and concrete [170, 171]. The process of

75



Chapter 4 - Degradation modelling

reinforcement corrosion can be roughly divided into an initiation and a propagation phase. During the
initiation phase, chloride ions diffuse through the concrete cover until the chloride content on the surface
of the reinforcement exceeds a critical threshold value, which dissolves an oxide protective layer
(depassivation) [172, 173]. The transport of chloride ions through concrete is typically modelled using
Fick's second law [171]. Based on this model and accounting for the impact of influencing parameters,

the probabilistic model for the time for corrosion initiation is expressed as [174, 175]:

1
(e 4
where 6, is a model uncertainty coefficient to account for the idealization on Fick's second law, x is the
concrete cover depth, k. is an environmental factor, k. is a factor that accounts for the influence of
curing, Dy is the chloride diffusion coefficient which describes the resistance against the ingress of
chlorides, k; is a factor describing the effect of the test method to determine Dy, t, is the reference
period for Dy, nis an age factor that incorporates the densification of cement paste due to further
hydration chloride, erf is the error function, C, is the critical chloride concentration, and Cs is the
surface chloride content determined from the expression Cs = A s(W/b) + &.5, Where A is a
regression parameter between Cg and the water-binder ratio (w/b), and e is the error term [174].
During the propagation phase, various mechanisms are evidenced such as loss of the reinforcement area.

To its estimation, the diameter of the reinforcement bars d}, at time t can be expressed as [175]:

dbi t=< Tcorr
t

dy(t) = {dp; — 2 chm/l(t) dt T <t<T; (4-5)
0 t>Tf

Where dy,; is the initial bar diameter, T, is the time for the corrosion initiation, A(t) is the corrosion
rate represented as A(t) = 0.0116i.y,,-(t), where i.,r¢ is the corrosion current density at time t

[171], and T corresponds to the time when d,, (t) theoretically reaches zero [175].

4.2 Deterministic models

In deterministic models the condition assessment of the infrastructures is obtained by a mathematical
formula. Regression analysis is the most basic degradation model that consists in establishing a
relationship between the actual data of a bridge’s condition with the form of a mechanical model or a

selected arbitrarily form, by using statistical techniques. The output of this model is expressed by
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deterministic values that represent the average predicted condition [176]. Several studies have applied
different regression methods such as linear, non-linear and stepwise regressions to model the
infrastructure degradation [177, 178].

The linear regression presents the general form y(t,B) = S, + fit + & where B, and f(; are
regression parameters which can be obtained by using the method of least squares and ¢; the prediction
error. There is also the multiple linear regression that considers more parameters being defined as:
y(t,B) = Bo + Bity + Bty + -+ & [179]. Further details of its calculation can be seen in [166].
However, in most of the practical applications, the problems are not linear. The basic idea is the same
as the one applied on linear regression. Some examples of practical applications can be found in [180,
181]. Usually, in a way to simplify the process, those equations are transformed into linear problem. One
example can be seen in [166] wherein the fatigue data of the two asphalt mixtures was simulated using
a degradation model via non-linear regression analysis, being transformed to linear analysis. Stepwise
regression can be used to estimate the statistical importance of the performance indicators (Pls) in a
model. For example, according with [182], within this model, the prediction of the condition state was
dependent of several variables such as infrastructure type, condition rating, nondestructive testing resuilts,
infrastructure traffic, infrastructure age and surrounding environment. Another example of its application
can be seen in [183]. In this work, the performance indicator assessed was the deflection of the bridge
based on monitoring data wherein the results showed a high accuracy proving to be an effective method
for bridge deformation analysis. Yet, these type of models presents some drawbacks such as the difficulty
to incorporate additional data and the estimation of R? as well as the residual error. Moreover, regression
extrapolation techniques disregard the physical nature of degradation and the uncertainty involved on the
variables, they do not account for the current condition of a facility and its history to predict the future
condition. They ignore also the interaction between degradation of different infrastructure components
[184]. Although these models are acceptable for predicting a short period of time, when these functions
are predicted beyond the bounds of the data for long time periods (which is required in the case of
systems with expected long lifetimes such as civil infrastructures), they can contain high levels of
inaccuracy [177]. Straight-line extrapolation and curve-fitting techniques are additional deterministic
models that have been used to develop degradation models. An example of this technique can be applied
to predict the condition rating of the bridge given the assumption that traffic loading and maintenance
history follows a straight line [185]. This method requires that one condition measurement has been
performed after construction [179]. Nonetheless, they suffer from the same limitations as regression

models.
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4.3 Random-variable models

Modelling of degradation is strongly influenced by sampling and temporal uncertainties [186]. Random
variable (RV) models account for the sample variability by assuming that one or more parameters
associated with the degradation model are random, i.e. a probability distribution is assigned to the
uncertain parameters [187]. Among the RV distributions, a significant amount of research has been
carried out on reliability index models where the lifetime distribution is associated to a limit state which
is a function of one or more random variables [187]. The variation of the reliability index with time is
defined as the reliability profile, and it has been extensively used to model linear degradation of structures
under different maintenance scenarios (no maintenance, preventive and essential maintenance) [188-
191], considering uncertainties related with the degradation process, the maintenance actions effects

and their application times. The degradation model is given by a bi-linear relation as follows:

Bofor0<t <t

Bo — a;(t —t)fort >t (4-6)

p(o) =
Later, another linear model was proposed by Neves and Frangopol [4]. In this study, they defined two key
performance indicators (KPIs): (i) condition state; (ii) safety index. The former had into consideration the
results of visual inspections while the later overcomes some limitations of the condition index in order to
cover effects such as degradation processes that are not visible to the inspectors. In this way, the

degradation model is defined as follows:

_ Co fort <t
C(t) B {CO - aL(t - tic) t> 1t (4-7)
3 Spt<t;
5 = {So —alt—t)t>t (4-8)

Being C, and S, the initial condition and safety states, a; and a the degradation rates, t;. and ¢; are
the times of initiation of degradation.

The consideration of linear degradation could be an idealized assumption limited for various failure
modes, so it has been extended in some studies into higher order functions to consider the non-linear
degradation effect with time. The study of Gaal [192] showed that the validation of the prediction model
regarding the spalling assessment fitted better on a second order polynomial function. Another study was
carried out by Petcherdchoo [187] in which a non-linear Reliability index degradation model was proposed.

The formula was defined as follows:
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Bofor0<t<t

Bo— ax(t —t) —az(t—t)? fort >t (4-9)

p©) ={

being a, and a3 the degradation rates. Later, Frangopol and Neves [193] also proposed non-linear

degradation models where the safety and condition index were stated as follows:

() = { Co fort <t (@10
Co— A(t? —t2) t > t;.
So— Bt —tHt>t;

where Aand B are the degradation rates.

4.4 Stochastic models

4.4.1 Markov chains

As the infrastructures ages the deterioration rate grows, which is not accounted in reliability approaches
based on lifetime distributions. For this reason, several research papers have recommended to model
deterioration as a time-dependent stochastic process that incorporates the temporal uncertainty [187].
Markov chain (MC) approach is the most widespread stochastic deterioration modelling technique that
has been used for predicting the performance of infrastructure facilities [194]. MC models capture the
uncertainties and randomness of the deterioration process by accumulating the probability of transition
from one condition state to another over multiple discrete time intervals [194]. Transition probabilities
are estimated using the relative transition frequency of the condition states, which is determined by visual
inspections carried out [195]. There are different methods to estimate the transition probability matrix
(TPM). However, obtaining and validating reliable TPM is one of the most difficult matters in developing
MC deterioration models [196]. Within the civil engineering field, their first application were in Pavement
Management Systems (PMS) to describe their condition over the time. Nowadays, there are several
studies using Markov chains to model the deterioration over time in different infrastructures such as
bridges, railways, pavements, and wastewater systems. The following paragraphs highlight some of the
studies based on MC.

The early studies rely on Golabi et al. [30] in which a maintenance system for roads in Arizona was
proposed. The MC model considered both short and long-term management objectives as well as factors

such as physical road conditions, traffic densities, environmental characteristics, and types of roads.
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Later, Butt et. al [197] proposed to use a combination of homogeneous and non-homogeneous Markov
chain to develop the model. The Pavement condition index ranged from 0 to 100 with a division of ten
intervals to define 10 condition states.

Yang et.al [198], adopted a MC model to predict the pavement crack performance by employing a logistic
model to estimate the transition probabilities. The model accounted with crack conditions, pavement
parameters and traffic as variables.

Kobayashi et. al [199] presented a methodology to estimate Markov transition probabilities to predict the
deterioration of the pavement. The transitions were defined by exponential hazard modes. Due to the
irregularity of data, the transition probabilities had many uncertainties. At the end, the applied model
revealed to be useful once it was positively applied to an empirical example. Abaza [200] presented a
procedure to evaluate the distress rate having into account two defects, cracking and deformation. The
calculation of the transition probabilities was based on “back calculation”. Hassan et al. [201] presented
a probabilistic model based on Markov chains in which two variables were assessed, the distress rate
and surface age. Moreira et. al [202] developed an application based on Markov chains to predict the
evolution of 5 Pls: cracking, skid resistance, bear capacity, longitudinal and transverse evenness. The
results showed a slow deterioration for all the PI's and they were useful for the development of
optimization methodologies for PMS.

Although these types of models were applied first in pavements, applications of MC models were also
developed to Bridge Management Systems (BMS). Jiang et. al [203] presented in his study the efficiency
of the Markov chain approach to estimate the future bridge conditions. The bridge rating system was the
one adopted by the Federal Highway Administration (FHWA) in which the bridge inspectors employed a
range from O to 9 being the 9 the best condition and 0 the worst one.

Cesare et. al [204] provided another study related with Markov chains applied to BMS. The MC models
were used on the assessment of highway bridges deterioration with a database of 850 bridges in the
state of New York. The transition matrices were obtained to the overall condition of the structure.
Therefore, a TPM was developed for each component. Also, a discussion of the importance on the
correlation between the elements was discussed. The results showed that the estimation of transition
probabilities was affected by the lack data.

Orcesi and Cremona [205] proposed an approach to obtain the condition state by using MC models. The
transition matrices for several types of bridges were obtained and combined with an advanced traffic
assignment that considered congestion phenomenon’s and enabled to quantify the levels of service of

the bridge network in an accurate way. The same authors [206] also presented a Markov chain framework
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for a reinforced concrete bridge aiming to a global vision of the condition of the bridge stock to assess
the optimal funds at national level. One of the drawbacks was the assumption of a homogenous database
with the same condition for all the bridges.

Sobreiro [207] presented his work based on a Markov process approach to develop a predicting model
for deterioration of existing bridges. The TPM was obtained by the data referred to visual inspections.
Such data was important to establish plans of maintenance actions

Wellage et al. [208] pointed out that bad estimation of transition probability matrices would lead to invalid
future predictions. In this way, the authors presented an algorithm to overcome this limitation and
calibrate the state-based MC model of railway bridge components. Those transition probability matrices
were estimated based on MC Monte Carlo, regression-based non-linear optimization, and Bayesian
maximum likelihood. The results showed better accuracy for MC Monte Carlo approach.

Denysiuk et al. [12] proposed a computational framework for optimization of maintenance activities on
bridges based on MC model at the element and system levels. The classification adopted was defined by
1 to 5 being 1 the best and 5 the worst state.

Li et al. [209] proposed on their study a MC model to predict the performance degradation tendency of
different components of bridges in different areas. Bridge condition rating records of Shanghai were used
to predict the deterioration process of local bridge on a network level. Two maintenance actions were
considered: (i) routine maintenance; (ii) minor, medium and major repair. The results showed that routine
and minor repair seemed to present a faster degradation on the infrastructure than medium repairs. The
condition rate adopted ranged from 5 to 1 being the best and the worst, respectively. The database
considered for this study was based on records of 16623 bridges.

In the field of the railway track, there were also some developed works regarding degradation models
adopting MC. Bai et al. [210] proposed an application of MC model to evaluate the degradation of track
maintenance unit between two consecutive maintenance activities. The states of Markov to assess the
track quality index (TQI) were divided into 4 states. It was also considered heterogenous factors while
obtaining the transition probability matrix, resulting on different degradation behavior for two maintenance
units in the same mileage.

Shafahi and Hakhamaneshi [211] applied a two-stage model to optimize track maintenance. In the first
stage, the authors used Markov chain to model track degradation behavior obtaining the transition
probability matrix based on the data of Iranian railways. In the second stage, they applied dynamic

programming optimization to obtain optimal decisions for maintenance activities.
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Zakeei et al. [212] proposed a model based on MC to predict rail wear. The model was built based on
Weibull distribution to define the hazard rate function and therefore the transition probabilities. Regado
[213] presented a study to model track railway degradation based on MC model. The model was based
on inspections of the geometrical parameters of the line: (i) longitudinal level; (i) alignment.

Although the MC models present several advantages regarding data manipulation and consideration of
uncertainties on the problem, Morcous [194] states some limitations such as the memoryless property,
wherein the next state only depends the current state disregarding all the information concerning the
previous states.

Regarding its theoretical formulation, MC model is a random process that undergoes transitions from one

state to another on a state space. The transition between states is defined by:

P11 Piz - DPin]™
pre= |9 Pz P (a-12)
0 0 .. P

where p;; is the transition probability between the states /and / from instant t to ¢ + At. When the

interval between the inspections are not regular, the Pmatrix is related to 0 matrix through the following

equation:

;—xP = PQ (4-13)

where Pis the transition matrix and Q'the intensity matrix. Solving the equation, the transition matrix can

be given by:

P = QA (4-14)

The intensity matrix Q represents the instantaneous transition probability between state /and the state /.
It is assumed that, in each time interval, assets can only advance between adjacent condition states.
Therefore, the elements of Q are null except for the main diagonal and the diagonal above as it is shown

in:

_91 91 0
C={o . o o (4-15)
0 0 o0
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where 8; is the transition rate between adjacent states. Such rate calculation is based in the record of

database inspections that builds the MC model. Its expression is given by:

=M
Losay

(4-16)

where n;; is the number of elements that moved from state /to state jand Y At; is the sum of time

intervals between observations, whose initial state is 7 To improve the quality of fit, the initial Markov

model is trained and improved through an optimization process by minimizing the following expression:

Yon=1Xn=1log (p;)) (4-17)

where m is the number of transitions observed, n is the number of analyzed elements and p;; is the

probability of occurrence of observed transition, as predicted by MC model. The probability of a structure

being in a certain state /at a specific time #is given by:

pi(t) =po X P (4-18)

where py is the vector for the initial condition state of the structure and P is given by equation (4.14).
The final time dependent condition state is obtained by the average condition state in a certain year and

given as follows:

CS(t) = p;(t) x (4-19)

where CS is the time dependent average condition state and 1 to 4, the total number of condition states.
Note that those condition states are integers values being 1 and 4 the best and worst condition state,

respectively.

4.4.2 Semi-Markov chains

Semi-Markov chains represents an extension of the Markov processes and generalizes the continuous
time MC by allowing the distribution of the time between changes of state of the system to have an
arbitrary distribution (non-exponential) [166]. Bridge's real degradation process is closer to semi-Markov

chains than to MC, because several factors affect the length of time that elapses before a bridge
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component deteriorates to its next lower condition state [214], which causes the time between transitions
(waiting/sojourn time) to be a random variable and its distribution is governed by the next state the
process will enter [215].

There is a considerable amount of literature checking the suitability of different distributions for the
sojourn times [216]. The results have demonstrated that the Weibull distribution is the best fit for the
waiting time for superstructure components. Additional research in semi-Markov models [215, 217] has
shown that the benefit of this approach might be questionable because they tend to shift preservation
actions in worse condition state compared to MC models. Furthermore, they pointed out that bridges are
rarely allowed to deteriorate into the worst condition states, so the lack of data makes difficult the
estimation of sojourn time distribution for those states. As its application is out of the scope of this thesis,

a deeper explanation of this formulation can be consulted in [218].

4.4.3 Hidden Markov chains

Another group of Markov chains that are gaining interest on the prediction degradation of infrastructures
are the Hidden Markov models (HMM). During these last few years, HMM have been applied in several
areas such as voice recognizing, language modelling, recognizing of manuscript words, on-line signature
validation, learning of human actions and fail detects in dynamic systems [219]. Normally, an HMM is
generally defined by five variables: (i) number of states 7, (i) number of observable symbols 7, (iii) state
transition probability distribution A, i.e. the transition matrix, (iv) observation symbol probability
distribution B, and (v) initial state distribution 7. Generally, HMM follows three key problems: (i) what is
the probability that a model can generate a sequence of observations?; (ii) what sequence of states best
explains the sequence of observations? and (iii) given a set of sequence of observations, how it is learned
the model of probabilities that would generate them? For each key problem, different algorithms are
applied to solve them. For the first step, to estimate the number of sequences for probability estimation,
a forward-backward algorithm is applied to solve the problem to reduce that number of calculations. On
the step two, the Viterbi algorithm is employed to determine the best sequence of states that explains
better the sequence of observations. As for step three, the calibration of the parameters so the model
can learn properly is given by the Baum-Welch algorithm. For the detailed mathematical procedure of
these algorithms, the reader is referred to the following works [220, 221].

These models present some applications on civil engineering field being great part of them to solve
problem where there are incomplete data. Kobayashi et. al [222] stated that the accuracy of prediction
of deteriorating models highly depends on the monitoring data. However, this kind of data contains errors

that tend to weaken the prediction. In this way, they presented on their study an HMM approach of a
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Japanese national road system to tackle this problem. They also compared the results with the
conventional multi-stage exponential Markov Model stating a great improvement when using HMM.
Another similar study, where it is investigated the use of exponential HMM, is provided by [223].

Lethan et al. [224] assessed the pavement deteriorating process through HMM, more precisely, to
evaluate the current frequency of local damage as well as the degradation of other pavement indicators
(e.g., crack, roughness). Later, Monica et al. [225] presented a work of prediction on the condition rating
of the deck concrete elements of bridges from the National Bridge Inventory managed by the U.S.
department of transportation. From all the models evaluated, HMM revealed to predict a better condition
state at the end of the life cycle. The authors claimed that such fact is related to the misclassification by

the inspectors of the states, given by condition probability of observations.

4.5 Petri-Nets

Petri-Nets (PNs), originally developed by Carl Petri, are bipartite graphs built with two types of nodes:
places and transitions, which are linked by arcs. The execution of a PN is controlled by the position and
movement of tokens (denoted by dots) among the places and within the PN [226]. Bridge models have
been developed based on PN approach, where tokens represent the bridge or element, places represent
its condition, and transitions model the changing state of the system thus replicating the deterioration
process.

Research works have demonstrated the appropriateness of PNs to model bridge deterioration [227, 228].
For instance, [227] applied a PN approach for railway bridge management. The model comprised several
modules with different purposes, namely element deterioration, inspection and maintenance, and the
interaction among them. The deterioration module permitted to model the failure modes independently
for each individual component, to consider the several degradation mechanisms that affect the bridges
and the different deterioration rates for each defect. On that premise, one of the main advantages of the
PN modelling technique is that allows to indicate the maintenance activity required to rectify each
condition [228]. Moreover, in the work of Ferreira [229], several applications of petri nets to different

types of infrastructures is presented. For further details regarding the approach, see [229].

4.6 Artificial neural networks

Artificial intelligence (Al) techniques have been developed to overcome some of the limitations of the
current bridge deterioration models used in BMS, by making the best use of the large database that is
periodically updated and proportionate valuable knowledge about bridges that can be employed in

predicting their future condition [184]. Al models establish the relationship between the bridge
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deterioration and the influencing parameters that may affect the bridge condition through computer
techniques that aim to automate intelligent behaviors [184]. Al techniques comprise different methods
such as artificial neural networks (ANN) and case-based reasoning (CBR).

Many publications have investigated the feasibility of using ANN in modelling infrastructure’s deterioration
and have proven the superiority in the prediction accuracy [230, 231]. Likewise, CBR approaches have
addressed some limitations by making use of a library of previously solved problems when solving a new
problem [184]. This implies that the method searches for previous cases similar to the current problem,
in their physical features, environmental and operating conditions, inspection and maintenance records,
and reuses them to solve the problem [184]. Regarding its formulation, see [184] as its implementation

is out of the scope of this thesis.

4.7 Bayesian networks

Bayesian networks (BNs) are probabilistic models in the form of directed acyclic graphs where vertices
(nodes) stand for random variables and edges (arcs) symbolize direct influences between nodes [232,
233]. The direct predecessors of a node are called “parents” and conversely “children” are immediate
successors of a particular node [232]. For each child variable, a conditional probability table (CPT) needs
to be defined linking condition states of the child to the parent variables [234]. Recently, BNs have been
employed for modelling bridge deterioration. For instance, [234] represented the overall group condition
of a sample group of UK’s railway masonry arch bridges through a BN. The methodology was extended
to Dynamic Bayesian Networks (DBNs) to introduce a time dependent degradation model. Likewise, [233]
developed a DBNs model for predicting the condition of a steel bridge main girder. The applicability of
this model for the purpose of deterioration modelling relies on the improved predictive results, the
possibility of estimating the CPTs based on expert knowledge, the Bayesian updating capabilities, and the
ability to considerate influencing factors of the degradation process (environmental effects, traffic density,

maintenance actions) [232, 233].

4.8 Strengths and weaknesses of the degradation models

To summarize, the main advantages and disadvantages of the different approaches that have been
proposed for modelling the degradation of infrastructures are hereafter presented in Table 4.1.
Analogously to chapter 3, the following sections aim to apply the degradation modelling theory in practical

applications: (i) simply supported RC bridge and (ii) steel bridge.
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Table 4.1 - Strengths and weaknesses of the degradation models

Type of analysis Degradation Model Strengths Weaknesses
Steel Corrosion v" Formulation simplicity v" Only explains the degradation process at the element level
Mechanistic
RC corrosion v" Computational efficiency v Definition of the parameters not possible for some cases
Regression models v" Simplicity in the formulation [177] v Predict average condition [184]
o Straight-line extrapolation v' Based on data from field observations [177] v" Neglect the randomness of the variables [184]
eterministic Curvefitting techniques v" Computational efficiency [177] v Inaccuracy for longterm predictions [177]
v" No interaction between component's degradation [184]
Reliability index v' Parameters associated with deterioration are random [187] v' Limited data on the performance of deteriorating structures
v" Incorporates explicitly reliability assessment [191] and the effects of maintenance actions [191]
Condition index v Consider entire deterioration and maintenance history [4] v" Condition and safety are not fully correlated [4]
Random Variable
Safety index v" Incorporates structural assessment [4] v' Large data variability and poor reliability [191]
Non-linear reliability index v Consider the non-linear deterioration effect with time [235] v Due to dispersion in results, it is not sufficient to make the most
reliable and cost-effective decisions [4]
v" Assume discrete condition states, constant inspection period,
v Capture the uncertainties of the deterioration process [194] fixed bridge population, and stationary transition probabilities [236]
Markov Chains v" Computational efficiency to manage a large number of v" Do not consider condition history (memoryless property) [187]

facilities, simplicity of use, effectiveness to identify the

most deteriorated bridges [194]

v" Transition probabilities are subjective and require updating [184]

Stochastic

v" Adequacy to employ the available condition rating data v Severity of element deterioration is described in visual terms only
v" Sojourn time is a random variable [215] v Lack of data makes difficult to estimate sojourn time for worst
v' Capable of modelling the realistic increasing deterioration states [215]
Semi Markov Chains rates [228] v Preservation actions specified for worse condition state
compared to Markov models are questionable [215, 217]
v" Exponential increase number of model states as the model
complexity increases [237]
Hidden Markov v Good to incorporate the biases of the information into the model [222] v" The formulation of those models is very dense and complex
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v" They do not hold on the Markov property, i.e. they account the historical
On the training process, the optimum result is not global but local instead
information
v" Good to overcome problems when the dataset is incomplete
v" Manageable size of the analytical model [228] Understand the complex deterioration process had to be
v" Considers interaction and dependency between different obtained before calibrating the model [227]
Petri-Nets
element deterioration processes [228]
v" Accounts for previous maintenance actions [237]
Artificial neural networks v’ Superiority in the prediction accuracy Large amount of data required
v' Identify the degree of order to generate the best fitting curve Need to process data to remove effects from previous
Artificial for the data [184] maintenance actions [184]
Intelligence Case-based reasoning v" Accounts for past improvement actions [184] Issues when the size and coverage of the case library are
v Accounts for past conditions on the predicted ones inadequate [184]
v" Considers the interaction between bridge elements The degree of matching suffers from subjectivity [184]
" - — —
.Exper't knowledge can be implemented when historical condition data are Their quantification grows rapidly with the number of nodes and states [81]
Bayesian insufficient [233]
v' Possibility to update with new data from inspections, monitoring or
Networks maintenance activities [234]
v Ability to consider multiple deterioration factors jointly [233]
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4.9 Practical case A: simply supported RC bridge

This application regards to the same bridge referred in section 3.5, chapter 3, with focus again on the
deck element. For this practical application, two different types of models are going to be implemented:
(i) degradation model based on corrosion of the reinforcing bars and (i) MC degradation model. MC
models will be developed based on a database containing inspections about condition state of other
bridges. Note that this approach is more qualitative based when compared to the corrosion-based
degradation. Thereby the evaluated metrics, i.e. the KPIs, may differ among them. However, it is

noteworthy to explore both approaches and draw some insightful comparisons.

4.9.1 Corrosion of the reinforcing bars

The corrosion of RC structures is divided into initiation and propagation phase. However, for this
application, the focus was on the propagation phase. Hence, the time zero of the degradation curve was
considered as the initiation time for corrosion. The propagation phase was governed by a corrosion rate

that, according to Vu and Stewart [171], is given by:

icorr(tp) = lcorr (o) 0.85 tp—0.29 [#A/sz] (4-20)

where i.o.(to) is the corrosion rate at the start of corrosion propagation, t,, is the time since corrosion

initiation. The initial corrosion rate is dependent on the environmental conditions. According with Lu et al.

[238]:

. TxRH(w/c) ,
I Skt S s 4-21
Leorr (to) cover [#A/Cm ] ( )
where Ty is the average temperature in Kelvin, RH is the average relative humidity, w/c is the water-
cement ratio, and the concrete cover.

Thus, the loss of reinforcing steel area, based on corrosion rates, according to [239] can be obtained

through:

nmD, (t + 0.62)%71 — 0.712]
As(tl’) = 4 DO - 17.59 lcorr(tp) (4'22)

where n is the number of rebars, D, is the initial diameter. The previous equation (4-22) was applied

assuming the ionic charge z=2 [239].
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The corresponding lifetime considered for the analysis was 100 years. A uniform reduction of the
reinforcing cross-section area was assumed. Since the pre-stressing tendons have a ticker concrete cover
than the reinforcing steel, corrosion in the formers is not governed by carbonation or chloride penetration
through the concrete cover. The propagation phase was expressed according to equations (4.20), (4.21)
and (4.22). Table 4.2 shows the considered parameters for the propagation phase. The air temperature,
as well as the relative humidity, were obtained through the Portuguese Institute for Sea and Atmosphere
(IPMA). Based on the parameters obtained for the propagation phase, the time-dependent reliability index

is illustrated in Figure 4-2.

Table 4.2 — Parameters considered for corrosion

Parameter Distribution Mean Value Standard Deviation
Air  temperature  in  Normal 288 7

Kelvin (T¢)

Relative Humidity (RH) Normal 72% 2.2%

Concrete cover (mm) Normal 30 6

¢(mm) Deterministic 25

45

Reliability index 3
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Figure 4-2 - Time-dependent reliability index

The model obtained based on corrosion degradation led to a considerable decay on the reliability index.
At the end of year 100 the corresponding reliability was around 2.7, corresponding to a loss of almost
50% of its initial value. Nevertheless, it was also noticed that the threshold reliability index of 4.3,
according to EN1990 [107] for a safety period of 50 years with high level of consequences, was crossed
at the age of 30 years. Moreover, the following time-dependent risk was computed to investigate the
obtained values for the time that the reliability crosses the threshold value. Considering the same

conditions as in section 3.5.2, see Table 3.8, the following direct and indirect consequences were again
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re-estimated. The estimation of the time-dependent consequences in terms of monetary losses must
consider the future risk. Accordingly, the future risk is obtained as [18]:

FV(t) =PV(1+r)t (4-23)

where FVis the future risk value, PV/'the present value and r the annual discount rate, herein assumed
as 2%.

Nevertheless, the obtained indirect consequences were estimated per day. Since the recovery time for
certain situations can take longer than one day, for this application, it was assumed three different times
of recovery, 3 days for a slight scenario, 180 days for a moderate scenario, and 270 days for a severe
scenario. Those recovery times were based on the study of [240] assuming the affected area was local.

Accordingly, the direct, indirect, and total consequences are assembled in Figure 4-3
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Figure 4-3 - consequences estimation: a) direct consequences; b) indirect consequences per day; c) total consequences for
three different recovery days

Accordingly, by applying the equation (3-9) , the time dependent risk was obtained. Considering the

different times of recovery, Figure 4-4 shows the estimated risk for the bridge.

o

12000

x10

5]
a
=

@

DirRisk(€)

10000

8000

6000

4000

2000

= 8
@ 2
-] =

2
=

IndirRisk per day(€)

B

Tolal Risk(€)
o

20

— RSk

3days

mean F
——Risk % days

— —Risk__ 180days
— —Risk /180 days
—e=Risk 270 days

40 60 80 100

Time (years)
a)

i === Risk, .270 days ',' ’
A
2 77
ks
1 ‘1' ’
e
=
a == ]
20 40 60 B0 100 20 40 60 80 100
Time (years) Time (years)
b) <

Figure 4-4 - Risk estimation: a) direct risk; b) indirect risk per day; c) total risk for three different recovery days
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It was concluded from the obtained results that the risk started to present serious threats after the age of
around 50 years for this application. This corresponded to a reliability index of around 3.50. In this way,
despite the threshold value proposed by EN1990 [107], the bridge still presented a very low risk assuming
these formulation conditions. Another important aspect that was noteworthy to mention here was the
comparison of those risk values with the initial construction value of this bridge. According with the initial
design reports, this bridge presented an initial cost of around 630000 €. The comparison in terms of the
ratio between the total risk of the bridge and the initial investment comprises a useful metric for the
project manager and thus for the process of decision-making. However, it should be considered in here
the discount rate over the time on the initial investment for a more realistic approach. Considering the
discount rate previously adopted, Figure 4-5 shows those estimations considering the three different
periods of recovery. It was observed from Figure 4-5 that such metric started to present serious concerns
after the age of 80 years old indicating that some measures such as maintenance or even risk mitigation
should be considered to decrease those risk levels. Furthermore, it was noticed that for the slight scenario,
the time-dependent ratio was not as serious as the other two scenarios. Once this system, as concluded
in the previous section, was highly dependent on the indirect consequences, the recovery time should

not be carefully controled.
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Figure 4-5 - Comparison with total risk and initial construction value for three different recovery times

4.9.2 Markov chain-based degradation model

The following section follows the theoretical formulation described in the section 4.4.1. To build the rate
degradation matrix, i.e. the intensity matrix, a database with several records of the condition state of the
deck with the same material of the present application was considered. This application adopted the

classification systems currently adopted in Portugal [241] wherein the condition state was described by
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a set of integers from 1 to 5, being condition state 1 and 5 the best and worst, respectively. The present
database was composed of the construction year of the element as well as a set of records of inspection
containing the date and the actual condition state.

The first step to obtain the MC model was to compute the intensity the matrix given by the transition rates
from state /to /. Those transition rates were obtained through equation (4.16). Note that those rates were
optimized through maximum likelihood estimation, see equation (4.17). Accordingly, the obtained

transition rates were given as follows:

6;|  |q34| ~ |0.623

04 d12 0.051
02| _ 923 _ |0.067
6, Qas 0.066

Hence, the intensity matrix was populated as follows:

[~0.051  0.051 0 0 0 1
| 0 —0.067 0.067 0 0 |
=1 o 0 —0.623 0.623 o |
o 0 0  —0.066 0.066!
l o 0 0 0 0 |

The second step concerned the estimation of the probability of the element being in a certain state. To
obtain that, it was important to know the real condition state of the element considered for this application.
As mentioned in section 3.5, chapter 3, the bridge was re-built as new in 2009. The latest report on this
bridge on 2013 showed the element deck was already with some sign of efflorescence and few cracks
indicating that the corrosion process might have already started. Thus, the condition state value of 2 was
given. In the absence of another type of information, the actual condition state of the element was

considered to start at the year of 2013. Hence, the initial probability was given as follows:

po=[01000]

The time dependent probability for the structure being in a specific state /and transit to state jas well as

the average condition state, given by equations (4.18) and (4.19), respectively, are depicted in Figure

4-6.
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Probabilities
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a) b)

Figure 4-6 - Final condition state for the RC deck: a) transition probabilities considering the initial condition state 2; b) final
average condition state

It was observed from Figure 4-6a) that the probability for the structure being in state 2 decreased for
almost 100% to 25% in 20 years. As the probability of being in state 2 decreased, the probability to transit
for state 4 increased. It was noticed from this figure that the probability transition to state 2 for state 3
was very reduced when compared to the others. This fact was given by the short number of records on
the database from state 2 to state 3. For this reason, the average condition state of this element deck
considering the historical inspection to other similar decks reached the state 4 at the age of 30 years old.
This should raise a warning for the project managers to carefully analyze this situation and consider
establishing some maintenance activities. However, it is worthwhile to mention here that this condition
state estimation is purely stochastic and is highly dependent on other records. Thus, as the database
increases, new conditions states, resulting from new inspections, are added influencing then the

degradation rate.

4.10 Practical case B: steel bridge

The same procedure, as previously presented in section 4.9, is herein applied, based on the steel bridge
previously described in chapter 3. The first analysis concerns the empirical formulation proposed by [168]
and [169], based on corrosion of steel structures, and the second concerns on the application of the MC

models, based on inspection reports about similar steel bridges as the presented practical application.

4.10.1 Corrosion of the steel elements
For this application, the corrosion calculation was obtained by estimating the corrosion penetration given
by the equation (4.3). As stated in section 4.1, this equation was dependent of two parameters that

accounted the different type of environment. Table 4.3 shows those different values according with [168]:
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Table 4.3 - Parameters for steel corrosion according with the environmental conditions

Unprotected carbon steel Weathering steel
Environment
B A B
Rural 34,0 0,65 33,3 0,50
Urban 80,2 0,59 50,7 0,57
Marine 70,6 0,79 40,2 0,56

For the present study, the bridge was assumed to be exposed in a rural environment and unprotected

carbon steel. Therefore, equation (4.3) was given as follows:

C(t) = 34.0t%65 (4-24)

According with section 3.6.5, chapter 3, the reliability index obtained was given by the minimum reliability
index given the truss system is isostatic, i.e. the bar [dD] with a corresponding value of 4.87. Thus, the
corrosion estimation for the system was represented by the bar [dD] for further analysis. Note that the
calculations were assumed by considering the beginning of the degradation for 1990, i.e. the renewal
year. Like the previous application, this one was focused on the propagation phase rather than the
initiation phase. In this way, the degradation curve was developed assuming the initial year as the year
that corrosion started. Although the initiation phase was not addressed in here, it was assumed a time
for the initiation of the process. In the study of [242], the authors claimed a rate of corrosion of practically
zero between 10 and 15 years for steel bridges. Bearing this in mind, a value ranging that interval could
be reasonable assumed in here. Considering all these assumptions, Figure 4-7 shows the time-dependent
reliability index. The estimated reliability index showed a considerable drop over the time. It was observed
that the threshold value, preconized by the EN 1990 [107], was crossed after 20 years of starting the
corrosion. The final obtained value, after 100 years, was 2.50, around 50% of its initial value. This issue

appoints for some potential problems that the bridge might present in terms of performance and safety.

Corrosion degradation

Reliability index 3

10 20 30 40 50 60 70 80 90 100
Time(years)

Figure 4-7 - Time dependent reliability index
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Furthermore, the time-dependent risk was herein obtained considering the same procedure as the
previous section. According with the parameters defined in Table 3.14, equation (3-9) and equation

(4.23), Figure 4-8 and Figure 4-9 show the consequences and the obtained risk, respectively.
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Figure 4-8 - consequences estimation: a) direct consequences; b) indirect consequences per day; c) total consequences for
three different recovery days
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Figure 4-9 - Risk estimation: a) direct risk; b) indirect risk per day; c) total risk for three different recovery days

The risk curves depicted in Figure 4-9a), b) and c) showed a very low value until the age of 60 years.
Moreover, the total risk observed in Figure 49 showed a low dependency on the indirect risk in
comparison with the previous application. For this reason, the values for the total risk considering different
types of recovery were somehow similar among each other. This outcome was consistent with the
calculation of the robustness index in section 3.6.7. Furthermore, a comparison of the total risk and the
initial cost of the bridge, considering the reconstruction year of 1990, was made. According with the
bridge reports, the renewal of the bridge was roughly estimated on 205000 euros. Figure 4-10 depicts
the time dependent ratio estimation. From the Figure 4-10, it was observed that those ratio values
presented a considerable increase after the age of 90 years. In fact, for cases with higher recovery time,

the ratio started to present values over 100% denoting that the risk started to be considerably higher that
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the value invested on the initial reconstruction. Hence, establishing maintenance activities constitutes an

essential measure to avoid reaching those values.
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Figure 4-10 - Comparison with total risk and initial construction value
for three different recovery times

4.10.2 Markov chain-based degradation model
The same formulation described on section 4.9.2 was applied in here. Note that the database adopted
for this application followed the same principles as the database presented in the previous practical

application but considering steel bridge element records. The intensity matrix was given by:

61 12 0.187
0,1 _|4923| _ 10.169
03 q34]  10.330
0,1 1qss 0.01

The intensity matrix was populated as follows:

[—0.187  0.187 0 0 07
| 0 —0.169 0.169 0 0 |
Q=1 o 0 —-0.330 0330 o0 |
| o 0 o —001 0.01!
| 0 0 0 0 0 |

The reports of the bridge inspection showed signs of degradation in many points of the elements being
attributed a current condition state of 2 at the year of 2016. In the absence of further information, the
degradation curve considered the initial year of 2016. Thus, the initial probability condition vector was

given by:
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po=1[01000]

The corresponding time dependent probability of transition as well as the average condition state are

assembled, according with equations (4.18) and (4.19), in Figure 4-11.

5 — - - - T + - —— -

0 20 30 40 50 80 70 a0 90 100 10 20 30 a0 50 60 70 80 90 100
Time (years) Time (years)

a) b)

Figure 4-11 - Final condition state for the steel bars: a) transition probabilities considering the initial condition state 2; b) final
average condition state

Observing the Figure 4-11 a), the probability of structure being in the states 2 and 3 lasted approximately
10 years. This fact was also observed in the Figure 4-11 b) wherein at the end of the year 10, the average
condition state was around 3.50. The condition state increased rapidly to 4 (around year 20) once the
probability of being in that state was very high (around of 80%). Considering that very few inspections
verified the transition of state 4 to state 5, this highlights the fact of the curve never reached properly that
condition state. Nevertheless, as stated in the previous application, those curves could suffer continuous
variations on the condition as the database is fed with more inspections that lead to a more accurate

measure.

4.11 Discussion of the obtained models

Two different models were obtained on the previous practical applications aiming to estimate the time

dependent condition state. Figure 4-12 resumes the final obtained models for this practical application.
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Figure 4-12 — Resume of the models considering the two presented fornulations: a) reliability for RC deck; b) reliability for
steel bars; c) risk and risk ratio for RC deck; d) risk and risk ratio for steel bars; e) qualitative condition state for RC deck; f)
qualitative condition state for steel bars

The results revealed interesting insights by pointing issues regarding the definition of strategies of
maintenance and mitigation after reaching certain levels of performance. However, those models are
difficult to compare in terms of being better or worse on predicting the actual state. Such fact relies on
its formulation and the level of uncertainty. While reliability and risk calculation rely on empirical models,

the qualitative estimation of the condition state relies on stochastic models based on inspection reports.
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Regarding the later, the inspection reports are very uncertain once they are dependent on the skill of the
inspector and on what he is concerned to assess. In other words, such estimation is based on qualitative
assessment belonging to level zero scale according with SAMCO [80]. Concerning the former, the
empirical formulations combined with probabilistic assessment tend to provide a more exact and reliable
result. Yet, those results can lead to some uncertainties once the conditions measured to build the
empirical formulations might not match exactly the reality of the practical application. An alternative for a
better assessment would be the combination of those models for a more accurate consideration when
defining the maintenance and mitigation actions. This approach was suggested by Neves and Frangopol
[193] as stated in section 4.3. However, this application goes a bit further by proposing an analysis not
only based on the condition state and safety index but also by considering the risk measure on the

problem formulation providing thus a more detailed approach.

4.12 Final remarks

The present chapter aimed to describe the state of the art on the degradation modelling of infrastructures.
Several models were discussed in terms of formulation as well as its applications by several authors over
the literature. It was concluded that the most employed degradation model on infrastructures still relies
on the MC models despite their limitations as presented in Table 4.1. Regarding the practical applications,
two different models were applied, an empirical and qualitative based, respectively. The results provided
a very useful information to understand the process of degradation that the element was subjected as
well as how that degradation could influence on the decision of maintenance activities.

Regarding the first model applied, two different KPls were estimated, reliability and risk. Concerning the
reliability, it was observed that the threshold value according with EN 1990 [107] was crossed at the age
of 30 and 20 years since the starting time of corrosion, respectively for the two practical applications.
However, according with the assumptions preconized for these applications, the risk values showed to be
practically zero at those ages. In fact, the risk started to present a considerable threat at the age of 70
years old. Moreover, to understand how serious the risk for those practical applications could be, a
comparison was made between the obtained risk and the initial investment on the bridge renewal.

In what concerns the second model, a qualitative KPI based on the condition rating from 1 to 5, was
estimated. Unlike the first type of model, the second was built based on reports provided by visual
inspections. Such assumptions raised uncertainties on the model, mainly related to the skill of the
inspector and on the number of records registered, i.e. the length of the dataset. In fact, those
uncertainties were clearly observed when the calculation of the transition probabilities to build the average
condition state. Concerning the uncertainties of both models, an alternative proposal of assessment relied

on the combination of those two models, and visualize the degradation rate considering both quantitative,
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i.e. reliability and risk based models, and qualitative, i.e. condition index models based on expert opinion.
Nevertheless, it should be noted that quantitative models are also associated to uncertainties and it should
be accounted on the analysis of the degradation models. The next chapter aims to discuss the topics
related to the life-cycle cost analysis of infrastructures, maintenance activities and optimization of the

costs while performing those maintenance.
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5 Life cycle analysis
Life-cycle analysis of an infrastructure is a financial supporting tool since it allows to the project manager
an estimation of costs at a long term. This analysis can be used for several phases of the lifetime of the
system: (i) design; (ii) maintenance; (iii) end-of-life. According to Sanchez-Silva [243], life-cycle analysis
can be defined as “project evaluation strategy directed to assess the environmental and/or economic
impacts of a product or service throughout its lifetime”. To achieve sustainability on the infrastructures,
the life-cycle analysis combines three different areas: economic, social, and environmental. Sustainability
is a very important indicator to have into account in a life cycle of large infrastructures systems since they
have a strong impact on the social-economic growth of a society. It has become an important issue in the
1980s after the release of a report by the World Commission on Environmental and Development [244].
In this report, sustainability was defined as “Development that meets the needs of the present without
compromising the ability of future generations fo meet their own needs”.
Furthermore, several works regarding the developments on the sustainability area have been developed.
For example, Zavadskas et al. [245] presented an overview of sustainable decision making in civil
engineering referring that between 2013 and 2017, there were a great number of contributions on the
topic. Kloepffer [246] summarized the life cycle assessment state of the art and proposed different
approaches of calculating the sustainability by the three areas, above mentioned, in a separate way. In
Elkington [247] it was proposed seven performance measures:(i) public safety, public health, public
security, social equity for social area; (ii) lifecycle cost, asset value, service level and functionality for
economical area and (iii) emissions, resource conservation and climate change adoption for
environmental area. In Bocchini et al. [248], there were defined the aspects of sustainability by four levels
being the level 4 composed by single indicators, level 3 the categorization of indicator, level 2 the three
dimensions for the areas and the level 1 the sustainability itself as a role model. Concerning the studies
on the infrastructures, for example, Gervasio et al. [249] proposed a work of comparison of alternative
for bridge taking into account economic, social and environmental analysis. Dong et al. [19] presented a
work to assess the sustainability over a life cycle of a bridge under multi-hazards. The approach included
hazards such as floods and earthquake. For the sustainability, it was considered social, environmental,
and economic including fatalities, CO. emissions and energy waste and expected losses in terms of
money. Dong et al. [250] presented a work to a bridge network to study the sustainability under a seismic
region to assess the hazard effects. The same authors also developed a work on the multi-objective retrofit

optimization of bridge network having into account in the sustainability and cost of retrofit actions in the
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conflictive objectives. Sabrina Engert [251] presented a literature review on the most important issues for

incorporating sustainability into a strategic management. Zoubir Lounis [252] discussed also the topic of

sustainability by proposing a work with two examples of application, the first based on risk and the second

based on resilience to a seismic event. In the following Table 5.1, an overview of the three areas of

sustainability is presented.

Table 5.1 - Life cycle measures

Definition

Variables/indicators involved

Life cycle costs

Agency costs are the costs that are
Agency costs concerned to the owner during the entire

life of an asset.

Construction/Design costs: Maintenance costs

v" Material acquisition v Inspection costs

and transportation; v" Preventive and essential
v" Construction maintenance costs
equipment; End-of-life costs

v' Man-power cost v" Demolition and removal costs

“The  consequences on  human
populations of any public or private

actions that alter the ways in which

Vehicle Operating Costs

User Costs people live, work, play, relate to one Traffic Delay Costs
another, organize themselves so as to Traffic Accident Costs
meet their needs and generally cope as
members of society”[253]
“LCA is a standardized and systematic
Photo oxidant formation
Society, method that evaluates the potential Noise and Aesthetic Costs

Environmental environmental impacts of a product or a

costs/ Life cycle  service throughout its whole life cycle,

Assessment from raw  material  acquisition,

(LCA) manufacture, use and maintenance till

the end of the life of its function” [254]

Acidification
Abiotic depletion
Eutrophication
Global warming
Ecotoxicity
0Ozone depletion
Human Toxicity

Waste production

5.1 Life cycle agency costs

As presented in Table 5.1, life cycle agency costs (LCAC) can be roughly divided in three main groups:

(i) Construction Cost; (ii) Operation Cost and (iii) End-of-life cost. The construction cost refers to the

process related to the design of the bridge that covers the cost of material acquisition and transportation,

cost of construction equipment and cost of man-power. The operation cost includes the inspections,

maintenance, and repair actions. The end-of-life cost concerns issues about demolition cost and residual

value. The residual value here is intended to the real value of demolished materials. In the LCAC

calculation, one of the most popular approaches to define a financial/economic framework is to apply
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the Net Present Value (NPV) procedure. Basically, NPV can convert cost at different times to current costs

by using a discount cash flow method. Generally, the calculation is given by:

n Ct
t=0

where C, is the sum of all relevant costs and r is the discount rate. The adoption of a reasonable value
for the discount rate is difficult as there is no unique way to define it. According to the different problems
those values can change. For example, for the case of infrastructures, those values can range from 0.9%
to 2.5% while for financial market, those values can range between 2 and 8% [243]. Those different values
of discount rates are also concerned with the period of analysis of a given problem. Given that
infrastructures tend to by designed for larger periods of time, high discount rates would devalue the initial
value at long term.

For this thesis, the cost calculation is focused on the operations costs, i.e. the costs related with
inspections and maintenance activities. Inspection activities are not directly involved in the maintenance
of the infrastructures in terms of reducing the rate of degradation. However, to prevent a complete lack
of monitorization of the bridge, inspection practices are employed. Those inspection actions are
dependent on several factors such as the condition of the bridge, the type of inspection, skill of the
inspector, the type of material, among others. Nielsen et al. [255] proposes in their work a reasonable

estimation of the costs of inspection, given by the following equation:

t

Cinsp ® =
t=

n

2d (20 + 05L)HXSXIxM cac
’ %‘l' 60 x(l+ v)x

1
m) (5-2)
where 1 is the horizon time, ¢ is the distance from depot in km, / is the length of the bridge, A the
condition of the bridge, S the skill of the inspector, /the inspection type, M the bridge material, C; the
labor costs (€/h), C,, the vehicle costs (€/h) and rthe discount rate.

Concerning maintenance actions, they are carried out to slow the degradation rate. The quantification on
the maintenance costs for one specific year are given by the following equation:

MCypom = S0 AUC X Aqy X ) X —— (5-3)

(1+r)t
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where MC; ,,p, is the nominal maintenance costs for year t (€), i is the activity 7 until m, AUC; is the
unit cost of activity (€/unit), Aq; the quantity of units for activity i in year t (unit) and v is reduction
factor of the costs according with the condition state of the structure as proposed in [149].

The maintenance activities can be roughly classified into two groups: (i) preventive maintenance, i.e.
activities to slow the degradation rate, and (ii) essential maintenance, i.e. an instant improvement on the
condition state of the infrastructure [256]. Figure 5-1 shows an example of application of preventive and

essential maintenance activities.

. Maintenance scenario 1
Preventive Maintenance — Maintenance scenario 2

= = No maintenance

Essential
Maintenance

Condition rating
/

Time (years)

Figure 5-1 — Example of application of preventive and essential maintenance activities

5.2 Life cycle user costs

Social assessment represents the area that is less taken into account while comparing to the economic
and environmental [257, 258]. As stated by International Committee on Guidelines and Principles [253],
social impacts are defined as “fhe consequences on human populations of any public or private actions
that alter the ways in which people live, work, play, relate to one another, organise themselves so as fto
meet their needs and generally cope as members of society”. Di Cesare [259] conducted a literature
review on the positive impacts of life cycle social assessment (LCSA) stating that there was an effort to
express the social indicators as quantitative variables. Rodolfo Vasquez [260] conducted a work for the
definition of a practical guide for the implementation of social sustainability in the construction projects
during the design and planning phase. Regarding bridges, there are specific social indicators that are of
great importance to be analysed. For example. Gervasio [261] defined mandatory indicators namely
vehicle operating costs, traffic delay costs and traffic accident costs, and optional indicators such as noise

and aesthetics. Thof Christensen [262] presented in his work several reports of consideration of user
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costs and argued that in most of the cases, life cycle agency costs were ten times lower than the user
costs.

There are proposed in the literature measures to obtain these costs. Sundquist and Karoumi [263]
proposed equations to obtain measures for vehicle operating, traffic delay and traffic accident costs.
These costs were the result of work zones that were associated with the construction and maintenance
of the infrastructure during its life-cycle. In addition, for railway infrastructures there were also some works
presenting the estimation of the user costs. For example, in the work of Almeida [149], the maintenance

activity costs, for the application of railway bridges, is given by the following expression:

1
(141)t

Indos (t) = X7, [VA, X DUR x TMD x PER X (ATR + ATF)] x

(5-4)

where VA, are the delay costs (€/min) that the infrastructure company must pay to the train operator
in case of maintenance activities and obtained according with an asset owner, DUR is the duration of
the maintenance activity given in days, TMD is the average daily traffic of trains, PER is the traffic
conditioning duration of the bridge related to the preventive intervention, ATR and ATF and delays
related to the speed reductions and braking, respectively. Those parameters are herein estimated
according with [264] and given by:

1

ATR = 60 x (BL + 0.15) x (Si - S—) (5-5)

1000
60X60%X60

ATF =

X (S, — S,) X (2.2 — 0.0105 X S,.) (5-6)

where S,- and S, are the reduced and normal speed in km/h, respectively, BL is the bridge length, in
km, added of 150 meters wherein there is the reduced speed. Note that the numerical member of the
equations the serves the purpose of converting the units from kilometers to meters and the time units of
hours to minutes.

Furthermore, in the work of Nielson [255], it is proposed an estimation loss during maintenance activities

on the railway track wherein the time loss due to the activities is given by:

Ty = (I + 3 x 1)) X (@ - @) (5-7)

Sy Sp

where Tj is the time lost due to the speed restriction (minutes), 1 is the length of the restricted track

(Km), 1; is the train length (Km), S, is the restricted speed (Km/h) and S, is the normal speed (Km/h).
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5.3 Discussion of LCAC, LCSA, LCA works applied in the civil engineering field

In the civil engineering field, mainly on bridges, there are numerous works conducted by on the LCAC,
LCSA and LCA topics. In what concerns the LCAC, all the works focused mainly the direct inspection,
maintenance and/or replacement the components at the infrastructure and network level. Those works
can be seen in [265], [266], [267], [255, 268], [269], [270], [271], [14].

Regarding LCSA, the literature has shown that there were still few studies in the field of bridges regarding
social analysis and the costs for the society along the life cycle. In the work of Orcesi and Cremona [205],
it was proposed a network bridge management system considering the position of each bridge. They used
the visual inspections to assess the performance of the bridge. While defining the optimization problem
to search for the optimal strategies, the user and owner interests were taken as two conflictive objectives;
Gervasio and Silva [272] quantified the user costs along the life cycle of bridges by probabilistic analysis.
Social indicators adopted in the study were: (i) Drivers delay cost; (ii) Vehicle operation costs; (iii) Accident
costs; Navarro et al. [273] conducted a Reliability-based durability evaluation on the maintenance
procedure (corrosion assessment) and the analysis of the social impact on the life cycle of the bridges.
The social indicators under analysis were the workers, society, consumer, and the local community.
Concerning LCA, the literature denoted different topics under study. The first regarded the comparison
among different alternatives to bridges, their costs along the life cycle and their environmental impact,
see the works of [274], [275], [276] and [277]. The second was similar to the first but the comparison
was made in terms of components of the bridges. Studies regarding these comparisons can be seen in
[278], [279], [280], [281], [282] , [283] and [284]. The third compared the adoption of new materials
such as high-performance concrete and wood, see [285] and [286]. The fourth study concerned the
environmental impact of CO2 emissions under natural hazards such as earthquakes, see [287] and
[288].

After a review of these studies, it was concluded that all these issues, regarding quantification of costs
along the life cycle, were focused more on roadway bridges than railway bridges. The same occurred with
the type of materials adopted. Majority of the concerned the reinforced concrete structures, steel
structures and composite concrete-steel structures. Masonry and timber structures were the less

investigated.

5.4 Optimization and decision-making process

Optimization denotes a very important part of a management system since it is responsible to provide

several different optimal plans along the life cycle for the decision-making process. The complexity of the
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optimization problem depends on the level of analysis (e.g., member level, infrastructure level, among
others). There are several techniques to solve optimization problems. In real problems, the optimization
problem involves more than one objective. Therefore, the problem turns into a multi objective optimization

(MOP). Regarding its mathematical formulation, MOP can be stated as:

minimize f(x) = (fi(x), ..., fs(x)) where x € Q (5-8)
subjected to:

gj(x) = 0,withj=1,..,m

hi(x) =2 0,withi=m+1,..,m+p

where x is the decision variable vector, f(x) it the objective function vector, g(x) is the inequality type
restriction vector and h(x) is the equality type restriction vector. Commonly in MOP, conflicting objectives
is very likely to occur, and the problem can be formulated into three different types: (i) minimize all
objectives; (ii) maximize all objectives; (iii) minimize/maximize some objectives [289]. In these types of
problems, there are no single optimal solution but a set of optimal solutions that define the so-called
Pareto optimal front, a set of tradeoffs that represent different compromises between the objectives. The
Pareto front contains all the non-dominated solutions of a MOP, meaning that none of them is better than

another. An illustration of a MOP and the optimal Pareto front can be seen in Figure 5-2.

+ Non-dominated solutions
+ + Dominated solutions
+ — Fitted Pareto Curve

f2(0)

fi(x)
Figure 5-2 - Pareto front example
There are several ways of solving an optimization problem: (i) the traditional algorithms and (ii)
evolutionary algorithms (EA). Thorough concern will be given to EA since they will be applied in this thesis.

Nevertheless, for further details on the mathematical formulations and practical applications of the

traditional algorithms, the reader is referred to [290].
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EA have been gaining high interest in the field of engineering during these recent years. EA are used to
solve problems that adopt computational models based on evolution mechanisms. These evolution
mechanisms are related to biological evolution processes [289]. EA presents the following features: (i)
set of individuals that represent potential solutions maintained in a population; (ii) selection mechanism
enhancing the survival of the individuals which represent best quality solutions for the problem; (iii)
exploring mechanisms of the space of search (and diversity control). As traditional algorithms, EA are
solved by iterative processes. The process, normally, initiates by an approximation to the optimal solution.
The iterative process is stopped once the criteria pre-defined is achieved. Almost all the algorithms use
the objective function as well as the restrictions to the problem. Table 5.2 presents some differences

between the two types of algorithms.

Table 5.2 - EA vs Traditional algorithms
EA Traditional

Search, in parallel, with a basis of a population of potential Sequential search with a basis solution on search fields

solutions

Does not requires more information than objective function and  Can be required more information than objective function and

restrictions restrictions

Initial population Initial approximation

No conditions due convexity/ differentiability Can demand conditions due convexity/ differentiability
Probabilistic search rules Deterministic search rules

5.4.1 Genetic algorithms

Genetic Algorithms (GAs) are one of the examples of EA that can be applied to solve the optimization
problem in field of bridge management. GAs are a heuristic optimization technique based on Darwin’s
natural selection and evolution being a robust method capable of solving optimization problems of great
complexity and dimension, presenting a great advantage when the number of combinations is extremely
large, since it allows to limit the search of a value closest to the optimum. The main strengths of GA’s
that can be mentioned are: (i) the efficiency in producing good solutions for difficult combinatorial
optimization problems and the potential capability to converge to the optimum; (i) the reduced probability
of the solution to converge to a local minima; (iii) the exemption to express the objective function,
constraints, or any other problem parameters in mathematical form and its high adaptability to different
types of problems [291]. However, it is worth to mention that GA leads to solution closest to the optimum
and not properly to the optimal solution. Another drawback is the high time-computing. Regarding its

differences between other optimization processes, Goldberg [292] pointed out four main differences: (i)
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GAs work with a coding of the parameter set, not the parameters themselves; (i) GAs search from a
population of points, not a single point; (iii) GAs use payoff (objective function) information, not derivate
or other auxiliary knowledge and, finally, (iv) GAs use probabilistic transition rules, not deterministic rules.
The GA algorithm initializes with an initial population that, according with the fitness function, will be
evaluated through steps such as selection, crossover, and mutation. Figure 5-3 illustrates the GA

flowchart.

‘ Initialize population ‘

l

‘ Fitness Function Assessment

Convergence
Cr\terla
End

Selection ‘ —* ‘ Crossover and Mutation

Figure 5-3 - Flowchart GA algorithm

Regarding the population reproduction, each group of individuals represents a candidate solution that is
evaluated according with the objective function. The main objective of the reproduction it to highlight the
good candidates and eliminate bad solutions. This operation is covered by the following steps: (i)
identification of the good solutions; (i) perform multiple copies of good solutions; (iii) eliminate the bad
solutions from the population in way the good solutions can be placed in the population [293]. To solve
the above-mentioned steps there are applied several methods such as tournament selection,
proportionate selection, ranking selection. In the crossover operator, the genetic code of parents is
combined to obtain the child. The genetic code of the parents can be split by different ways to generate
the children. Figure 5-4 shows the crossover mutation obtained by a single point. Mutation operator is
responsible to impose variations on the population, by changing on the string 0 to 1, to avoid the algorithm
to be trapped and to avoid reaching local minimum, see Figure 5-4.

The stopping criteria process for the described steps is achieved in the following situations: (i) number of
generations, (i) computation time, (iii) fitness value, (iv) difference on the average fitting between
generations is less than a specific value and (v) the average change in the spread of Pareto solutions is

less than a specific value [294].
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New Popuitation

Figure 5-4 - GA Operations (adapted from [295])

The literature review presents several works on the GAs field wherein different types of EA are used to
solve the engineering problems. For a thorough a comprehensive understating of the several EA
applications, the reader is referred to [296] , wherein a state of the art on multi objective evolutionary
algorithms (MOEA) is discussed. Further applications of MOEA can be consulted in [297]. For this thesis,
the non-dominated-sorting genetic algorithm (NSGA) Il is herein applied. NSGA Il is one of the most well-
known and used on implementations for MOP. It is fast sorting and elite multi objective GA and presents
three special characteristics, fast non-denominated sorting approach, fast crowded distance estimation
procedure and simple crowded comparison operator. Basically, this algorithm covers the following steps:
(i) population initiation; (ii) non-domination sort; (iii) crowding distance; (iv) selection; (v) genetic operators
and (vi) recommendation and selection [298]. Figure 5-5 illustrates a schematic functionality of the

algorithm. For a deeper understanding of the algorithm, the readers are referred to [299] and [300].

Current Generation Next Generation

P Progenitors P Children 2P Members P Parents

E.—Fl

Crowding

Crossover
Population Mutation

Figure 5-5 - Schematic representation of NSGA Il steps (adapted from [301])
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5.4.2 MOP works in the field of civil engineering based on GA

There are two different phases in the process of optimization, the phase which generates optimal solutions
for the problem under analysis and the phase of decision-making that corresponds to the selection of the
solution considering the objectives of the problem. A great number of studies considering life-cycle
optimization of infrastructures were developed with the aim of presenting the best scenarios of
maintenance and rehabilitation (M&R) [266, 269, 302-315]. After reviewing these studies, all of them
aimed to solve the problem of having conflict objectives: the performance of the infrastructure and the
investment to keep the infrastructure on a desirable level, i.e. life cycle costs. The most typical studies
only considered two objectives. However, some exceptions could be found on the studies of Sunyong Kim
and Frangopol [314] in which six objectives were considered: maximizing the probability of fatigue crack
damage detection, minimizing the expected fatigue crack damage detection delay, minimizing the
expected repair delay, minimizing the damage detection time-based probability of failure, maximizing the
expected extended service life, and minimizing the expected life-cycle cost; Frangopol [315] wherein it
was reviewed the accomplishments in the life-cycle performance and it was shown an example of a Pareto
solution with three-objective optimization: the maximum condition index, minimum mean safety and
present cumulative cost at the end of lifetime; Okasha and Frangopol [266] wherein it was presented a
Pareto optimal set for tri-objective optimization considering minimum redundancy index, maximum
probability of failure and life cycle costs; Garcia-Segura and Yepes [311], in which it was considered in
their study an optimization problem with three objectives: Cost, CO2 emissions and Safety. All these
studies pointed out the importance of quantifying all the costs that were measured at economic, social,

and environmental level.

5.5 Framework validation considering life-cycle analysis and optimization

Considering all the concepts previously presented, Figure 5-6 depicts a framework by combining the life
cycle cost analysis and the optimization problem. The framework is divided into three modules: (i)
structural assessment and degradation modelling previously discussed in chapters 3 and 4; (ii)
maintenance activities and (iii) optimization problem. The framework is hereafter validated through two
different practical applications, a simply supported RC Bridge, previously presented in chapter 3 and a

network analysis.
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Legend: Problem formulation
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Figure 5-6 - Proposed framework

5.6 Practical case A: simply supported RC bridge

Considering again the practical application of the simply supported RC bridge described in chapter 3, the
following section aims to apply the concepts previously discussed regarding life cycle analysis and
optimization and validate the framework presented in Figure 5-6. Considering the LCAC, i.e. the direct
costs associated to the maintenance and rehabilitation (M&R) activities, Table 5.3 resumes the adopted
values for the current application. For the sake of simplicity, the M&R activities were categorically labeled
as preventive and essential activities. Furthermore, the considered effects, as well as the costs were also
assumed to highlight the practical application. To address uncertainty, a triangular distribution was

assumed on the quantification of the effects.
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Table 5.3 - Effects of the M&R actions

Type of Effect of the maintenance Quantification Cost (€/m?)

maintenance

Time of reduction
Rate of reduction (&)

(&)
ID 1: Slow the degradation rate 25 €/m?
TD* (years) TD*
Preventive
(2,3,4) (40% , 60% , 75%)
maintenance
Time of delay (t4)
ID 2: Keep the same condition during a
TD* (years) 50 €/m?
period
(2,3,4)
Essential TD* (5%,10%,15%) of the KPI considered for the
ID 3: Improvement on the condition state 150 €/m?
maintenance initial age

* TD stands for triangular distribution with (min value, most likely value, max value)

As for the LCSA, i.e. the user costs, its calculation were based on equations (5-4) , (5-5) and (5-6).

Accordingly, Table 5.4 shows the adopted parameters

Table 5.4 — Parameters considered in the indirect costs

Parameters Quantification
DUR Expert opinion
L (m) 13
Type of train Medium to long trip trains
VA, (€/min)* 2.5
Sy (km/h) 30
Sn (km/h) 120
TMD* 15

TD** (10%-40%-70%) - preventive
PER

TD** (80%-90%-100%) - corrective

* Values considered according with [149]

**TD stands for triangular distribution with (min value, most likely value, max value)

5.6.1 Optimization problem

Having defined the parameters to estimate the life cycle costs, the next step concerned the optimization
problem definition. The project manager seeks to obtain the best maintenance plan by defining an
appropriate schedule. Although maintenance plans with a great number of maintenance activities result
in a less deteriorated structure, their costs are considerably higher. This leads to a multi-objective
optimization with two conflicting objectives that must be simultaneously optimized. The optimization

problem was solving using the NSGA—II, through the gamultiob built in function of MATLAB [316].The
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population size was of 500 and considered alongside with 50 generations. A crossover scattered function,
to generate the crossover for children, was adopted and a tolerance criterion of 1e-6. Accordingly, the
optimization problem was stated as follows:
Find:

e The optimal maintenance schedule (decision-making vector)
To achieve the following conflicting objectives:

e Maximize the final reliability index

e Minimize the costs
Submitted to the following constraint:

e t; —t; = 5 years (the interval between two applications shall not be lower than 5 years)

The obtained results can be shown in the Pareto front, which illustrates possible trade-off solutions, see
Figure 5-7a), for the lifetime of 100 years. It is worthwhile to mention that each solution of the Pareto
front represents an optimal solution with a different possible scenario. For sake of simplicity, three
representative solutions were chosen.
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a) b)
Figure 5-7 - Optimal solutions: a) Pareto front; b) Reliability-based

Each solution related its performance as well as the life cycle costs, see Figure 5-7b), Figure 5-8a) and
Figure 5-8b). Solution 1 was the least expensive solution, presenting thus the worst performance. Solution
3 represented the most expensive solution, because more maintenance actions were applied, yet the best
in terms of performance. Solution 2 represented the solution wherein the same weight was given for costs

and performance.
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Figure 5-8 - Costs estimation: a) Direct Costs; b) Indirect Costs

Associated to the obtained reliability index, Figure 5-9 and Figure 5-10 presents the corresponding risk

as well as the ratio, respectively, for 3, 180 and 270 days of recovery. It was noticed that the

implementation of the maintenance activities decreased considerable the initial risk of the structure as

well as the ratio that relates the risk of the structure and the initial value of the construction.
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Figure 5-9 - Total Risk: a) 3 days of recovery; b) 180 days of recovery; c) 270 days of recovery
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Figure 5-10 - Ratio estimation: a) 3 days of recovery; b) 180 days of recovery; c) 270 days of recovery

Another important aspect to discuss relies on the risk measure. Note that the previous calculations relied

on the reliability index in the objective function. The risk was obtained indirectly from the reliability index.
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Considering the risk directly on the objective function, the purpose of this analysis was to investigate how
different the costs of maintenance were when compared to the reliability index. Note that from the time-
dependent risk curve obtained in the chapter 4, the risk was considered important around the middle age
of the bridge. In this way, the problem of optimization was formulated after the age of 50. Furthermore,
a constraint of a time interval of application of maintenance actions between 5 years was assumed in this
approach. For sake of simplicity, the risk was considered and evaluated by its mean value. Considering
all these assumptions, Figure 5-11, Figure 5-12, Figure 5-13, Figure 5-14 and Figure 5-15 depict the

obtained results.
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a) b)

c)

Figure 5-13 - Direct costs: a) 3 days of recovery; b) 180 days of recovery; c) 270 days of recovery
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Figure 5-14 - Indirect costs: a) 3 days of recovery; b) 180 days of recovery; c) 270 days of recovery
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Observing the optimization results by considering the risk measure, it was concluded that the involved

costs, in comparison with the previous optimization, were higher. In fact, this result was expected as the

optimization was carried out only after the age of 50. Since the risk exponentially grows every year, to

reduce those values, more direct costs are involved. Hence, the consideration of the reliability curve

instead in the objective is though more conservative, less costly, and therefore more recommended for

this type of analysis.

5.7 Practical case B: Network Analysis

The following practical application considers an example of a theoretical network aiming to emphasize an

optimization process in a higher level rather than an isolated bridge. For the following example, a simple

network was considered, see Figure 5-16.
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Figure 5-16 — Network scheme

The railway bridges were assumed to present the same materials as the examples covered in the previous
chapters 3 and 4, i.e. concrete and steel. Because two bridges might be insufficient to conduct this
practical application, a third bridge was added. It was assumed that the third bridge was made of concrete
material and composed of large span deck. For the network level, the level of complexity regarding the
structural assessment decreases as the calculations do not focus on a simple element. In this way, the
inspection based key performance indicators (KPIs) present a better option. Bearing this in mind, the
following analysis will consider the condition index based KPI. The following bridges were considered to
present the same degradation pattern for the intensity matrixes calculated in the chapter 4. For the sake
of simplicity, the time horizon assumed here will be reduced and considered as 30 years. Table 5.5

resumes all the assumptions for the present case application.

Table 5.5 — Bridge features considered for the application

Span Width (m)  Material Initial condition
length(m) state
Bridge A 10 Concrete 2
Bridge B 30 5.0 Steel 2
Bridge C 50 Concrete 3

The considered effects as well as the costs were the same as presented in Table 5.3 except for the
improvement effect, in which a triangular distribution, 7D(0.5,1,1.5), was considered. For the indirect

costs, the parameters are presented in the Table 5.6.
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Table 5.6 — Paramters of the indirect costs

Parameters Quantification

DUR Expert opinion

l (m) Length accordingly with Table 5.5
Type of train Medium to long trip trains

VA, (€/min)* 2.5

S, (km/h) 30

Sn (km/h) 160

TMD 20

PER TD** (10%-40%-70%) - preventive

TD** (80%-90%-100%) - corrective

**TD stands for triangular distribution

5.7.1 Optimization problem
The optimization problem was considered by looking each bridge individually at the first stage. In this
stage the objective was to compute the optimal schedule of each bridge considering the cost and the
performance of the bridge, same principle as the previous chapter. The difference relied on the MOP
initial formulation wherein the objective was to minimize the worst condition state obtained. In this way,
the MOP was stated as follows:
Find:

e The optimal maintenance schedule (decision-making vector)
To achieve the following conflicting objectives:

e Minimize the worst condition index obtained

e Minimize the costs
Submitted to the following constraint:

e t; —t; = 5 years (the interval between two applications shall not be lower than 5 years)

The results for each bridge are shown in Figure 5-17, Figure 5-18, Figure 5-19 and Figure 5-20. Again,
for the sake of simplicity, three different solutions were selected to show the performance of the curves
as well as the involved costs. It was observed from those figures that the maintenance activities efficiently
kept the condition state on low values, mainly for the schedules that are related with the application of
the essential maintenance, i.e. ID3. Note that, although the effect of the ID3 was more expensive, the
optimization opted for choosing this solution since there was a considerable improvement on the

performance.
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5.7.2 Combination of the optimal solutions

The next step on the definition of an optimal network combined the previous results of a single bridge on
global optimal maintenance of the network. Table 5.7 shows a resume of the maintenance actions applied
on each bridge as well as the accumulated costs. Table 5.8 shows the corresponding combining results

for the network.

Table 5.7 — Proposal of optimal M&R actions and costs for each bridge

Sl S2 S3
ID1 D2 D3 ID1 D2 ID3 ID1 ID2 D3

Bridge A Year(s) of application 6 - - - 3 29 4 10,16 23,29
Final Cum Costs 962.0 8795.0 18781.0

Bridge B Year(s) of application 29 - - 2 - 25 12 4 23,29
Final Cum Costs 1670.0 16294.0 33381.0

Bridge C Year(s) of application 28 - - - 3 26 - 39,15 21,27
Final Costs 3682.0 32040.0 72106.0

Table 5.8 — Proposal of the optimal M&R actions and costs for the network

s1 52 s3
ID1 D2 D3 IDI__ ID2 ID3 ID1 ID2 ID3
6(B1) 29(B1), 10,16(B1) 23,29(B1)
Zeaﬁ(:t)i;: 2882 - - 2(Bl 33((8812))' 26(B2), fé?Bl;') 3,9,15(82) 21,27(82)
Network PP 29(83) 25(B3) 4(83) 23,29(B3)
Final 6314.0 57129.0 124268.0
Costs

According with the results obtained by Table 5.8 for the network analysis, it was concluded a considerable
increase on the obtained costs for the three optimal solutions. Figure 5-21 shows a pie-chart with the
weight of each bridge in the overall costs. It was observed that the bridge C represented more than 50%
of the costs. This fact was associated to the length of the span. If the span increases, the more dependent
the total cost is of that bridge. Besides the length of the span, the fact of the bridge initial condition state

being higher than the remaining, led to more interventions.

@Bridge A @Bridge B @ Bridge C

Figure 5-21 — Weight of the bridges on the overall costs
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This small application of extending the local assessment of a simple bridge to a network reflected on the
considerable increase on the overall costs. Besides that, it is noteworthy to mention that it could be added
to this analysis more infrastructures such as the railway track or tunnels to a more complete analysis of
the network rail. However, as there were not enough data regarding inspections of these infrastructures,

they were not included in this application.

5.8 Final remarks

This chapter aimed to point out and discuss the issues encountered on the life-cycle cost analysis. The
literature stated several approaches to the quantification of those costs by dividing them into three
categories, agency costs, i.e. the direct costs, social costs, i.e. indirect costs from the users and
environmental costs. Another important aspect discussed in the literature related to life cycle analysis
relied on the optimization problem, due to the limited budget faced by the stakeholders. Given that
performance and costs are conflicting objectives, a MOP presented a reasonable option for the analysis.
Moreover, a review on the formulation of the GAs were made, especially on the NSGA-Il. Regarding the
practical applications, the first case relied on the application of the life cycle analysis and optimization of
one bridge. The KPIs adopted for this bridge relied on the reliability and the risk. The MOP shown a set
of optimal solutions, i.e. the Pareto front, in which three different optimal solutions were chosen based
on their weight on the objectives. The most expensive solution proved to be very effective by keeping a
high performance, though with very high costs when compared for example with the least expensive
solution. The MOP was formulated considering either the main objective as the reliability, and thus
calculating the risk, or the risk as the main objective. The obtained results were different since the metrics,
although related to each other, present different scales. For example, looking at the MOP by the risk point
of view would lead to the conclusion that the bridge would need maintenance after the year 50, while
looking for the reliability would need maintenance on the initial years thus leading to a more conservative
solution in terms of performance. The second practical application focused on an application of the
problem in a higher level, i.e. a network. In this way, three bridges with different span length and different
degradation rate were hypothetically considered on the problem. The network was considered non-
redundant given the pattern of the railway infrastructures in Portugal. The same MOP formulation was
applied in here and thus combined at a global level. The results shown that the bridge with a large span
presented more than half of the total costs of the network. Besides that, the initial condition state of the
bridge was higher than the remaining. Because of these two issues, a warning should be raised on the

stakeholders while looking at the network, regarding bridge infrastructures.
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Another important concerning issue relates to the continuous natural hazards that those bridge
infrastructures are subjected during their entire life cycle. Thereby, an establishment of mitigation actions
are important to reduce the effects of those hazards. Moreover, when the mitigation activities cannot
respond to the incoming threats, recovery plans should be established to minimize the post damage.

These above-mentioned issues are further discussed in the next chapter.
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6 Hazard Analysis
The present chapter reviews and discuss potential sudden events that infrastructures might be subjected
in their entire life cycle with special focus on bridges. The resilience of infrastructures, a indicator to
evaluate the recovery of a system, is hereafter discussed as well as the analytical formulations proposed
on the literature concerning the recovery functions. To finalize the chapter, the two practical applications
considered in the previous chapter, are presented to discuss the influence of the hazard events on the

degradation curve as well as the post recovery by estimating the resilience.

6.1 Failure causes of infrastructures — Bridge Case

A bridge is designed to provide an adequate load-carrying capacity, which is based on the assumed loads
and the strength of materials to be employed, and comfort to users during its life-cycle. However, some
errors can result on the collapse of a bridge. Failure of bridges has been shocking over the years both in
engineering community and public in general. Such event can be defined as a loss of a certain structural
element of the bridge or due to a catastrophic collapse. As such, lessons need to be learned from each
failure. In the literature, there are already several publications relating case studies of bridges that failed
and their origin causes such as in [317, 318].

For a more detailed analysis about bridge failures, several authors have been proposing a creation of a
bridge failure database. This database aims on gathering all the documentation of failures or damages of
bridges to carry out useful post event studies. For example, Imhof [115] studied several cases of bridge
failures and developed database which listed around 350 events of bridges collapses. A report of United
States Bridge Failure [319] was conducted from 1980 to 2012 at the University of Buffalo and developed
by the Multidisciplinary Center for Earthquake Engineering Research. The above mentioned references
were reviewed in order to answer to three main questions [115]:

1. Which types of failures can occur?
2. When they occur?
3. What are the main causes?

Regarding the first question, there are two types of failure, the ultimate limit state (ULS) and the
serviceability limit state (SLS). Imhof [115] presented in his PhD thesis 384 structural failures analysed
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by Matousek and Schneider either for ULS or SLS. Regarding the first group, i.e. ULS, the failure type
accounted with loss of equilibrium, complete collapse, partial collapse, and failures of other nature. As
for the SLS, the failure types accounted with excessive cracks, settlement or deformation and wrong
dimensions. Concerning their occurrence, the failures can occur during their construction or service life.
According with Imhof [115], the majority causes of failure are related with the construction phase.
Knowing that in this phase the bridge is more vulnerable, since it is supported by temporary elements
such as falseworks or scaffoldings, there are several processes that need to be checked to avoid those
fails. Detailed information about this type of failures can be consulted in [320]. Nevertheless, for this
thesis, bridge failure will be thoroughly discussed during their service life.

Concerning the third question, the causes of bridge failures can be either internal, like design errors, lack
of maintenance, deficiency in construction and material defects or external like earthquakes, scour,
floods, collisions, environmental degradation, overload, fire, and winds. Despite all this causes, it is known
so far that the main causes of collapse are by hydraulic nature (floods and scour). Figure 6-1, depicts the

main causes of collapse of 1062 bridge in the USA since 1980 until 2012.

Others W 0.7
Earthquake I 1.9
Environmental Degradation NN 6.7
Wind Il 1.6
Fire HIEE 2.8
Overload NN 12.7
Flood I, 23.3
Collision NN 5.3
Scour INIIINNENEGNGGNGNGNEE 133

Internal Causes NN 1.1 .
values in percentage(%)

Figure 6-1 - Causes of failure according with [319]

Analyzing Figure 6-1, besides the hydraulic hazard events, it is noted that the collisions represent a
considerable importance on the failure of bridges. Those collisions are associated with ships and vessels.
Despite their low velocity, their huge quantity of mass can cause large amounts of damages in the bridge
that cannot be repaired. These case studies can be consulted in [317, 318, 321].

Besides the USA, in Europe the topic of bridge failure comprises a serious issue. For example, Network

Rail, the UK company responsible for the railway infrastructures, states that the railroad bridges are very
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sensitive to strikes that damages both the road traffic and the railway track. Estimations on 2019 shown
that there was an occurrence of 14 strikes in one day and a total of 1787 strikes on the overall year
resulting on estimating cost on the UK economy of around 23£ million [322].

In Portugal, the study case of Hintze Ribeiro bridge collapse by scouring, which killed around 59 people,
brought off the authorities for a regular inspections of the bridges, in order to avoid/anticipate these kind

of disasters, by periodic underwater bridge inspections [323].

6.2 Resilience

Resilience is a well-established concept, with its first definition being introduced by Holling, in the field of
ecology, [324] where it is defined as “the persistence of relationships within a system and is a measure
of the ability of these systems to absorb changes of state variables, driving variables, and parameters,
and still persist” . Nevertheless, this concept has evolved to comply with current demands. Resilience
has been developed and explored in several fields of knowledge such as psychology, material science,
economics, environmental studies, and infrastructures. After the 2000s, there has been a surge of
scientific research related to resilient infrastructures in which some of them are worth to mention.
Bruneau et al. [325] provided a general framework to define and quantify the seismic resilience of
communities. Their framework also included an indication on the four properties of resilience: robustness,
redundancy, resourcefulness, and rapidity (four Rs). In Dalziell et al. [326], the concept of resilience has
been introduced as the ability of organisations to continue working when facing unexpected events.
Moreover, the relationship between resilience and risk management was also discussed. Chang et al.
[327] proposed a series of quantitative measures of resilience and demonstrated them in a case study
of an actual community. Their case study focused on seismic mitigation decision making for the Memphis,
Tennessee, water system. Another important goal of their study was to explore the extent to which
earthquake loss estimation models can be used to measure resilience. McDaniels et al. [328] developed
a conceptual framework for understanding the factors that influence the resilience of infrastructure
systems in terms of two dimensions: robustness and rapidity. Cimellaro et al.[329] attempted to formulate
a framework to quantify resilience that may combine the information coming from different fields into a
unique analytical function. Losses were described as functions of fragility of systems and distinguished
between structural and non-structural losses. Moreover, three types of recovery functions were proposed:
linear, exponential, and trigonometric. The proposed methodology was applied to an hospital in San
Fernando Valley for four different hazards levels. Later, the same authors [330] improved their conceptual

framework. Specifically, a mathematical description of the two properties, proposed by Bruneau et al.
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[325] (rapidity and robustness), was presented. The framework was applied to two case studies: (i)
economic loss estimation study of a specific hospital, (ii) regional loss estimation study aimed to evaluate
the economic losses of a hospital network within a geographical region, such as a city. Ouyang et al.
[331] introduced a three-stage resilience analysis framework that considered both joint hazards and
system resilience capacities. After introducing the typical response curve of an infrastructure system
subjected to a disruptive event, the curve considered three stages: reflecting system resistant, absorptive,
and restorative capabilities. For each stage, a series of resilience-based improvement strategies were
highlighted and some sample strategies for enhanced infrastructure resilience in practise was provided.
Taking the power transmission grid in Harris County, Texas, USA, as a case study, the study compared
an original power grid model with several hypothetical resilience-improved models to quantify their
effectiveness at different stages of their response evolution to random hazards and hurricane hazards.
Barker et al. [332] defined two approaches to measure the importance of network components from the
perspective of component contribution to network resilience as a function of stochastic vulnerability and
recoverability terms. Resilience was described as a function of four interacting paradigms: reliability,
vulnerability, survivability, and recoverability. Francis et al. [333] proposed a resilience analysis framework
and a metric for measuring resilience. The framework and metric were applied to the example of an
electric power infrastructure of a fictional city. Their analysis framework consisted of system identification,
resilience objective setting, vulnerability analysis, and stakeholder engagement. The implementation of
this framework was focused on the achievement of three resilience capacities: adaptive capacity,
absorptive capacity, and recoverability. Adjetey-Bahun et al. [334] proposed a simulation-based model for
quantifying resilience in mass railway transportation systems by quantifying passenger delay and
passenger load as the system's performance indicators. Their approach integrated all subsystems that
make up mass railway transportation systems (transportation, power, telecommunication and
organisation subsystems) and their interdependencies. Gonzalez et al. [335] studied an interdependent
network recovery model for partially destroyed system identifying the optimal restoration strategy of the
damage network by minimizing the costs. This analysis was carried out considering different
interdependencies of the network such as geographical or functional. Lin et al. [336, 337] proposed a
simulation-based building portfolio recovery model to predict the functionality recovery time and recovery
trajectory of a community resilience. This building portfolio referred merely to an inventory of buildings
for which it was defined a functionality state after natural scenario hazard events. Each functionality states
were defined by a number that ranged from 1 to 5. The simulation was carried out into two steps. The

first step was modelling individual building-level restoration as a Markov-Chain process aggregating the

128



Chapter 6 - Hazard analysis

physical process of building level. The second step was modelling building portfolio-level recovery through
aggregating the restoration processes of individual buildings across the domain of the community and
over the entire recovery time horizon. Barabadi et al. [338], introduced a model for predicting the recovery
rate of infrastructures, by considering the effect of influencing factors. The proposed methodology was

based on the availability of historical data.

6.2.1 Resilience applications on bridges

Concerning bridges, the emphasis of many researchers in this field has been carried out especially on
structural performance since bridges are a fundamental component of the transportation system. As a
matter of fact, the interruption and the reduced capacity of this vital infrastructure system could have
large implications in terms of health safety economics and social aspects of affected communities. The
quantification procedures and the methodologies for the valuation of resilience of bridges presented in
literature are varied and involve many fields of engineering such as seismic, transportation and hydraulics.

Table 6.1 shows the several works applied on this field by chronologic order as well as the encountered

limitations.

Table 6.1 - Contributions in field of resilience applied to bridges

Author, date

Main Contributions

Limitations

Padgett and DesRoches,
2007, [339]

Bocchini amd

Frangopol,2012, [340]

Lokuge and Setunge,

2013, [341]

Deco et al.,2013, [342]

Chandrashekaran and

Banerjee, 2014, [343]

Venkittaraman and

Banerjee, 2014, [344]

Assessed the relationship between bridge
damage and the resulting loss of functionality of
the bridge based on expert opinion;

Analysed several bridges within a transportation
network which was affected by a significant
seismic event aiming at finding the optimal
restoration planning and resource allocation
based on network resilience, functionality and
cost.

Proposed a study to evaluate bridges damaged
due to floods and its resilience.

An evaluation tool was proposed to be used for
decisions concerning proactive maintenance,
retrofit or life-cycle management.

Multi-objective algorithm analysis applied to a RC
bridge affected by the multi-hazard effects of
earthquake and flood induced scour;
Demonstration that bridge retrofit strategies
enhances bridge both seismic performance as

well as system resilience.

e Although loss of functionality is thoroughly
assessed, the authors do not respond to the

resulting consequences before such losses

e Although cumulative costs resulting from
interventions were calculated for each
optimal scenario, quantification of direct
and indirect losses to the network require

further detailing.

e The overall framework is based solely on
qualitative approaches.

e The previous state condition of the bridge in
terms of degradation along its life-cycle is

not considered.

. Losses associated to the events are not

covered

. Indirect consequences are briefly described.
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Dong and Frangopol,
2015, [345]

Karamlou and Bocchini,

2015, [346]

Alipour and Shafei,
2016, [22]

Dong and Frangopol,
2016, [124]

Minaie and Moon, 2017,
[240]

Vishwanath and

Banerjee, 2019, [23]

Framework developed to investigate the effects
of aftershocks on seismic consequences and
functionality associated with damaged bridges.
Simulation-based methodology to improve
resilience quantification and expected life-cycle
loss assessment of highway bridges in seismic
engineering.

Seismic resilience of a transportation network
considering the component degradation.
Multi-hazard assessment life-cycle assessment
considering earthquakes and floods.

The main novelty introduced in the study is the
time-dependent model of earthquake
occurrence.

Practical and simplified multistage framework to
quantify bridge resilience, based on a series of
restoration times for a simplified single-path
recovery period.

Seismic resilience assessment over the life cycle

of a reinforced concrete bridge

Estimation of the direct and indirect losses of the

system

Low information on the pre-event
description related to loss of performance in

case of an earthquake occurrence.

Indirect consequences are not thoroughly

analysed.

Assessment at the bridge level is more

uncertain and inaccurate.

The estimation of the total loss could be
divided into direct and indirect losses on its

final presentation

Estimation of consequences in terms of

associated costs was not made.

Although there is an estimation of the
losses, a quantification in terms of money
could be provided to understand the order

of magnitude

6.2.2 Resilience formulation
Bruneau et al. [325] proposed a framework to define seismic resilience, defined as “the ability of social
units to mitigate hazards, contain the effects of disasters when they occur, and carry out recovery activities
in ways that minimize social disruption and mitigate the effects of future earthquakes”. In analytical terms,
functionality can be expressed as:

to+tr

RS = |

to

Q(v)dt (6-1)

where Q is the functionality, t, is the occurrence time event and tj is the time to complete recovery of
the component under analysis.

Several models have been proposed to describe the recovery function which can be either empirical or
analytical, depending on the source of data and the type of analysis [347]. At any given time, the
performances of a system can be represented by a function that describes its time-dependent
functionality. Functionality can be represented as a non-stationary stochastic process that ranges from

0% to 100%, where 100% means no reduction in performances, while 0% means total loss.
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The occurrence of both natural and manmade events can cause an abrupt loss in its performance,
followed therefore by a gradual restoration to normal performance levels, depending on the resources

employed. This conceptual definition is illustrated in the Figure 6-2.

100% restored

——— Resilience

Functionality (%)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

t, Time

tR ecovery

Figure 6-2 - Resilience definition

The recovery curve of a system is typically a function that describes the process of restauration to the
initial properties of the system. Recovery means to reach newly a state of acceptable performances after
a sudden event. However, system recovery is complex process once it is affected by several factors and
parameters, many of these difficult to estimate due to several uncertainties. The essential requirement of
the analytical recovery models is simplicity. Therefore, the model should be selected so that it is easy to
fit to real or numerical observation data. The recovery models can be divided into long-term recovery
models, i.e. recovery models adopted for reconstruction phase, and short-term recovery models, i.e. for
emergency phase after the sudden event. For this thesis, only long-term models are covered. As stated
by [330], long-term models can be divided according their number of parameters. Simple models account
with less parameters while compared to the complex. Table 6.2 shows the different types of long-term

recovery models proposed by different authors as well some observations to the models.
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Table 6.2 — Long term recovery models formulation

Type Formulation

Observations

Q1) = Qo + F(t/to, to
+ Tr)[Qr — (Qo — Lo)]

Model adopted when there is no information

regarding the network domains, social response,

t—t i :
Uniform F(t/to, to + Tog) = ( 0) 1(to, to + To) available resources or preparedness [330];
It is considered the simplest model being
cumulative
dependent only on the recovery time Tg;
distribution
Qois the initial functionality after the drop; Ly is the
recovery
initial total loss of functionality after the drop; t, is
function
the time of occurrence of the disruption event.
F(t/ty,to + Trg) is the uniform cumulative
distribution.
Q) = Qo + F(t/to, o Exponential [348] and trigonometric [327] models
+ Tr)[Qr — (Qo — Lo)] are combined;
Three parameters describe the recovery function,
Lognormal the parameter Ly, which can be used to define the
1 -6]2
cumulative 1 t e% initial loss of functionality after the drop, the
distribution F(/6.8) = BvV2m f_m X dx parameter 0 , that can be used to define the time
recovery frame when the societal response and recovery are
function driven by lack or limited organization/resources

and the parameter 3 which defines the rapidity of

the recovery process [347].

QO = Qo + {1 —eat [(%BB) oBt

() e

—(Qo — Lo)]

Harmonically ~(t) =1 — Lye@*(1 + wt), for critical

over-damped damped systems (§ = 1)

recovery 1 [log(x)—e]z
282

function f(tle,p) = ﬁx\/Z?e

This model is based on [330].

The harmonically over-damped recovery function
may be employed to consider other structural
factors, such as damping, which may be used for
the seismic hazard;

Ly defines the initial total loss of functionality after
the drop; o = w&and B = \/EZTl

w and § are related to the rapidity dimension. In
particular, €>1 and w < 1. Furthermore,
rapidity of recovery increases when either w

increases or & reduces.

6.3 Framework validation considering the hazard event

Considering the hazard event analysis, Figure 6-3 depicts the framework, previously presented in chapter

5, extended with the inclusion of the hazard event scenario. Likewise the previous chapter, the framework

is hereafter presented and validated into the same practical applications as the chapter 5.
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Figure 6-3 — Proposed framework with the inclusion of the hazard scenario event

6.4 Practical case A: Simply supported RC bridge

This practical case relied again on the simply supported RC bridge described in chapter 3. The aim of
this application was to detect potential hazard the bridge might be subjected and apply the concepts
previously discussed. Here, the hazard was considered as a sudden event that compromises the bridge
functionality in a short period of time resulting in its immediate intervention. Observing the bridge as well
as the surrounding infrastructures, the most incoming hazard was related to the bridge strikes due to the
vehicles that cross under the bridge. Thereby, the simulation of this hazard occurrence was given by loss
of resistance in the deck. According with the expert judgment of the Portuguese company “Infraestruturas
de Portugal”, this event can result in a loss of around 20% on the reinforcing bars. Given that this loss is
uncertain, an uncertainty value of 5% was assumed. Hence, the loss was considered to follow a triangular
distribution, 7D (15,20,25). Furthermore, the company stated that these events can occur up to 5 times
per year in the whole network. However, for the following application, the event was idealized to happen
one time since the occurrence of more than one event without intervention is extremely unlikely to occur.
It is known that the shock of the vehicles can occur in different locations of the deck, hence leading to
different performance losses. Figure 6-4 shows the loss estimation accordingly with the location on the

span. The results are given by its mean value with an interval of confidence of 95%.

133



Chapter 6 — Hazard Analysis
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Figure 6-4 - Loss estimation along the span: a) Reliability loss initial age; b) Percentage loss

Observing the Figure 6-4, the possible shock of a given vehicle led to a loss on the performance of the

bridge within the span range from around 4m to 9m. As expected, the highest losses were verified in the

mid-span of the deck with a mean value for the reliability of 4.30 and an upper and lower bound of 4.42

and 4.16, respectively. Those values corresponded to a loss of around 23% of its initial value for the mean

and 21% and 25% for the upper and lower bound values, respectively. Note that the values were

considered for the bridge in its initial age, i.e. with no effect of the corrosion.

6.4.1 The effect of the hazard event at long term

The consideration of the corrosion in the life-cycle of the bridge along with the hazard event occurrence

can result on a considerable loss and therefore an immediate intervention. Figure 6-5 shows the loss on

the reliability along the span over the time. For sake of simplicity on the visualization of the result, four

different period of analysis were chosen, 25,50,75 and 100 years.
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Figure 6-5 — Time dependent damage loss along the span: a) 25 years; b) 50 years; c) 75 years: d) 100 years

Considering the worst location of the damagg, i.e. the mid-span, the envelope of the degradation curve

over the time is depicted in Figure 6-6. It was also observed that the losses on the reliability with the

damage were practically constant ranging from 21% to 25%.
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Figure 6-6 — Envelope of degradation given an hazard event over the time at the mid-span: a) reliability loss; b) percentage
loss

6.4.2 Resilience estimation

The resilience was obtained accordingly with the formulations described in section 6.2.2. The recovery
functions were applied to simulate an event recovery considering the degree of preparedness of the
society. Note that the assumptions on this formulation served the purpose of illustrating the methodology
to apply. Hence, such methodology is broadly applied of other values are assumed. For this application,
the same recovery days adopted for the risk calculation were herein assumed [240]. Hence, a very well-
prepared society was modelled considering 3 days of recovery while very bad prepared societies were
modelled considering 180 days and 270 days. Note that these recovery times were affected by three
factors, a factor based on the agency, a factor based on historical information on the hazard and the
factor based on the bridge characteristics. For this thesis, those factors were all considered 1 according

with the case studies herein presented. Considering these recovery times, Table 6.3 shows the adopted
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recovery functions for each case. The recovery functions were based on the Table 6.2. Figure 6-7

illustrates the respective recovery functions. Note that the recoveries are normalized from 0 to 1.

Table 6.3 - Considered parameters for the recovery functions per recovery time

Recovery function Recovery time Input parameters*
Lo =
3 days
Critically over damped recovery w=10
Lo =
180 days
w = 0.05
LO = 1
Lognormal cumulative recovery 270 days 6=5.0
B=0.27

*estimated parameters according with the recovery time established.
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Figure 6-7 - Recovery functions for the different recovery times: a) 3days; b) 180 days; c) 270 days

Considering the different recovery functions, the time-dependent resilience of the bridge given the hazard

event is depicted in Figure 6-8. As expected, the resilience decreased over the time wherein the higher

losses were observed for the worst time recovery of 270 days.
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Figure 6-9 shows the resilience considering the worst location of the damage, the mid-span. Note that

the resilience presented a final value of 65% since the reliability did not reach the value of zero.
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Figure 6-9 - Time dependent resilience considering the mid-span location of the damage

6.4.3 Optimization considering the hazard event

Considering the optimization defined in chapter 5, the current section aimed to introduce the effect of the
hazard to investigate how the optimization should differ from the previous results on chapter 5. Note that
it was assumed for the present application that each time the event occurs, the system was meant to be
recovered to its original functionality, in this case to the initial reliability. For the sake of validation of the
application, a recovery cost of 500€/m? was herein assumed and applied on the possible affected areas,
i.e. around the mid-span. As for the indirect costs, the calculation followed the equations (5-4), (5-5) and
(5-6) wherein the duration activity considered the three different recovery times. The remaining
parameters were considered the same from the previous optimization problem. Hence, the following

Figure 6-10, Figure 6-11, Figure 6-12 and Figure 6-13 shows the optimization results for an occurrence

of the hazard on the year 10.
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Figure 6-13 - Indirect Cost estimation: a) 3 days; b) 180 days: c) 270 days

Note that for low recovery times, the indirect costs were very low. However, as the recovery increase, the

indirect costs started to present a considerable amount on the overall costs. For example, for the worst

recovery time, the indirect costs represented in some solutions almost 50% of the total costs.

Since those scenarios are difficult to predict, they can occur more than one time in the whole bridge life-

cycle. The following Figure 6-14, Figure 6-15, Figure 6-16 and Figure 6-17 shows the hazard occurrence

for a time interval of 20 years.
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Note that as more frequent the event became to occur, the less optimal different solutions were provided
by the algorithm. Such aspect was influenced by the assumption of the fully recovery of the event. Since
one of the objectives to be maximized by the optimization, i.e. the performance, was already maximized
by an a prioriimposition, the algorithm tended to show less optimal solutions.

Despite all the practices of maintenance to keep the structure with a good performance, another option
could be the application of mitigation actions. Normally on bridge strikes, the mitigation activities are
more concerned on traffic signs on the road to alert the drivers, particularly the trucks, for the danger of
the hazard. Another way to tackle these problems could be to provide some guidelines as well as
professional training to the drivers to reduce the risk of happening those events and preserve the
infrastructure. The next section aims to apply the concept of resilience to the same network defined in

the chapter 5.

6.5 Practical case B: Network system

This practical application aimed to study the system resilience of the network defined on the chapter 5.
Note that the previous application dealt with system resilience at the bridge level, wherein more detailed
calculation was carried out based on the damage location and on the KPIs previously obtained on the
other chapters. However, for the network analysis, qualitative based KPI revealed to be more practical
since more than one bridge is analyzed at the same time. Hence, this application dealt with the condition-
based index KPI for performance estimation. Along the network, each bridge is subjected to different
hazards according with their location and the surrounding environment. For example, a bridge located
over a river is subjected to different hazards when compared to a railroad bridge. In this application, it
was assumed that both bridge A and C are likely subjected to bridge strikes and bridge B to a flood
occurrence.

The flood hazard carries out multiple failure modes in a bridge. Considering the system of bridge is divided
into the foundation, pier and deck, the failure modes can occur at the foundation level, given by the
scouring effects, at the pier and deck level given by the hydraulic pressure that the effect of dragging and
lifting. For a deeper understanding of each failure mode, the readers are referred to [128]. Here, the
bridge was considered simply supported with the deck highly susceptible to the dragging and lifting effects
given the occurrence that the flood reaches the height of the deck. Since its quantification is out of the
scope of this application given that there is not enough information of the required variables for its
calculation, its loss is estimated by an immediate decrease on the condition state index. Hence, Table

6.4 shows the considered losses in case of the hazard occurrence.

140



Chapter 6 - Hazard analysis

Table 6.4 - Considered loss estimation for each bridge
Considered loss estimation

Bridge A ACS =—-1
Bridge B Worst condition state assumed, i.e. CS = 5
Bridge C ACS =-1

Either for bridge A and C, the loss was estimated for a possible bridge strike and given the intensity of
damage discussed in the previous chapter, a loss of 1 for the condition state was assumed. As for the
bridge B, the effect of the flood was given by whether the water level reaches the deck. In case the level
of the water reaches the deck, the drag and lifting forces were considered to create high instabilities

leading thus to assume that the worst condition state was reached, i.e. condition state 5.

6.5.1 Consideration of the hazards on the long-term analysis
Considering the assumptions previous defined, Figure 6-18 shows the envelope of the degradation curves
in case of a hazard occurrence in each bridge. Note that in the case of the bridge B, since it was assumed

that the bridge was considered to go for the worst condition state, the envelope was the same value for

all the years.
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Figure 6-18 — Time dependent envelope damage due to an hazard event

Considering the recovery curves previously defined in Figure 6-7, the time dependent resilience is depicted
in Figure 6-19 for the three different bridges. Again, for the case of the bridge B, the time-dependent

resilience was considered constant since the condition state after the hazard event was the same.
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Figure 6-19 — Time dependent resilience estimation

6.5.2 Optimization considering the hazard effect

The optimization problem considered the same conditions defined in the chapter 5 with the inclusion of

the hazard event. For the sake of simplicity, only one optimal solution was analyzed for the three different

recovery times. The results for each bridge are thus shown in Figure 6-20, Figure 6-21, Figure 6-22 and

Figure 6-23.
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Figure 6-21 — Condition state index: a) Bridge A; b) Bridge B; c) Bridge C
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Figure 6-23 - Indirect Cost Estimation: a) Bridge A; b) Bridge B; c) Bridge C

From Figure 6-20, Figure 6-21, Figure 6-22 and Figure 6-23 it was observed that the influence of the
hazard had a considerable effect on the condition state of the bridge and therefore in the indirect costs
since they were proportional to the increase on the days of recovery. Note that the direct costs were
practically the same for the three different types of recovery. Also, it was simulated an occurrence of a
single event in the whole life cycle of the bridges. However, in the reality, more than one occurrence can
happen in the life cycle and thereby affect more the indirect costs. Considering the combination effects
of each bridge by the same procedure as in chapter b, the proposal of the optimal maintenance activities
considering one optimal solution is depicted in Table 5.7. Because the bridges were meant to recovery
to their initial state after a hazard event, the optimization did not give as many maintenance activities

since one of the objectives was already maximized.
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Table 6.5 — Proposal of optimal M&R actions and costs for each bridge

Time hazard
occurrence 3 days 180 days 270 days
Year 9 ID1 ID2 D3 D1 ID2 ID3__ID1 D2 D3
Year(s) of application 20 - 29 17,23 29 22 - 29
) Final Cum Dir. Costs 24942.0 25153.0 24934.0
Bridge A
Final Cum Indir. Costs 468.0 3675.0 5232.0
Resilience 98% 82% 55%
Year(s) of application 20 - 29 19 - 20 18 29
) Final Cum Dir. Costs 74827.0 74840.0 74853.0
Bridge B
Final Cum Indir. Costs 490.0 3802.0 5487.0
Resilience 98% 77% 43%
Year(s) of application 23 - 29 23 - 29 23 29
) Final Cum Dir. Costs 124651.0 125789.0 124651.0
Bridge C
Final Cum Indir. Costs 514.0 4058.0 5776.0
Resilience 98% 77% 44%
Final Dir Costs 224420.0 225782 224438.0
Network Final Ind. Costs 1472 11535 16495

Resilience

98%

77%

43%

6.6 Final remarks

The present chapter aimed to highlight the importance on considering the hazard events on the
management of a bridge. The chapter firstly focused on describing the most common types of hazard
events on the infrastructure railway, more specifically on the bridge case. Moreover, an introduction to
the recovery of the system in case of a hazard event was covered by thoroughly carrying out a review on
the literature regarding the resilience concept on infrastructures in general and thus on the case of
bridges. Furthermore, several recovery functions associated to the resilience concepts were herein
introduced as alternatives to model the recovery of the bridge. This concept was after applied in two case
studies. The first case study was related to one single bridge subjected to bridge strike events. The first
step aimed to estimate the damage bridge location and the severity of the damage. Considering the
assumptions for the case study, the severity of the damage was considered of about 21% to 25%. After
the damage estimation, a resilience calculation was carried out by considering three different scenarios
according with the preparedness of the society. To finalize, an optimization problem considering the
hazard event was investigated. The results showed that since the recovery of the bridge was meant to be
renewed as new, the effects of the maintenance activities were less evident since one of the objectives
were already being a priori maximized. This fact was more evident if more hazard events were added with
a specific return period. The second case study considered the network presented in chapter 5. In this

case, three hazard scenarios were considered according with the bridge environment exposure, i.e. bridge
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strike for bridge A and C and flood event for bridge B. The results have shown that the network presented
lower resilience for events such as floods wherein the bridge was considered in the worst condition state
since the water level reach the deck resulting thus on high instabilities due to the hydraulic forces of drag
and lifting. Again, the optimization results showed less maintenance activities, when compared to the
previous chapter b, since the bridge was meant to a fully recover after the hazard event. In terms of
overall costs, the indirect costs revealed to be more influent as longer as the bridge took to be recovered.
The next chapter aims to combine the concepts discussed along this thesis into a case study of a RC

bridge subjected to a seismic event and corrosion.
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7 Risk and resilience-based assessment of a railway RC bridge
subjected to earthquake and corrosion scenarios

7.1 Introduction

This chapter aims to apply a methodology considering a risk and resilience-based assessment. This
methodology is validated in a railway bridge located in Albergaria dos Doze, Alfarelos, center of Portugal,
which is part of the railway network from the Region of Santarém/Leiria, wherein the seismic actions are
considered important. Note that in the methodology presented in this case study, some assumptions
were considered. Moreover, it is noteworthy to mention that due to the lack of some information on the
case study, some of the assumptions were validated through literature. Figure 7-1 shows the approach
adopted for this case study. The approach was divided into structural analysis and life cycle analysis
aiming to cover all the concepts discussed in the previous chapters.

Regarding the structural analysis, a 2D finite element (FE) model was initially developed to study the effect
of the variables’ uncertainties on the structural response by conducting a sensitivity analysis and sampling
analysis through Latin Hypercube Sampling (LHS). Thus, data from three main percentiles of the LHS
was considered with the purpose of considering three main deterministic models that represent the whole
model to reduce the computation time. After uncertainty analysis, fragility assessment for seismic analysis
was thereby investigated.

Concerning the life cycle analysis, a degradation model was defined based on corrosion to investigate the
performance of the structure for different periods. Therefore, time-dependent risk assessment was
computed to investigate the behaviour of the bridge without any maintenance and mitigation actions. To
minimize the obtained risk, a multi-objective optimization (MOP) based on genetic algorithms (GA) was
proposed to investigate the optimal solutions of maintenance with and without mitigation actions given by
a Pareto front, according with the formulation presented on chapter 5. Those optimal solutions were
hereafter discussed and compared in terms of their minimization on the post-event, by estimating the

resilience.
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scenarios
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Figure 7-1 - Step approach adopted for this case study

7.2 Structural analysis

7.2.1 Bridge geometry and modelling considerations

The bridge case study is located between Albergaria dos Doze-Alfarelos in the center of Portugal. The
bridge was built in 2005 and it is part of the north railway line network, located in the Region of
Santarém/Leiria The total length of the bridge is around 65m and it is divided into four simply supported

spans, see Figure 7-2.

Selected Frame

Figure 7-2 — Bridge longitudinal view

Because the bridge is divided into four simply supported spans, it was noticed that the frames worked
independently. Therefore, for the modelling consideration, the bridge was represented by the frame
highlighted in Figure 7-2. Figure 7-3 shows the cross section, the top view, and the longitudinal view,

respectively.
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scenarios

11.20m
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a) b)

155m | 13.50m 1 155m
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Figure 7-3 — Frame view: a) Cross section; b) Top view; c) Longitudinal view

The superstructure is composed of two beams of 1.35m high and a 0.4m slab connecting both beams,
to conform a “H” cross section shape in each direction, see Figure 7-3 a). Furthermore, the frame is
composed of two systems disposed in series (pier-bearing), resulting in a global parallel system. The
connection between piers and deck is done through elastomeric bearing devices, see Figure 7-3 c).
Cover measurement tests performed after the bridge construction revealed that there are zones with lack
of concrete cover, which renders the bridge susceptible to corrosion deterioration [349]. Furthermore,
the bridge was in a region wherein the seismic actions are important and thus object of analysis in this
study.

Concerning the bridge modelling, a 2D FE model for the bridge was developed using the software TNO
DIANA. Note that a 2D model was selected due to the interest of analyzing the response of the bridge
along its longitudinal direction given its higher vulnerability to seismic loads in comparison with the
transversal direction. An overview of the FE model is herein presented to understand all the assumptions
in the model for structural analysis. For the deck, all the elements were accounted and modelled with
linear elastic beam elements since the damage is not expected to occur in these elements. As for the

piers, non-linear beam elements were modeled assuming a total strain fixed crack model with a brittle
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scenarios

tensile behavior, a compressive behavior based on EC2 EN 1992-1-1 [350] and constant shear retention
factor. As for the steel material, a Von Mises plasticity model was adopted. Concerning the reinforcing
steel quantification, this study adopted a total reinforcing steel mobilized in the longitudinal direction of
0.28m? for each pier. Regarding the bearing devices, they were modelled based on the experimental
results and the model proposed by [351] to characterize the frictional behavior of steel-PTFE contact
interface and define spring elements with elastic-plastic hysteretic backbone curves. Table 7.1 shows the
parameters considered for the constitutive laws as well as Figure 7-4 and Figure 7-5 illustrate the

constitutive laws and the considerations on the modelling, respectively.

Table 7.1 — Considered parameter for the modelling of the constitutive laws

Material Constitutive Law Parameter Adopted value
Compressive strength (fem) 33 MPa
EC2 EN 1992-1-1 (Compressive) €1 0.002
Concrete
Ecu 0.0035
Brittle (Tensile) Concrete Tensile strength (fzm) 2.6MPa
Steel yielding strength (f;,,) 560MPa
Steel Von Mises Yielding strain (ggy,) 0.0028
Ultimate steel strain (&g,,) 0.15
Yielding Force (F,) 1.20MN
Bearing Elasto-Plastic
Elastic Stiffness (K,) 1.0GN/m
Compressive law Tensile law
e}
" Bl Force 4+ C
K
k.
> >
£ Ec Ea & £

Disp.

Legend: A - Steel; B1,B2 - Concrete; C - Bearing Device

Figure 7-4 - Constitutive laws
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Figure 7-5 - Bridge modeling considerations

7.2.2 Uncertainty quantification

Uncertainty analysis is a widely adopted approach to address the uncertainty of the variables. However,
these approaches present a considerable drawback in terms of computational time. Therefore, sensitivity
analysis as well as sampling techniques should be embraced to solve this problem. Sensitivity analysis is
commonly adopted to reduce the number of random variables (RV), given in here by X;. Its computation

is hereafter conducted, as recommended in [101, 102], given by the following equation:

by = X1 Ay /ym)/ (Bxy /%) .CV (7-1)

where by, is the importance measure of parameter 4 Ay, is the variation of the structural response due
to the deviation of Ax;, relative to the mean value of the parameter x,,, ¥, is the average response, 7
is the number of generated parameters, and CV is the coefficient of variation given by the ratio between
standard deviation and the mean value. For each obtained value of by, it was performed a lower bound
analysis, corresponding to the percentile 5%, and a upper bound analysis, corresponding to the 95%
percentile. Thereby, a total number of the (X; X 2 + 1) analyses were thus performed.

Regarding the sampling techniques, as Monte Carlo simulation is highly costly in terms of computational
time, an optimal solution commonly adopted refers to the Latin Hypercube Sampling (LHS). The final

output is a matrix with dimensions corresponding to the number of simulations and the number of RVs.
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The literature presents several algorithms to obtain the LHS matrix. For this study, an algorithm provided
by the design of experiments toolbox of MatLab [352] was adopted.

The input variables accounted with uncertainties mainly on the resistance properties of the concrete and
steel as depicted in Table 7.2. The remaining variables concerning the geometric properties of concrete

were considered deterministic, see Figure 7-5.

Table 7.2 — RV considered for this study [109, 143, 353]

Random Variable Distr. Type Mean Value cov
Concrete compressive strength (fe.,,) Normal 33 MPa 15.2%
Concrete Tensile strength (fz¢m) Normal 2.6MPa 18 %
Concrete Pier Young Modulus (E¢ pier) Normal 30.5GPa 7.2%
Concrete Deck Young Modulus (E¢ gecr) Normal 33.5GPa 7.2%
Concrete density (y.) Normal 25 kN/m3 8.2%
Steel yielding strength (f;) Normal 560 MPa 5.6%
Ultimate steel strain (&gy,) Normal 0.15 24%
Steel Area (Ay) Normal Nominal 2% *
Steel young modulus (E) Normal 200GPa 4.4%

*The value is considered for the initial age

Considering the formulation herein explained, the importance parameter was measured by the peak
displacement on the top of the pier. The ultimate capacity of the piers were obtained in a primary stage
by a non-linear static pushover analysis. Non-linear static pushover analysis is considerably less time
consuming when compared to time history analysis. Furthermore, the peak displacement estimation for
the pushover in a sensitivity analysis gives a reasonable estimation of the most influencing RV. Thereby,
considering this analysis, the results are shown in Figure 7-6. Note that the obtained results from equation
(7-1) were standardized to the higher importance measure for the sake of simplicity on visualizing the
results. The critical parameters were those that exceed the cut off dashed line, normally defined by the
user. For this study, a 10% cut off was considered. From Figure 7-6, it was observed that fo,, and fy,
were the two most influencing parameters on the top peak displacement. Following the cut off previously

defined, the RVs of the system are from now one represented by the following vector:

X=em Ecm,pierr Y, fymrAsr E5)
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Figure 7-6 — RV influence on the analysis

Considering the RV vector previously defined, 100 samples were initially considered through LHS to

investigate the dispersion on the system response. Considering the LHS step approach defined in section

3.1.1, chapter 3, the responses are depicted in Figure 7-7.

Shear Force (M

L I L 1 L L L 1

o]
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4 (m)

0.2

Figure 7-7 - Sampling response for force-displacement analysis

Moreover, a convergency test was performed to confirm the accuracy of the 100 samples. The

convergency consisted of investigating the ratio between the cumulative mean on the n" simulation over

the mean for the 100 simulations, see Figure 7-8. Observing the figure, it was concluded that as the

number of simulations increases, the convergency tended to a smother oscillation and thus to an

approximation to the mean value considered for the 100 simulations. Hence, it was concluded that the

initial number of simulations were enough to represent the variation of the sampling response.
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Figure 7-8 - Convergence of number of simulations

Despite the number of simulations serving quite well the presented model, the dimension of the problem
is still large and highly costly in terms of computational time, as the further aim is to perform fragility
assessment analysis. Bearing this in mind, data from three main quantiles was obtained with the idea of
considering three main deterministic models to consider the material properties variation. Such
assumption was reasonable to assume since the obtained curves presented the same behavior. Also, this
approach was already implemented by other authors [354]. This simplification significantly reduces the
computational time of the model. Therefore, from now on, three representative models corresponding to

the quantiles of 5%, 95%, and the mean value will be considered, see Figure 7-9.

=== 5% gquantile
3.5 | = Mean value
= =95% guantile /

- -

Shear Force(MN)

0

0 002 004 006 008 01 012 014 016 018 02
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Figure 7-9 - Force-displacement analysis for 5% quantile,
mean value and 95% quantile
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7.3 Fragility assessment

7.3.1 Ground motion selection

When real ground motion records are unavailable, artificial accelerograms might be a reasonable choice
to conduct time history analysis. Eurocode 8 [355] recommends the use of artificial accelerograms
compatible with the elastic response spectrum. As such, a significant random number of accelerograms
compatible with the elastic acceleration response spectrum were generated resorting to the software
SIMQKE_GR [356]. The Eurocode acknowledges a minimum number of seven artificial accelerograms to
have a consistent representative response. Some studies regarding seismic assessment of reinforced
concrete bridges [357] discuss the adequate number of artificial accelerograms to be used. As for this
work, ten artificial independent accelerograms were adopted based on the study of [358]. For each
accelerogram, a duration of 14s with a time rise of 2s was considered as well as an envelope function
with a trapezoidal shape. The resulting accelerograms were compatible with the elastic response
spectrum for the Eurocode 8 type 2 seismic action (near-field), with a return period of 475 years and
viscous damping of 5%, see Figure 7-10. The region, based on the parameters of Eurocode 8 Annex, was
Soure with an importance factor y; of 1.0, a value of reference peak ground acceleration of 1.1 m/s?,

and a soil type C (S=1.60).

|—— Artificial Accelerograms
—— Mean Artificial Accelerogram | |
— Elastic Spectrum

= = 90% Elastic Response

Pseudo-spectral accelaration(m/s2)

Period(s)

Figure 7-10 — Pseudo-spectral accelerations for the considered accelerograms
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7.3.2 Selection of the intensity measures and engineering demanding parameters

The selection of the optimal intensity measure (IM) is of utmost importance to obtain a lower dispersion
on the results. Mackie and Stojadinovic [359] studied the efficiency of several IMs in terms of the
dispersion of the output. The authors claimed that an efficient IM must be practical, sufficient, effective,
efficient, and robust. Additional studies regarding the efficiency can be seen in [360], wherein several IMs
were compared and applied to a set of highway bridges, and [361] with another application to highway
bridges for a set of IMs in which a correlation between them was investigated.

The literature reports a wide range of IMs such as peak ground acceleration (PGA), peak ground velocity
(PGV), peak ground displacement (PGD), Arias intensity 14, spectral acceleration S, among others. As
regarding bridges applications, the most famous IMs are PGA and S,,. The adoption of the best IM is very
debatable. Nevertheless, following the literature of seismic assessment regarding bridges, the majority of
studies considers PGA as one of the IMs to adopt for the seismic assessment. For example, [360] states
that PGA and S, are the most optimal parameters for the response. Bearing this in mind, PGA is herein
considered in this work.

Concerning the engineering demanding parameters (EDP), before choosing the most adequate for the
work in context, it matters to understand the critical components of the structure. Hence, for this work, it
was considered the pier and the bearing device as critical components of the bridge, therefore top
displacement of the pier as well as the longitudinal displacement of the bearing device were herein chosen

for further analysis.

7.3.3 Damage Analysis

The fragility assessment of bridges is developed based on several damage states. A great part of the
works on bridges recalls the use of damage states to the HAZUS code [362]. Normally this code refers
to five damage limit states (DLS), namely no damagg, slight, moderate, extensive, and complete damage.
Examples of the application of this scale measure can be seen in [357] on the section of fragility functions
for road and railway bridges. Also, other codes, such as Eurocode 8, part 3 [363], refer to three DLS
applied to buildings, damage limitation, significant damage, and near collapse.

For the DLS definition, a different damage state criterion must be considered for each component.
Regarding the piers, despite the existing codes previously mentioned for bridges, several authors propose
different limit states thus being difficult to stick to a specific work. For this study, the work of [364] was
considered. In this work, the DLS were based on EDP obtained from the non-linear static pushover

analysis wherein relationships between the yielding, Sy, and ultimate displacement, &,,.are built to obtain
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the different DLS, see Table 7.3. As for the bearing device, some assumptions were also made based on
its typology. Thus, the DLS was based on the studies of [365], where it was stated that displacements
less than the design value imply no damage for the bearings. Conversely, higher values translate into
more serious damage states being the ultimate displacement 5 times higher than the design value,
meaning thus the complete destruction. Concerning these assumptions for this study, Table 7.3 shows
the considered damage states for the bearing devices. Furthermore, since this case study deals with
uncertainty, a DLS was herein defined for each deterministic model above-defined (5%, mean, 95%). This
assumption served the purpose of introducing the effect of the uncertainty on the materials instead of
assuming the mean values for the fragility assessment, as commonly seen in almost all studies about
bridge fragility assessment. As for the bearing devices, uncertainty was also assumed. Since the
information on these components was very limited, a lower and an upper bound around the most probable
value was defined, i.e. 50 + 25 and so on. Such assumption relied on the information provided by the
FIP Industriale catalogues [366], an ltalian company that produces bearing devices, which recommends

lower and upper bounds for bearing devices. The results are thus summarized in Table 7.4.

Table 7.3 - Damage Limit State definition
Component Minor Moderate Major Collapse

Pier 5pier = 0~75y (Spier (Spier 5pier > 5u

| : 1 2
displacement > min [158,,(3)- (8 > min[308,,(5). (8

- y)] - y)]

Bearing 50mm 75mm 125mm 250mm

displacement*

*values based on the longitudinal direction

Table 7.4 — Damage limit state quantification for piers and bearings

Component Quantile Minor Moderate Major Collapse
Pier 5% 0.042 0.067 0.073 0.080
displacement (m) Mean 0.042 0.082 0.103 0.125
95% 0.042 0.090 0.147 0.190
Bearing 5% 0.025 0.0375 0.0625 0.125
displacement (m) Mean 0.050 0.075 0.125 0.250
95% 0.075 0.1125 0.1875 0.375
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7.3.4 Fragility calculation
Having defined the IM, the EDP as well as the damage states, this section aims to compute the fragility
curves. The fragility expression is given by a probability of exceedance of the EDP for a specific damage

limit state at a given IM as follows:

Fragility = P(EDP > DLS|IM) (7-2)

The cumulative functions that build the fragility curve follow normally a lognormal distribution being the

expression herein defined as follows:

(%
P(DLS|IM = x) = ® (#) (7-3)

where P(DLS|IM = x) is the probability of exceedance as defined above with an IM = x; ® is the
standard normal cumulative distribution function, 8 is the mean and 8 the standard deviation of In (IM).
It is noteworthy to mention here that there are several approaches to obtain the fragility curves. For the
present work, Baker [367] approach was adopted. Following this methodology, an estimation of the
parameters 0 and 73 were obtained through maximum likelihood estimation (MLE). Before MLE, it was
computed the number of events, in which the EDP was exceeded, out of the total number of events given

by the number of artificial earthquakes. Thereby, a binomial distribution for the collapse probabilities were

estimated by:

N,
P(n out of Nepenes|IM = x) = ( e::nts) pte(1— pi)NevemS_nc (7-4)
(5

where pis the probability of exceeding the DLS at IM = x. The process is repeated for all the IMs, the
likelihood is given by the product of the binomial probabilities and therefore, optimization is applied. To

simplify the problem, the formula is re-written in the logarithmic form and given by:

m X X
(@, 7)’) = argmax ; Inc In{ & <ln[g§)> + (Nepents —n)Inf 1 —@ <ln[(f)> (7-5)
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The parameters were obtained by the MATLAB optimization function fminshearch [316]. Considering this
approach to obtain the fragility curves, the total number of runs assembled 10 artificial earthquakes per
PGA and for each quantile. As the level of intensity was considered to range from 0-1.5g, a total of 450
nonlinear time history analyses were performed. Table 7.5 and Table 7.6 show all the estimated
parameters for the three quantiles for the pier and bearing device, respectively. From the obtained results,
it was observed that the lower the DLS is, the less disperse were the results for the case of the pier
component. Such fact was related to the dispersion of the displacement values for the different quantiles,
which was very low for minor damages being the value around 0.60g. As for the moderate damage, this
dispersion increased having values ranging from 0.85g to 1.11g. For higher damages, i.e. major and
collapse, the dispersion on the results were even more evident as the structure was more likely to exceed
the state for higher PGAs. It was also observed for the quantile 95% of the collapse DLS, the estimated
parameter was not correctly estimated. Such fact was explained by no exceedance of the threshold
established for that DLS in all 10 artificial earthquakes. Thereby, the optimization gave a mathematical
error. Such a result could be fixed by considering a higher range of intensity or by lowering the thresholds
defined in Table 7.4. The first option seemed to be more reasonable, though a considerable amount of
computational time should be added to the calculation turning the problem considerably more time-
consuming. The obtained results for the bearing device component resulted to be more dispersed than
in the piers due to the range of values defined as threshold DLS for the different quantiles. In fact, with
more information regarding experimental analysis, the results could led to more accurate insights.
Nevertheless, as it was mentioned at the beginning of the chapter, the aim is to validate the methodology

wherein the results could be easily updated. The obtained results can be consulted in Figure 7-11.
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Table 7.5 - Estimated parameters for the piers
5% Quantile Mean Value 95% Quantile
DLS — — = = = =
0 B 0 B 0 B
Minor 0.60 0.02 0.60 0.02 0.60 0.02
Moderate 0.85 0.11 1.02 0.10 1.11 0.08
Major 0.91 0.10 1.22 0.08 1.74 0.11
Collapse 1.00 0.08 1.37 0.09 571 0.14
Table 7.6 - Estimated parameters for the bearing device
5% Quantile Mean Value 95% Quantile
DLS — — — — — —
0 B 0 B 0 B
Minor 0.40 0.03 0.70 0.08 0.93 0.10
Moderate 0.55 0.10 0.93 0.10 1.28 0.09
Major 0.81 0.08 1.37 0.09 1.74 0.13
Collapse 1.37 0.09 5.71 0.14 571 0.14
§ 5% Quantile Bearing device ¥ Mean Value Bearing device i 95% Quantile Bearing device
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7.3.5 Fragility assessment combination

Figure 7-11 - Fragility curves for the piers and the bearings

After having obtained the estimated parameters through MLE for each component, the next step followed

the combination of the fragility assessment. As stated in section 7.2.1, the frame was composed of two

systems disposed in series (pier-bearing), resulting in a global parallel system. Thus, considering the

symmetry of the global system, a representative global failure was given by the failure of one of the

systems.
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The combination of the components is proposed in the literature by Choi et al. [368] where a lower and

a upper bound of the system fragility for a serial system are given by the following equation:

n

maxiLy [P(F)] < P(Fayseem) < 1= | 11 = P (7-6)

i=1
where P(F;) and P(Fsystem) are the probability of component and system failure, respectively. The
lower bound corresponds to the completely correlated components while the upper bound assumes no
correlation. The real system fragility is located somewhere in the middle of this interval. For example, in
the study of Zhang and Huo [369], different importance was given to the components and measured by
weights for the final damage state of the system. For this study, the failure probability was assumed by
the weakest component in the system. Accordingly, combining the results obtained in Table 7.5 and Table
7.6, the final bridge fragility parameters are presented in Table 7.7 and illustrated in Figure 7-12.
Observing the obtained results for the system, it was concluded that, given the DLS thresholds for the
different components, the lower quantiles and DLS were controlled by the bearing device, while the higher
ones were controlled by the pier. These results gave an important insight into the behavior of the bridge

for different DLS and for future maintenance in terms of which components should be more important to

do the maintenance activity.

Table 7.7 - Estimated parameters for the system pier-bearing

5% Quantile Mean Value 95% Quantile
PLs C B 9 B ? B
Minor 0.40 0.03 0.60 0.02 0.60 0.02
Moderate 0.55 0.10 0.93 0.10 1.11 0.08
Major 0.81 0.08 1.22 0.08 1.56 0.11
Collapse 1.00 0.08 1.37 0.09 571 0.14

5% Quantile System Mean Value System 95% Quantile System

8 8 —DLS1 3 —DLS81
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Figure 7-12 - Fragility curves for the system pier-bearing
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7.4 Degradation modelling

7.4.1 Corrosion analysis

As discussed in section 4.1, chapter 4, typically the loss of structural strength in aging RC bridges is
mainly attributed to the corrosion of reinforcing bars [170]. This study assumed that corrosion lead to a
generalized uniform reduction of the reinforcement area along the length of the rebar. However, it is
acknowledged that the formation of spatially distributed corrosion pits along the length of the rebar can
result in localized weakening of RC piers [170]. This effect was excluded in the present study for simplicity,
but it can be incorporated within the proposed methodology together with the modelling of other
secondary effects such as loss of bond strength, core and cover concrete strength, and steel yield
strength. Also, corrosion on the bearing device was not considered and thus it is out of the scope.

Cover measurement tests performed after the bridge construction revealed that there are zones with a
lack of concrete cover, which renders the bridge susceptible to corrosion deterioration [349]. The chloride
exposure condition considered in this study corresponded to structures exposed to de-icing salts, whose
variables depending on the material and the environment were assumed to be equivalent to the ones
valid for the marine splash zone [174].

The probability distributions for the variables to determine T,,,,- and dj(t) using equations (4.4) and
(4.5), respectively, were adopted from Duracrete [174] and Choe et al. [175], see Table 7.8, for the
assumed marine splash zone exposure condition, and for assumed Ordinary Portland cement (OPC),
water-binder ratio (w/b) of 0.5, and water-cement ratio (w/c) of 0.5. Figure 7-13 shows the time-
dependent reinforcement area A4(t) normalized by the initial reinforcement area Ay, with lower and
upper bounds of the uncertainty interval representing 5" and 95" percentile values, respectively. It was
evidenced from the figure that chloride-induced corrosion had a significant impact on the reinforcement

area, and consequently on the capacity of RC piers to resist seismic demands.
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Table 7.8. Probability distributions for the corrosion parameters [174, 175]
Variable Condition Distribution Unit
Model uncertainty coefficient (64) - Lognormal (-0.0013;0.05)*
Cover depth (x) - Lognormal (3.47;0.13)** [mm]
Environmental factor (k) OPC, Splash zone Gammal(29211.0 -
Curing factor (k) At age 7 days Beta (2.15; 10.7;1.0;4.0)
Chloride diffusion coefficient (D) w/c= 0.5 Normal (473.0; 43.2) [mm?/year]
Correction factor for test method (k) - Normal (0.832; 0.024)
Reference period (t) 28 Deterministic [days]
Age factor () OPC, Splash zone Beta (17.2; 29.3; 0; 1.0)

[%] relative to
Critical chloride concentration (C,) OPC, w/b=0.5, Splash zone ~ Normal (0.50; 0.10)

binder
Surface chloride content regression [%] relative to
Splash zone Normal (7.76;1.36)
parameter (As) binder
Surface chloride content error term [%] relative to
Splash zone Normal (0;1.11)
(ecs) binder

* The reported values of the A and ¢ parameters of the Lognormal distribution correspond to a mean model uncertainty coefficient of 1, and
a standard deviation of 0.05.
** The reported values of the A and ¢ parameters of the Lognormal distribution correspond to a mean cover depth of 32.6mm, and a

standard deviation of 4.2mm.
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Figure 7-13. Time-dependent mean reinforcement area ratio with lower and upper bounds of 5 and 95" percentile

respectively

7.4.2 Corrosion effect on the structure analysis response

The corrosion effect on the structures presents a considerable effect on the EDP and thus on the long-
term performance of the structures. In this section, a discussion is made by presenting the effect of the
structural response of the structure due to corrosion, by re-computing the static pushover analysis for
different timelines and the non-linear time history analysis for a given intensity measure. Note that these

results were merely to illustrate the differences observed on the structural responses for a situation with
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corrosion and non-corrosion and to highlight what is expected to obtain on the time-dependent fragility
curves. Normally, the analysis of long-term effects are defined for five different ages, i.e. initial age, 25,
50, 75 and 100 years, see for example [370]. However, considering that the changes for the ages of 25
and 75 years concerning the initial age and 50 years, respectively, were low, it was decided to model the
bridge at #0, 50 and 100 years. Figure 7-14 shows the load-capacity curve for a non-linear static

pushover analysis.

—==5% initial age
Mean initial age
= =95% initial age
5% 50y

—— Mean 50y

— —95% 50y
—-—5% 100y
Mean 100y
— —95% 100y

Shear Force(MN)

Figure 7-14 - Influence of the corrosion effect on the force-displacement curve

From Figure 7-14 it can be observed that the capacity of the structure was considerable reduced in
comparison with the initial age. Moreover, the ultimate displacement slightly increased as expected. Such
increase also influenced the fragility curve calculation since the probability of exceedance increased
relative to the initial age.

Figure 7-15 shows an example of the force-displacement curves for the three quantiles due to a base
excitation corresponding to 1.0g. It was expected that the maximum displacement did not present any
relevant change among the different periods since for 1.0g the structure is far from its ultimate limit
capacity. This was also due to the high redundancy that concrete structures can provide when compared
with other structures as masonry, wherein the re-distribution capacity is reduced. The only relevant

change observed was on the maximum shear force in the structure.
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7.4.3 Time-dependent fragility assessment
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Figure 7-15 - Force displacement response under time history non-linear earthquake analysis

To understand the effect of corrosion on the fragility curves, the process described in section 4.4 was

repeated for different ages. It is important to mention here that the process of obtaining the fragility curves

for each period is highly time-consuming thus, the same periods of time were adopted as mentioned in

the previous section.

Moreover, to understand the influence of the corrosion on the fragility curves, a comparison of the new

obtained displacements was made with the DLS thresholds defined in Table 7.7 for the initial age. The

estimated parameters for 50 and 100 years of corrosion for the system are expressed in Table 7.9 as

well as the resulting fragility curves in Figure 7-16. It was observed from the fragility curves that the

probability of exceedance (PoE) was higher for the same intensity measure as the age increased.

Table 7.9 - Estimated parameters of the system for 50 and 100 years

5% Quantile Mean Value 95% Quantile
DLS [/ B [ B 0 B
50 years
Minor 0.38 0.04 0.60 0.02 0.60 0.02
Moderate 0.51 0.11 0.88 0.06 1.02 0.08
Major 0.75 0.06 1.12 0.08 1.46 0.08
Collapse 0.92 0.09 1.32 0.11 1.52 0.01
5% Quantile Mean Value 95% Quantile
DLS (] B ] B (] B
100 years
Minor 0.31 0.03 0.50 0.11 0.50 0.02
Moderate 0.48 0.14 0.85 0.07 1.00 0.09
Major 0.70 0.02 1.03 0.12 1.41 0.10
Collapse 0.90 0.08 1.20 0.18 1.51 0.01
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Figure 7-16 - Time-dependent fragility curves for 5% quantile, mean and 95% quantile

7.5 Life cycle risk assessment

This section aims to combine the obtained time-dependent fragility curves with risk analysis and
investigate its behaviour over the life cycle. As such, and following the methodology, the first part
concerns the time-dependent risk assessment while the second one concerns maintenance and

optimization wherein some optimal maintenance scenarios are thus discussed and compared.

7.5.1 Risk assessment

The analysis of risk for bridges follow the equation (3.9), chapter 3. Though, given the case study under

analysis, the expression can be accordingly re-written as:

Risk = p(DLS;|IM) x C (7-7)

where p(DLS;|IM) is the probability of exceedance for a certain DLS given the IM, and C are the
consequences of the system. Although the simplicity of the expression, there are several variables
included in the calculation of the probabilities of exceedance, see previous sections, and the
consequences.

Consequences are a very sensitive issue as they change accordingly with the location of the bridge. As
stated in section 3.2.2, chapter 3, consequences can be of direct or indirect nature. The direct
consequences were related to direct interventions on the system while indirect consequences retrieved
issues related to vehicles delay, detour routes, injuries, and loss of human lives. According to Table 7.10,

the definition of the DLS accounts for the description of the state and the required interventions.
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Table 7.10 — Description of the DLS [364]

Damage Limit State Required Interventions/Consequences
DLS1: Minor Inspect, Adjust, Patch

DLS2: Moderate Repair Components

DLS3: Major Rebuild Components

DLS4: Collapse Rebuild Bridge

Bearing this in mind, the assumptions for this case study regarding direct consequences calculation were
based on the study of [118] given by the equation (3.16). Moreover, the author claimed that rehabilitation
should be estimated at 60% of the rebuilding costs and thus the consequence estimation for the DLS2
[371]. The DLS3 and DLS4, as the interventions indicate, were related to the rebuilding of the damaged
elements, i.e. pier and bearing device, and rebuilding of the system, i.e. the entire frame considered for
the analysis, respectively. Regarding DLS1, as the damages on the elements are very low as well as the
estimated consequences, its analysis was disregarded for the risk analysis.

Concerning the indirect consequences, alternative detour routes were identified due to the closure of the
bridge for repair. Being the railway network not as redundant as the roadway network, alternative routes
were defined through roads. Its calculation was given by equation (3.17). Due to the unavailability of
information regarding possible fatalities estimation as well as injuries, such consequences were out of

the scope of this work. Table 7.11 shows the quantification of the considered variables.
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Table 7.11 - Quantification of the consequences [149, 240]
Variable Notation Quantification
Rebuilding cost (€/m?) Creb TD* (680,1360,2550)
Apier 235.0**
Rebuilding Area (m?)
Agdeck 108.0**
Conditioned traffic percentage PER TD (80%-90%-100%)
Cars Trucks
Average daily traffic TMD 950 50
Cost per kilometer (€/km) CK 0.18 0.68
Cost per hour (€/h) CH 8.4 10.1
Restricted Speed (km/h) S 70** 50**
Train
Normal Speed (km/h) S. 200**
Detour route (km) LD 5.15**
Normal route (km) LP 7.50**
Discount rate R 2%
DLS2 DLS3 DLS4
Duration of the activity (days) DUR
3 180 270

*TD stands for the triangular distribution

**values directly estimated from the bridge drawings

The estimation of the time-dependent consequences in terms of monetary losses must consider future
risk as estimated in section 4.9.1, chapter 4, according with equation (4.22). Considering all the defined
variables, the obtained consequences are assembled in Figure 7-17 for the different DLS. Note that the
consequences were herein defined as probabilistic. Therefore, the consequences values are assigned to

the 5% quantile, mean and 95% quantile covering the best, average and worst scenarios, respectively.
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Figure 7-17 — Estimated consequences

Observing the consequences for DLS2, the indirect ones were very low due to the low restoration time of
3 days. On the other way, for the DLS3 indirect consequences, due to the high period of recovery, they
represented around 45-60% of the total consequences, which was already significant for further analysis.
As for DLS4, although the recovery time was the highest, the indirect consequences only represented
around 25-40% of the total consequences as the direct consequences involved the rebuilding of the entire
system.

Combining the time-dependent consequences and the fragility assessment, Figure 7-18 illustrates the
risk-based fragility curves. Observing the obtained curves, it was noticed that for lower values of PGA, the
risk values were very low presenting thus no threat to the performance of the bridge. However, as the IM
increased, the risk started to present a serious threat to the bridge indicating that some mitigation and
maintenance activities should be embraced to decrease the risk values. The definition of the risk
acceptance criterion level, wherein some precautions should be taken, is a very subjective issue once
there are no specific guidelines to establish some risk thresholds. Thus, for the present case study, the
acceptance criterion level was estimated as 10% of the value of reconstruction of the bridge in its initial
year, wherein values above that value will be further considered for maintenance activities. Reports from

the present bridge stated a construction value of 3607509 €.
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Figure 7-18 — Risk Assessment for the different DLS

Figure 7-19 shows the time-dependent curves given the PGA level of intensity that crosses the acceptance
criterion level and thus considered for maintenance activities. Note that for the quantile 95% of the DLS4,
no level of PGA crossed the estimated criterion, therefore no plot was needed to evaluate the time-
dependent consequences once they are below the threshold value. The next section is dedicated to
assessing mitigation actions to investigate how much these risk values decrease. Moreover, a comparison
will be made with the obtained values with no mitigation action and a thorough discussion on whether

applying the mitigation action is worthwhile.
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Figure 7-19 - Time-dependent risk quantification

7.5.2 Mitigation actions

The current section is dedicated on decreasing the risk level exposure of the bridge. Such mitigation
actions can be implemented through retrofit activities. Retrofit activities have proved by the literature to
be an effective response to mitigate the risk to seismic hazard scenarios, see [117, 372]. Moreover, these

authors provided a valid list concerning the application of retrofit activities at various levels aiming to
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reduce the seismic impact such as jacketing, isolation of the bearing devices, among others. For the

present case study, steel jacketing retrofit was herein applied aiming to validate the methodology for a
further comprehensive discussion on its influence on maintenance and optimal scheduling. The
application of steel jacketing retrofit action followed the recommendations of [372] by adding an increase
of 15% to the side length of the column and an additional 50% of the longitudinal rebar. Those changes
were applied directly to the model presented in section 4.2 and all the previous steps are re-calculated
considering the jacketing retrofit measure. Figure 7-20 and Figure 7-21 show the pushover and the force-
displacement curves, respectively. Note that the force-displacement curves were applied considering the
same conditions as depicted in Figure 7-14. From Figure 7-20, it was observed a higher shear force on

the yielding phase and a lower displacement obtained. Such result was expected due to the steel

jacketing.
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Figure 7-20 - Influence of the corrosion on the force-displacement curve considering the retrofit action

As for the force-displacement curve, it was also observed an increase in the peak force. However, the
differences were not as relevant as in the pushover curves since for 1.0g intensity measure, the structure

was still far from collapse due to its redundancy.
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Figure 7-21 - Force displacement response under time history non-linear earthquake analysis considering the retrofit action

170



Chapter 7 - Risk and resilience-based assessment of a railway RC bridge subjected to earthquake and corrosion

scenarios
Fragility assessment was also conducted following the formulation expressed in section 4.3.4. The results

are depicted in Figure 7-22 indicating the decrease in the probability of exceedance due to the steel

jacketing. The obtained risk values are assembled in Figure 7-23.
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Figure 7-23 - Risk Assessment considering the retrofit action

Figure 7-24 presents the time-dependent intensity curves for the risk values that cross the threshold above
defined. Although a retrofit action improved considerably the performance of the bridge by lowering the
risk values, yet it was verified high risk values. The following section aimed to introduce the analysis of
the maintenance actions on these curves. Those maintenance actions were implemented through an
optimization algorithm to minimize costs by keeping the risk values as low as possible. Furthermore,
analogously to the present section, a discussion between maintenance actions with and without the

retrofit actions were hereafter discussed.
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Figure 7-24 — Time-dependent risk quantification considering the retrofit actions

7.5.3 Maintenance and optimization

To preserve the integrity of the bridge over its life cycle, regular maintenance activities should be
embraced. Such activities are established based on their effects on the structure and the cost of its
maintenance. Regarding their effects, they can be quantified accordingly to their reduction in the rate of
degradation as suggested elsewhere [196, 373]. However, their quantification is uncertain because it is
strongly dependent on the experience of the project manager. For this study, the maintenance actions
and their effects were provided considering the experience of major Portuguese infrastructure
management companies and by a comprehensive questionnaire to different stakeholders [12]. Table
7.12 provides a comprehensive list of actions proposed to this case study divided by their impact on the
structure as well as the associated direct costs. As for the indirect costs, the case study followed the

equations detailed section 5.2, cahpter 5 wherein its parameters quantification are depicted Table 7.13.
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Table 7.12 — Actions effects and corresponding costs

Damage Type of

. Effect of the maintenance Quantification Cost
State maintenance
Time of Rate of
Cleaning of the ~ Keep the deterioration rate in reduction (t,) reduction (&) 3€/m?
piers the same level TD* (1,1.5,2) TD*
(in years) (30%,40%,50%)
% Genelral repair Keep the deterioration rate in Time of delay (tq) 2
e of pier (e.g, the same level * i 50€/m
concrete cover) D" (1.5,2,3) (in years)
Time of delay (t4)
Cleaning of Keep the deterioration rate in 75€ /unit
bearing devices the same level TD* (0.5,1,2) (in years)
Time of Rate of
Repair on the _— reduction (t,-) reduction (§) .
120€ t
bearing devices Slow the deterioration rate O 2.3.4) (n — Juni
years) (40%,60%,75%)
%) Time of Rate of
e Crack repair on _— reduction (t,) reduction (6)
126€
g the piers Slow the deterioration rate 0" (05.1.5.3) — /m
B (in years) (75%,90%,100%)
=) Anti-corrosive I . TD* (4,5,8) (in years)
paint on the Keep the deterioration rate in : 76€/m?
) the same level Time of delay (t4)
piers
Comlple'te Improve the condition of the Improve on the condition state 2000€/m3
Repair pier structure
Table 7.13 - Indirect costs quantification [149]
Parameters Quantification
DUR 5 days
I, (m) 60
Type of train Medium to long trip trains
VA, (€/min) 2.40
S, (km/h) 30
S, (km/h) 200
TMD 150 50
PER* TD (10%-40%-70%)

In Table 7.13, [, is the length of the rail track (km), [, S, the restrained speed (km/h) and §,, the normal
speed (km/h); TMD is the average daily traffic for railways and PER is the availability of the bridge
related to each intervention.

As for the optimization procedure, following the algorithm explained in Figure 5-3, the MOP was defined
by minimizing the life-cycle risk by considering the lowest possible maintenance costs. For the Genetic
Algorithm (GA), NSGA—II, through the gamultioby built-in function of MATLAB [316], was adopted with a
population size of 500 alongside with 500 generations, a crossover scattered function used to create

crossover children and a tolerance criterion of 1e-6. Accordingly, the MOP was stated as:
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Find:

e The optimal maintenance schedule, i.e. the decision-making vector (DMV)
To achieve the following conflicting objectives:

e Minimize the overall risk

e Minimize the direct costs

Subject to the constraints:

* t; —tj = 2 years, ie the interval between two applications shall not be lower than 2 years.

Two representative optimal solutions were chosen. Solution 1 represented the best-case scenario in terms
of minimization of the risk, but more maintenance costs are involved, while solution 2 corresponded to
the worst scenario in terms of risk values. Figure 7-25 shows the effect of the maintenance actions for
solutions 1 and 2. Note that the obtained results considered the effects of maintenance actions without

any retrofit action. From the obtained results, a considerable decrease in the risk values was observed.
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Figure 7-25 — Risk Assessment for optimal Solutions 1 and 2 without retrofit action

It can be noticed that the threshold value was still crossed. Such a scenario might represent a major
problem to the owners of the bridge while assessing the optimal solutions. In this way, it was concluded
that maintenance solutions might be insufficient. Nevertheless, the combination of the maintenance
activities with the mitigation action previously defined could be a wise solution to solve this problem.
Figure 7-26 shows the optimal solutions considering the maintenance actions and the retrofit action
denoting that the problem of having risk values crossing the threshold value is practically surpassed for

solution 1. However, solution 2 still presented values over the threshold value. Such a problem could be
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solved by adding more restrictions. Yet, this measure could lead to a mathematical problem with the GA
by not attaining to obtain optimal solutions at all. Another option could be to establish a maintenance
schedule combined with the mitigation action. Note that, by adopting this option, the owners/project
managers could be neglecting the optimal solutions and selecting more expensive solutions. More detailed
calculations, in terms of optimal solutions per each intensity over the time given by the Pareto front for

both maintenance actions, with and without retrofit actions, are described in the annex C1 and C2.
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Figure 7-26 - Risk Assessment for optimal solutions 1 and 2 considering retrofit action

7.5.4 Benefit Analysis
The present section aimed to analyse and compare the different proposed solutions to decrease the risk
values by comparing the benefit gain with the initial risk, see Figure 7-18. The adopted metric for the
benefit calculation is given as follows:

fIIM=1-5g

_,  Fragility Curve(IM) o
Benefit;(%) = (1 — flx;g.Sg scenario i | 00

IM=0

(7-8)

Fragility Curve(IM) nitiai risk

Alongside the benefit calculation, the total cost of the solutions was also expressed for further
comparisons. The following figures express the benefit for three scenarios: (1) No maintenance with
retrofit action, see Figure 7-27; (2) maintenance without retrofit action, see Figure 7-28; (3) maintenance
with retrofit actions, see Figure 7-29. Note that the value assumed for the cost of applying the steel
jacketing retrofit action was based on the study of [117], where a cost of 5100€ was estimated to retrofit

each column.
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Figure 7-28 — Benefit Analysis considering maintenance actions without retrofit action
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Figure 7-29 - Benefit Analysis considering maintenance and retrofit action

For scenario 1, it was observed that the lowest benefit was attributed to DLS 2. Such fact was given by
the threshold limits previously defined in Table 7.3, being easily crossed for both retrofit and no retrofit
options. As for the DLS 3 and DLS4, the benefit was higher once the PoE on the fragility curves
considerably decreased. Indeed, there was a high benefit for solution 2 for lower costs than solution 1.
However, such a metric should not be assessed only by itself once the values were still crossing the
threshold value for some intensity measures, see Figure 7-25 and Figure 7-26. Therefore, such analysis

should be complemented by careful analyses of the time-dependent risk curve per IM.

7.6 Resilience estimation

Following the risk assessment, resilience estimation was conveniently addressed to estimate the
system recovery by establishing recovery plans according to the IM. The following section analysed
the recovery of the system for the original solution without maintenance actions, as well as

considering the optimal solutions and the retrofit action.
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scenarios

7.6.1 Recovery function

The recovery functions for this study adopted the same recovery functions defined in the chapter 6. The
parameters as well as the recovery functions were considered based on the Table 6.3 and Figure 6-7,
respectively. Those functions were based on the rapidity of recovery given the DLS, i.e. a lower DLS
allowed a faster recovery. Likewise, the critical over-damped recovery function was adapted for the DLS2
and DLS3 and a lognormal cumulative function for DLS4, see equations in Table 6.2.

Considering the recovery functions for each DLS and the equation 6.1 to estimate the resilience, the
overall resilience for the solutions in section 4.5 was calculated given the IM. The results are depicted in
Figure 7-30 and Figure 7-31 for the situation without and with the retrofit actions, respectively. Note that
the results of the resilience per each IM were normalized to the worst-case scenario per DLS, i.e. the
maximum risk value obtained. Likewise the obtained risk in section 4.5, the resilience tended to be worse
for DLS3 and DLS4 as long as the IM increases. For the DLS2, the resilience was almost 100% for all the
IM once the recovery time is very short. Although the resilience values were considerably high, except for
the DLS4 wherein the worst resilience level was around 40%, risk values mitigation should be always
considered and analysed to avoid a post-event recovery and higher losses than those estimated just for
maintenance scenarios. Analogously to the risk calculation, the application of the maintenance solutions
along with the retrofit actions improved considerably the resilience, especially in solution 1. The time-

dependent resilience for each IM can be consulted in Annex C3.
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Figure 7-30 - Resilience Estimation without retrofit actions with and without maintenance
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Figure 7-31 - Resilience Estimation with retrofit actions with and without maintenance

7.7 Final remarks

This chapter outlined the methodology of the thesis by combining the risk and resilience for the process
of decision-making and by proposing some practices in the field of reinforced concrete railway bridges
subjected to an extreme event (earthquake) combined with a progressive damage event (corrosion). The
non-linear analyses accounted with a probabilistic assessment by considering a set of RV on the problem.
Since the probabilistic analysis enhances a high computational time, three deterministic models were
considered representative of the analysis. Furthermore, a non-linear time history analysis was posteriorly
embraced to obtain the fragility curves for the pier-bearing system. In order to consider the progressive
damage of the bridge over time, a corrosion model was established and applied to obtain time-dependent
fragility curves for the ages of 50 and 100 years. Moreover, the risk assessment was calculated by
combining the obtained consequences with the fragility curves. By establishing a threshold value, it was
concluded that the values were unacceptable for some intensities leading to embrace mitigation and
maintenance activities. The mitigation action accounted with the steel jacketing of the columns and it has
shown to be a very effective measure to decrease the risk. Although some IM measures still crossed the
threshold value, the benefit analysis has shown that it could be a good option alone without considering
maintenance activities. However, some precautions should be still considered. Moreover, by establishing
maintenance scenarios through MOP, it was possible to obtain even lower risk values, yet with an extra
cost leading to the conclusion that a combination of maintenance activities with the retrofit action might

be the best option regardless of the costs of maintenance involved.
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To finalize, a resilience estimation based on the risk levels was carried out to understand the post-event

recovery of the system in case of happening the event. The resilience values showed to be very high for
the DLS2 since the recovery time proposed was very fast (3 days). On the other hand, for the DLS4 the

worst values have shown to raise some warning given that the estimated resilience was of about 40%.
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Chapter 8

8 Conclusions and future works

8.1 Conclusions

This thesis focused on the proposal of an infrastructure management system. Although its validation
throughout the thesis was on bridges, the current methodology is broadly applied to other types of
infrastructures. Slight changes would be needed on the conceptualization of the problem regarding the
type of key performance indicators (KPIs) and on the limit state analysis in case of a quantitative analysis.
These problems related to management systems are a very complex project since it is composed of many
tasks to guarantee its fully functionality. Hence, it becomes fundamental at the first stage to structure the
problem and breakdown into small pieces to fully tackle the whole project. In this thesis, the way to tackle
the problem relied on the division of the problem into four modules. Furthermore, after a brief introduction
of the problem regarding the management of infrastructures, the chapter 2 aimed to conduct a review on
the most relevant projects among infrastructure management systems. From the literature review, it was
concluded that the field with most applications of civil engineering were concerned to bridges and
pavements. However, by consulting the existing research projects described from 1998-2020, it was
verified that those applications were already being extended to other types of facilities such as buildings,
tunnels, retaining walls, among others. Concerning the bridge management system (BMS) field, a deeper
investigation concluded that there were currently several BMS implemented worldwide, accordingly with
IABMAS report. The major drawback observed was that each one of these BMS followed their own
standards by conducting their management systems with different KPIs. To overcome this drawback,
recently, a research project on the field of bridges, denominated COST TU1406, was developed with the
goal of proposing a standardized KPI of assessment of existing bridges.

The chapter 3 aimed to discuss issues related to the assessment of existing structures, with a deeper
focus on the bridge case. Currently there are six levels of structural assessment wherein the first level
concerns the assessment by visual inspections, while the most complete relates to probabilistic
assessment. One of the first steps for the assessment concerns the establishment of the KPIs. Those
KPIs can be of qualitative or quantitative nature. The former is normally measured by a scale composed
of integers values from 1 to 5 wherein, generally, 5 is the worst and 1 the best condition state. The
qualitative KPIs are considered very handy for situations concerned to visual inspections and expert
judgment. For a more comprehensive and analytical analysis, the quantitative indicators suit better. In

this thesis, three different types of KPIs were analyzed, reliability, risk, and robustness. Those KPIs were
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discussed in terms of formulation and applied into three different cases. For all these cases, the failure
mode investigated concerned the load-carrying capacity. The obtained results of the KPIs revealed that in
all cases the structures were considered safe with very low risk levels involved. Moreover, a risk-based
robustness index was estimated. From this KPI it could be observed the dependency of the indirect
consequences. In this way, it was concluded that for a complete and reliable measure of the bridge, the
best KPIs to assess were either the reliability or the risk.

In a management system, the degradation model has the role of simulate the longterm damages
expected in order to capture the processes of degradation. Chapter 4 was dedicated on discussing the
process related to the degradation of structures. From the literature review, it was concluded that there
are several types of models adopted on modelling the degradation wherein the Markov models were
considered the most popular despite on their limitations. Nevertheless, other types of models have been
emerging among civil engineering field such as the Petri-nets and the artificial intelligence models.
Although, those models only work well if a considerable amount of data is provided. Otherwise, the models
could give problems related to very high bias values. In case that there is not enough data to model the
structures, several models have been proposed in the literature to model the degradation of structures
based on mechanistic models such as corrosion of the concrete. For practical applications, two different
types of models were adopted, the mechanistic models, considering the effects of the corrosion, and the
stochastic models, considering the Markov approach based on inspection reports. Concerning the
mechanistic models, although it was observed in the models that the threshold value was crossed at
around the age of 30, the risk levels started to be serious after the 50 years of age. Considering the
Markov model, the results were highly dependent on a database. The more robust is the database, the
better the results are. For these applications, the structures started to present poor levels regarding the
condition state after 20/30 years of age. Because these two models adopt different KPIs on their
modelling, it was not possible to compare those two models directly. However, it might be useful to
understand how these two types of models can be complemented. The Markov theory is very practical to
be applied and fits very well on qualitative analysis. But, because they are based on similar records of
other bridges, such information by itself might not be totally reliable to assess the actual condition. In that
way, understanding the condition of the structure by performing non-destructive tests, assessing the levels
of corrosion and developing mechanistic models, it was possible to have a more accurate information
regarding its true condition state.

Because maintenance actions are important to control the degradation of structures, chapter 5 aimed to

discuss the issues related to the life cycle analysis as well as the optimization problems. It was investigated
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that the life cycle costs were divided into three fields: agency costs, user costs and environmental costs.
Furthermore, because there are limitations on the budget, the optimization problem was discussed. The
literature has shown several optimization techniques. However, a multi-objective optimization problem
based on genetic algorithms revealed to fit better for this thesis. Those concepts were applied into two
different applications, a single bridge and a network composed of three bridges. For the case of the single
bridge, the optimization was considered with two conflictive objectives, reliability and cost of maintenance.
Moreover, the optimization was also considered as risk and cost of maintenance as objective functions.
The results have shown that the costs of maintenance considering reliability and risk were practically the
same. Therefore, since the optimization considering the reliability gives more conservative results in terms
of performance, the reliability should be considered instead. The purpose of showing the application for
the network was to highlight the differences on the involved costs while considering more than one bridge
in the optimization process.

The chapter 6 introduced the problems related to the exposure of the bridges to hazards. The literature
review on hazard analysis concluded that the most common bridge failures are related to collision of
vehicles and flood events. Furthermore, an overview on the post-recovery analysis was conducted by
investigating the adopted recovery models in case of a hazard occurrence. Those recovery models were
given by an indicator called resilience that measures the capacity of the system to return to its original
state. Those concepts were applied in same cases as the chapter 5. For the case of a single bridge, a
bridge strike hazard event was investigated wherein it was modelled a possible bridge damage. Thus, a
resilience estimation was considered for three different times of recovery. The difference on the time of
recovery affected the value of resilience as well as the indirect costs involved on the recovery of the
system. Moreover, the hazard event was included in the optimization problem in order to investigate how
the maintenance schedule could be affected by introducing a hazard. The inclusion of the hazard
significantly affected the optimization results since less maintenance activities were considered, due to
the costs spent on the recovery of the system after the hazard occurrence. Considering the network
analysis, similar conclusions were drawn regarding the effect of the hazard on the bridges. Differences
relied on the amount of the costs.

Those concepts discussed in the chapters 3, 4, 5 and 6, were applied in a case study of a reinforced
concrete railway bridge in chapter 7. Since an earthquake hazard scenario was considered in this case
study, the framework was slightly adapted to consider that scenario in the analysis. The calculation of the
performance indicators, described in the case study as the engineering demanding parameters, were

obtained by developing a finite element model using the software TNO DIANA. For the first module, the
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goal was to obtain the performance of the bridge through a fragility analysis. Furthermore, a time
dependent analysis was performed by considering the effect of the corrosion to obtain the time-dependent
fragility curves. This step was important to obtain the probability of exceedance of a given intensity
measure and combine with the consequence estimations to obtain the KPI of risk. For the risk analysis,
three different scenarios were considered based on the expected damage on the structure. The next step
combined the module 2 and 3 to apply the concepts of maintenance and optimization. Since maintenance
activities were not enough to keep low levels of risk, a mitigation action concerning the jacketing of the
piers was applied to investigate how this mitigation would affect the fragility assessment. The results have
shown a considerable decrease on the probability of exceedance on the fragility curves and thus a lower
value of risk. To finish the case study, a resilience estimation was made based on the risk values obtained.
The obtained results showed very high resilience for scenarios wherein it was verified lower damages and
a low resilience for scenarios with higher damages involved. In the overall analysis, the results obtained
by the optimization as well as by the inclusion of the mitigation activities revealed to be consistent and an

important step to validate the proposed methodology.

8.2 Future works

The developed methodology covered aspects concerned to the establishment of the KPIs and the decision-
making process stage. Although the main objectives were fulfiled, there are still some aspects that should
be considered for future developments: Thus, future works are listed as follows:

1. The first suggestion for the future development goes to the integration of the methodology to be
ready to be used by the stakeholders. Hence, a software with a front-end could be carried out.
For example, the development of a Graphical User Interface (GUI) covering this methodology
could be interesting to therefore provide a friendly interface for the users.

2. These types of methodologies for management systems are highly dependent on the information
provided. For example, for the degradation model, the stochastic models are highly dependent
on the historical database. If a database with a very few data is provided, the degradation model
might present problems in terms of accuracy. Hence, stronger databases should be considered
other than just based on the condition state and date of inspection. Database with more features
such as type of traffic loads, dimensions, presence of cracks, among others would allow to build
more powerful models such as artificial intelligence.

3. On the life-cycle analysis, the consideration of the environmental costs could be interesting to

add on the methodology to understand if any significant changes would be added on the
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optimization results. Furthermore, more detailed analysis on the traffic models would allow the
methodology to provide more accurate results mainly on the estimation of the user costs.

4. The detection of the damage could be improved and with more accuracy. In this thesis, the
damage consideration was assumed to validate the methodology. Although, this measure could
consider a combination of the inspectors’ expertise and artificial intelligence techniques. By
considering a database with similar records of other damaged elements, the damage estimation
of the damaged element could be done by considering convolutional neural networks. This would
allow a more accurate measure of the extension of the damage.

5. The consideration of the historical information about the recovery process after an hazard event.
The recovery of the system was considered by the recovery functions provided on the literature.
The same was considered for the recovery time. However, it could be interesting to compare
those recovery functions with a real recovery.

6. Still concerning the hazard events, it could be interesting to understand exactly the costs
regarding the labor work and the number of workers involved on the team. This would allow to
state a multiobjective optimization problem that would take as the objectives the minimization of
the recovery time and the minimization of the labor costs. In other words, the problem could be
stated by the following question: “How much money are the owners willing to pay to the workers
for the fastest recovery possible?”

7. Integration of other assets in the framework. The inclusion of other assets such as the railway
track would be interesting to consider as well as the hazards that the tracks are exposed such as

derailment problems and combine them to provide a multi-asset network perspective.
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Annex

Annex A — Chapter 2

This annex is referred to the questionnaire provided by the IABMAS report in the different bridge

management systems.

Table A.1 - Performance indicators adopted in the different bridge management systems
Performance Indicators

Designation Country Condition LOE::::::;'YWI ne Safety Risk Sfa:::l(t:;s)
MRWA Australia v x x x .
NSW Australia v x v 4 4
OBMS Canada v v v v 4
QBMS Canada v v % v 4
eBMS Canada v v 4 v 5

PEI BMS Canada v v 4 v 4
GNWT Canada v v % v 4
DANBRO Denmark v x x x 5
FBMS Finland v v v v 4
GBMS Germany v v v v 4
Eirspan Ireland v v v v 4
APTBMS Italy v v v v 4
RPIBMS Japan v v v v 4
KRBMS Korea v v v v 4
Lat Brutus Latvia 4 v v v 4
DISK Netherlands v 4 v v 6
BRUTUS Norway v v 4 v 4
SMOK Poland v v v v 4
SZOK Poland v v v v 5
SGP Spain v x v v 4
BatMan Sweden v v v v 3
KUBA Switzerland v v v x 5
ABIMS USA v v v x 9
AASHTOWare USA v x v v 5
Bridgeman Vietnam v v v v
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Table A.2 - Prediction models adopted in the bridge management systems

Predictive Capabilities

Planning time frames

(years)
. . Deterioration Optlma.l Short
Designation Country Improvement Intervention Long Term
Model . Term
Strategies (10S)
MRWA Australia Prob and Det v x 6to 10 N/A
NSW Australia Prob and Det x v N/A N/A
0BMS Canada Markovian v v 61to 10 56 to 60
QBMS Canada Markovian v v 6to 10 56 to 60
eBMS Canada Markovian v v 6to 10 56 to 60
PEI BMS Canada Markovian v v 6to 10 56 to 60
GNWT Canada Markovian v v 61to 10 N/A
DANBRO Denmark Yes v x 6to 10 N/A
FBMS Finland Yes v v 6t0 10 N/A
GBMS Germany Physical v v 6to 10 16 to 20
Eirspan Ireland No x v 61to 10 N/A
APTBMS Italy Markovian v v 1to5 46 to 50
RPIBMS Japan Speed curves v v N/A 96 to 100
KRBMS Korea Regression v v N/A N/A
Lat Brutus Latvia Prob v v N/A N/A
DISK Netherlands N/A x x 6to 10 N/A
BRUTUS Norway Prob and Det v v 6to 10 N/A
SMOK Poland Yes x x 6to 10 N/A
SZOK Poland Det v v 6to 10 N/A
SGP Spain No x x N/A 16 to 20
BatMan Sweden Det v v 1620 N/A
KUBA Switzerland Markovian v v 1to5 96 to 100
ABIMS USA No x v 1to 5 N/A
AASHTOWare USA Markovian v v N/A N/A
Bridgeman Vietnam No x x N/A N/A
Det — Deterministic Prob — Probabilistic N/A - Not Answered
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Table A.3 - Different types of costs adopted in the bridge management systems

Cost Information

Designation Country Inspection Intervention T;:g:: Accident Environmental
Cost Cost Cost Costs
Cost
MRWA Australia x v x x x
NSW Australia x v x x x
OBMS Canada v v v v v
QBMS Canada v v v x v
eBMS Canada v v v v v
PEI BMS Canada x v v v v
GNWT Canada v v v v v
DANBRO Denmark x v x x x
FBMS Finland x v x x x
GBMS Germany x 4 4 v v
Eirspan Ireland x 4 x x x
APTBMS Italy v v x x x
RPIBMS Japan x 4 v x v
KRBMS Korea v 4 v x x
Lat Brutus Latvia x v x x x
DISK Netherlands x v x x x
BRUTUS Norway x v v v v
SMOK Poland x v x x x
SZOK Poland x x x x x
SGP Spain x v 4 x x
BatMan Sweden x 4 v v x
KUBA Switzerland x 4 x x x
ABIMS USA x v x x x
AASHTOWare USA b v x x x
Bridgeman Vietnam x v x x x
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Annex B — Chapter 3
This annex refers to the auxiliar calculations to buckling issues of the steel bridge.

Table B.1 — Auxiliar calculations

Bar A iy iy Lerx Ly
aB 0.327 0.335 7.560 5.292
BC 0.352 0.343 4.330 3.033
Cc 98.815 0.0537 0.101 6.200 4.340
CD 0.352 0.343 4.330 3.033
Dd 0.0536 0.101 6.200 4.340

Table B.2 — Auxiliar Calculations
Bar A Ay y)

a, a

y y

aB 0.0178 23.153 15.796

BC 0.0161 12.311 8.841

Cc 0.009 115518 42.905 0.34 0.49

CD 0.0161 12.311 8.84

Dd 0.009 115518 42.905

Table B-3 — Auxiliar Calculations

Bar Psx Psy Xx Xy
aB 0.533 0.506 0.988 1.014 0.99
BC 0.495 0.477 1.027 1.058 1.00
Cc 1.348 0.652 0.495 0.879 0.50
CD 0.494 0.485 1.028 1.040 1.00
Dd 1.348 0.634 0.495 0.912 0.50
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Annex C — chapter 7

This annex contains the annex C1 and C2 that refers to the Pareto front solutions, the risk and direct

and indirect costs of maintenance without and with the retrofit action effect for the different damage

limit state (DLS) and intensity measure (IM). Annex C3 refers to the time-dependent resilience

estimation for the different IM.

Annex C1 - Pareto front, Risk and Costs without retrofit actions for different DLS
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Annex C2 - Pareto front, Risk and Costs with retrofit action
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Annex C3 - Time-dependent resilience estimation
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Resilésnna for original solution no maint for DLS3 5% Quantile 0Resilierloe for optimal sol 1 for DLS3 5% Quantile DResiliem:e_ for optimal sol 2 for DLS3 5% Quantile

10 101
o ) a
2 %0 e 90 2
2 2 2
8 80 § 80 ¢
o i 14
70 : : 0 . . 70 : .
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
time{years) time(years) time(years)
Resqi nce for original solution na maint for DLS3 mean value T il for optimal sol 1 for DLS3 mean value 100Resiliem:e for aptimal sol 2 for DLS3 mean value
——PGA 1.0g
@ @
g w0 PGA 1.0g 8 90t —poatig
g P 1g £ ——PGA 12g10 1.5
= ——PGA 1.2g10 1.5 =
® 80 © 80 il
70 - . 70 70 ‘ ‘
20 40 &0 30 100 20 40 60 80 100 20 40 60 80 100
timetyears) time(years) time(years)
Resili(%-me for original solution no maint for DLS3 95% Quantile mgasiliem:e for optimal sol 1 for DLS3 95% Quantile 10§es:iliem:e for optimal sol 2 for DLS3 95% Quantile
=R
§ 50 GA 0.8y § 90 gall i 8 00 [—peAoss
GA 0.9 to 1.59 5
2 'GA 0.8g 1o 1.5g 2 2 =——PGA0.9gt0 159 |
8 80 8 80 § 80
o o «
70 : . 0 > . - 70 y '
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
time{years) time(years) time(years)

Figure C3.2 - Time dependent resilience for DLS 3 without considering retrofit actions
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Figure C3.4 - Time dependent resilience for DLS 2 considering retrofit actions
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Figure C3.5 - Time dependent resilience for DLS 3 considering retrofit actions
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Figure C3.6 - Time dependent resilience for DLS 4 considering retrofit actions
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