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5 1% Integrated Reliability- based Life- cycle
g y y
Framework for Maintenance, Rehabili-

tation and Management of Aging Civil

and Marine Infrastructures

Dan M. Frangopol, Mohamed Soliman
Department of Civil and Environmental Engineering, ATLSS En-
gineering Research Center, Lehigh University, 117 ATLSS
Drive, Bethlehem, PA 18015 - 4729, USA

eliability- based life- cycle management techniques allow for the effective
R management of deteriorating structures which can, simultaneously, account
for satisfactory performance thresholds, total expected life- cycle cost, and fast
restoration of the proper functionality of the structural system after an exireme
event. Such techniques are only applicable through a well- constructed framework
which integrates different safety, financial, and environmental aspects to achieve
the management goals. Uncertainties associated with various aspects of the life-
cycle are considered in this framework. While multiple performance measures can

be utilized within this framework , system reliability concepts provide a rational



MRGF. RE5ZEEE AL Bk

indicator of the system performance and safety. The primary objective of this key-
note paper is to highlight the recent accomplishments in the life- cycle perform-
ance assessment, maintenance, monitoring, rehabilitation, management and opti-
mization of aging structural systems under uncertainty based on reliability. Appli-
cations of the developed integrated framework to life- eycle management of indi-

vidual bridges, bridge networks and naval ships are presented.

1.1 Introduction

Time- dependent structural deterioration processes such as corrosion, fatigue,
and increase in demand (e. g. , increase in traffic volume ) impose continuous aging
effects on infrastructure systems. These effects, individually or when combined
with those arising from extreme events such as earthquakes and hurricanes, can
cause catastrophic consequences. Time- dependent deterioration significantly alters
the resistance of the structure and reduces the initial structural load carrying capac-
ity (Tsompanakis 2010). Accordingly, the life- cycle of the infrastructures should
be clearly analyzed and studied taking into consideration different aging effects,
environmental stressors, and man- made and natural hazards.

The complexity of this type of analysis may increase due to the presence of
various aleatory and epistemic uncertainties associated with structural damage oc-
currence and propagation, as well as, the damage detection processes. These un-
certainties should be considered in the life- cycle analysis through an integrated
life- cycle framework for the maintenance and management of the aging infrastruc-
tures. In this framework, different possible deteriorating mechanisms are studied
in order to predict the time- dependent performance and damage evolution pro-
files. These profiles are next used to perform multi- objective optimization consid-
ering the possible damaging mechanisms and their possible outcomes. The outputs
of this optimization process are the best management actions, such as mainte-
nance and inspection times, which yield an affordable life-cycle cost and satisfac-
tory safety and service life of the structure. Information from the structural health
monitoring ( SHM ) provides a solid foundation to reduce the uncertainties associ-

ated with prediction of resistance and demand of the structure ( Frangopol and



Messervey 2009, Okasha and Frangopol 2009 ). Considering these uncertainties,
reliability-based techniques serve as a rational solution to evaluate the safety
levels of structural systems while considering various sources of randomness.
Accordingly, reliability- based techniques played a great role in the probabilistic
life-cycle management of structures ( Frangopol and Neves 2004, Okasha and
Frangopol 2012).

This keynote paper highlights the recent accomplishments in the life-cycle
performance assessment, maintenance, monitoring, rehabilitation, management
and optimization of aging structural systems under uncertainty based on reliability.

Different applications of this framework are also presented.

1.2 Performance assessment of structures

Reliability- based methods for performance assessment of structures offer the
best means for treating various uncertainties. Additionally, these methods provide
a rational way to assess the overall structural safety other than the commonly
employed methods to design and evaluate structural systems based on component
analysis (Frangopol and Nakib 1991). In the next subsections, the main reliability

concepts for components and structural systems are presented.

1.2.1 Structural reliability analysis

In general, the reliability of a structural component can be related to the
probability of failure, defined as the probability of violating a certain limit state
g(X) = 0. The performance function g(X)is defined as

g(X) =R-S (1z1)
where R and S are, respectively, the random capacity and demand of the
structure , and X is the random variable vector. Based on the defined limit state
function , the probability of failure P; can be defined as

P, = P(g(X) <0) (1.2)

The probability density functions (PDFs)of R, S, and g(X)as well as the
probability of failure P, are represented in Figure 1. 1. Thus, the reliability index
B can then be defined as
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B=a"(1-P) (1.3)
where @ "' ( + ) denotes the inverse standard normal cumulative distribution func-

tion (CDF).

4, =mean value of i .
0,=st.deviation of i PDF of resistance R
&
]
b
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P=P(g(X)<0)

R S

0 Hg g Hy

Figure 1.1 Schematic showing probability of failure concepts

For cases where R and S are statistically independent normally or lognormal-
ly distributed random variables, exact expressions for calculating the probability
of failure can be formulated (see for example Ditlevsen and Madsen 2007 ). For
more complex problems, where R and S follow a probability density function
(PDF) other than normal or lognormal, efficient reliability techniques can be
used to evaluate the component reliability, such as the first order method
(FORM), second order method (SORM), and Monte Carlo simulation. The
FORM and SORM have been widely employed in many structural reliability prob-
lems and various software packages, such as RELSYS ( Estes and Frangopol

1998 ), to calculate the reliability indices of structural components and systems.

1.2.2 System reliability concepts

System- based reliability concepts can be thought as an extension of the com-
ponent reliability or single failure mode evaluation to cover multiple components
or failure modes of the system under consideration. In these methods, complex

interactions within the system are taken into account to evaluate the overall system
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performance. Different system configurations such as the series, parallel, or

series-parallel system interactions, shown in Figure 1.2, can be considered.

1]

a)series system b)parallel system c)series-parallel system

Figure 1.2  Different system configurations
For this type of analysis, regardless of the system configuration, the system
reliability is expressed in terms of the component reliabilities. For a series
system, in which the failure of any component will lead to the system failure, the
system probability of failure is defined as
P, =P(g<0Ug,=<0U-Ug,<0) (1.4)
where g, represents the performance function of the nth component. On the other
hand, for a parallel system, in which the system failure occurs with the failure of
all components, the system failure probability is defined as
Pfsys=P{(gtsongzson"'ngns 0) (1.5)
Similarly, the system probability of failure for different series-parallel
configurations can be formulated. For more complex systems, different methods
such as the cut- set method can be used to represent the system performance

(Hoyland and Rausand 1994 ).

1.2.3 System reliability in a life- cycle context

For life- cycle analysis, the evolution of the damage levels and accordingly
component and system reliabilities is required to be evaluated. Thus the

component limit state is defined as

g(X,0) =R(1) -S(1) =0 (1.6)
and the instantaneous probability of failure is defined as ( Ellingwood 2005 )
Pi(t) = [ Fy(x,0)fs(x,0)dx (L.7)

where Fy(x,t) is the instantaneous CDF of the resistance and fs(x,t) is the
instantaneous PDF of the load effects at time .

Measures for the reliability of systems over a given period of time has been
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defined by researchers such as the time-dependent reliability indicator defined by
Mori and Ellingwood (1993 ). This performance indicator gives the probability of
survival of a structural system subjected to a sequence of discrete loading events
described by a Poisson process with mean occurrence rate of A during a period of
time ¢;. Thus the calculated reliability can be considered as time- dependent reli-
ability. Computer programs such as RELTSYS ( Enright and Frangopol 2000 )
were developed to quantify the reliability of general series- parallel systems by
using the reliability function proposed by Mori and Ellingwood (1993). Lifetime
functions (Leemis 1995) can also be used to evaluate the time- dependent relia-
bility and have been utilized for the life- cycle performance prediction of bridge
structures ( Yang, Frangopol, and Neves 2004, Okasha and Frangopol 2010b,
2010¢c, 2010d).

1.3 Life-cycle optimization

After evaluating the structural performance and based on the severity of the
deterioration, decisions regarding the repair or strengthening of the managed
structural systems have to be made. However, due to the large number of these
deteriorating structures, funds are usually not available to meet all the mainte-
nance and repair needs. On the other hand, it is known that in some cases, the
cost of maintaining the infrastructures might be more than the cost of building
new ones ( Miyamoto, Kawamura, and Nakamura 2000 ). Therefore, the re-
duction of maintenance costs is a challenge that must be addressed in the inte-
grated maintenance management framework. The proper allocation of the availa-
ble maintenance and management budgets can be done through the life- cycle
optimization process.

For service life extension, maintenance interventions are scheduled to either
delay the occurrence of reaching a performance indicator to its threshold or im-
prove the state of the performance indicator if its threshold is reached. Thus, ma-
intenance types may be categorized into two general groups: preventive ( PM)and
essential (EM) ( Kong and Frangopol 2003 ). PM actions are usually time-based ,

that is, they are applied at pre- specified time instants over the life- cycle of the
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structure. In contrast, EM actions are performance-based in that they are applied
when some performance indicators reach pre- defined target values. The effect of
both maintenance types on the performance profile of a structure is shown in Fig-

ure 1. 3.

essential
maintenance

preventive
maintenance

performance indicator

performance threshold

age of structure(years)

Figure 1.3 Effect of different maintenance types on the performance of the structure

Optimization is the essential tool for providing best decision support in the
life- cycle management framework. Components of this framework rely on this
computationally intensive process to find the best solution fulfilling the objectives
and satisfying the predefined constraints. This describes optimization as the core
of infrastructures management process. All elements of this process interact and
sometimes conflict, calling for the use of multi- criteria optimization that can ex-
tract the best solution among conflicting elements ( Frangopol 2011 ). Different
objectives for the life- cycle optimization have been included in recent research
work such as, extending the service life of the structure, minimizing damage de-
tection delay, and minimizing the life- cycle cost, among others. Moreover, dif-
ferent conflicting objectives can also be considered simultaneously yielding a Pa-
reto- optimal solution set. Frangopol and Okasha (2009 ) performed a comparison
between the computational times required in a genetic algorithm ( GA) process for
maintenance optimization using multiple performance measures. They concluded
that the lifetime based reliability is the fastest.

The applications of this management framework covered steel bridges, rein-
forced concrete ( RC) bridges, steel ships, aluminum ships, and networks of

structures. For the studied structures, fatigue, corrosion, and earthquake hazards
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were treated as the major damaging actions. The next section presents an over-
view of the research work performed by the first author and his current and former
students and research associates to address these damaging actions on these types

of structures.

1.3.1 Steel and concrete bridges

For steel bridges, fatigue damage can be considered as a main threat for the
structural safety and integrity. Initiation and propagation of fatigue cracks in steel
structures induced by repetitive actions are highly random due to both aleatory
and epistemic uncertainties related to material properties, loads, damage, model-
ing and other factors. For this reason, a probabilistic approach is necessary to
predict the fatigue crack growth damage. Inspection and monitoring planning for
steel bridges subjected to fatigue has been performed in Kim and Frangopol
(2011a, 2011e). Kim and Frangopol (2011a) presented a probabilistic ap-
proach for combined inspection/monitoring planning for fatigue- sensitive struc-
tures considering uncertainties associated with fatigue crack initiation, propaga-
tion and damage detection. This combined inspection/monitoring planning is the
solution of an optimization formulation, where the objective is minimizing the ex-
pected damage detection delay. Furthermore, this formulation was extended to a
bi- criterion optimization considering the conflicting relation between expected
damage detection delay and cost. A set of Pareto solutions was obtained by sol-
ving this bi- criterion optimization problem. From this set, a solution can be se-
lected balancing, in an optimum manner, inspection and monitoring times, quali-
ty of inspections, mor;itoring duration, and number of inspections and monitor-
ings. The proposed approach was applied to the Yellow Mill Pond Bridge located
in Bridgeport, Connecticut, USA.

SHM is an effective tool to determine the condition state of bridges and to re-
duce epistemic uncertainties affecting the performance deterioration process ( Kim
and Frangopol 2010). Continuous monitoring is needed to reliably assess and
predict the performance of bridges. However, due to limited financial resources,
continuous monitoring is not practical. Therefore, a cost- effective SHM strategy

is necessary. Kim and Frangopol (2011e) presented such an approach in which
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the probability that the performance prediction model, based on monitoring data,
is usable in the future is computed by using the statistics of extremes and availa-
bility theory. This probability represents the availability of the monitoring data
over non- monitoring periods. The monitoring cost and availability can be found
by solving a bi-objective optimization problem. This problem consists of simulta-
neously minimizing the total monitoring cost and maximizing the availability of the
monitoring data for performance prediction. Pareto solutions associated with moni-
toring duration and prediction duration were obtained. The proposed approach
was applied to an existing bridge located in Wisconsin, USA.

Kwon and Frangopol (2010 ) used SHM data to perform fatigue assessment
for steel bridges. They focused on evaluating the PDFs of equivalent stress range
based on field monitoring data. The AASHTO Guidelines ( AASHTO 2002 ) were
used to estimate capacity of structural details in the fatigue reliability assessment,
whereas long-term monitoring data was used to provide efficient information for fa-
tigue in terms of equivalent stress range and cumulative number of stress cycles.
The approach used 'probabilistic distributions associated with stress ranges to ef-
fectively predict equivalent stress ranges for bridge fatigue reliability assessment.

The fatigue detail coefficient, A, and the equivalent stress range, S, , were both

treated as random variables in the proposed fatigue reliability approach. This ap-
proach was illustrated on two existing bridges which are expected to experience fi-
nite or infinite fatigue life.

Kwon and Frangopol (2011)focused on conducting lifetime performance assess-
ment and management of aging steel bridges under fatigue by integrating three predic-
tion models: fatigue reliability model, crack growth model, and probability of detec-
tion model. Their approach used these models for planning interventions on fatigue-
sensitive structures. Based on information from field monitoring and/ or non- destruc-
tive evaluation, prediction models were developed to (a)estimate the time- dependent
fatigue performance using fatigue reliability model, (b)provide the time- dependent
crack growth using crack growth model, and (c)quantify the detection capability as-
sociated with fatigue cracks using probability of detection model. In order to assess
and manage bridge fatigue life, the three models were combined based on two param-
eters (i.e., number of cycles and crack size). This combined approach was used for




