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a b s t r a c t

The ability of a structure to survive an extreme eventwithout collapse reduces in time due to deterioration
processes. Therefore, in the lifetime management of structures and infrastructures, the resistance to
sudden local damage has to be considered together with the effect of progressive deterioration. The aim
of this paper is to present a framework for computation of time-dependent performance indicators of civil
structures and infrastructures, with emphasis on bridges, including reliability, vulnerability, robustness
and redundancy. A brief theoretical background and selected structural performance indicators regarding
vulnerability, redundancy and robustness are presented. The approach is based on probabilistic
performance assessment supported by finite element analysis and applied to an existing bridge. Time-
variation of vulnerability, redundancy and robustness associated with various damage scenarios under
uncertainty and the effects of several loading conditions on performance are investigated.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Structures and infrastructures are supposed to maintain ad-
equate levels of serviceability and safety throughout their life-
time. However, deterioration processes due to harsh environmen-
tal conditions and sudden localized damage caused by extreme
events may lead to unacceptable levels of functionality and/or
safety. Traditionally, structural design codes focus on the safety
of individual components and connections in order to ensure
the overall safety of a structure. Nevertheless, the catastrophic
failures in the past (e.g., terrorist attack on World Trade Cen-
ter and collapse of I-35W Mississippi River Bridge in Minneapo-
lis) showed that including system-based performance measures
in the design is required in order to ensure the global safety of
structures.

A common terminology on damage tolerance is not available
yet, even though it is an important structural property. Several
researchers focused on the field of damage tolerant structures and
they referred damage tolerance with various related measures.
These measures include collapse resistance [1], vulnerability and
damage tolerance [2], robustness [3–6], and redundancy [7].

Civil structural and infrastructural systems are subjected to
deterioration in strength and performance due to the aggressive
environmental conditions (e.g., corrosion, fatigue). The service-
ability and/or safety of these systems are highly influenced by
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their deterioration levels. Furthermore, the ability of a structure
to survive an extreme event reduces in time due to the deterio-
ration process. Therefore, in the lifetime management of struc-
tures and infrastructures, the resistance to sudden local dam-
age has to be considered together with the effect of progressive
deterioration. Time-dependent redundancy of structures, in the
context of availability of warning before structural failure un-
der live loading, was studied by Okasha and Frangopol [8–10].
Saydam and Frangopol [11] studied time-dependent vulnerabil-
ity of structural systems under progressive and sudden damage
separately. Risk-based robustness of structures under deteriora-
tion was investigated by Baker et al. [5]. However, to the best
of the authors’ knowledge, time-dependent redundancy, as the
availability of alternative load path under sudden local damage,
time-dependent vulnerability including combined effects of dete-
rioration, and time-dependent robustness based on reliability have
not been investigated yet.

The aim of this paper is to present a framework for estima-
tion of time-dependent performance indicators of civil structures
and infrastructures including vulnerability, redundancy and ro-
bustness. A brief theoretical background and selected structural
performance indicators regarding vulnerability, redundancy and
robustness are presented. The framework is applied to an exist-
ing bridge, the I-39 Northbound Bridge over Wisconsin River. The
approach is based on probabilistic performance assessment sup-
ported by finite element analysis. A detailed finite element (FE)
model of the bridge is built using FE software ABAQUS [12]. Non-
linear incremental static analysis is performed to find the load
carrying capacity of the bridge superstructure. Several local
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