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ABSTRACT
Seismic design of concrete structures is currently based on time-invariant capacity design criteria that
do not account for environmental hazard. However, corrosion-induced damage of both concrete and
reinforcing steel may affect over time the structural performance at global level, by reducing the
capability to withstand the effects of a seismic event and to recover efficiently the original
functionality. Therefore, the long-term behavior of deteriorating structural systems has to be properly
considered in the seismic design of resilient concrete structures.
This Thesis presents a probabilistic approach to lifetime assessment of seismic performance and
resilience of concrete structures exposed to corrosion. A life-cycle analysis methodology is presented
accounting for both seismic and environmental hazards. Criteria for a time-variant measure of seismic
resilience are proposed in order to take into account the combined effects of mechanical and
environmental stressors. In particular, suitable performance indicators of the lifetime seismic capacity
are considered, and structural functionality and resilience are investigated over time with respect to
different limit states, from damage limitation up to collapse.
The proposed procedure is applied to a multi-story frame and a continuous bridge. The results
demonstrate that structures designed for the same functionality target could exhibit over time different
seismic performance and resilience depending on the environmental exposure. This highlights the
need of a life-cycle oriented seismic design approach and the importance of a lifetime resilience
assessment of concrete structures in the perspective of seismic risk mitigation.
Keywords: Concrete structures; Corrosion; Environmental damage; Seismic hazard; Lifetime structural
performance; Time-variant seismic resilience.
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PREFACE
Structural systems suffer aging, fatigue and deterioration over lifetime. Depending on the
environmental exposure, aggressive chemical attacks and other physical damage mechanisms affect
the structural performance by reducing the material and mechanical properties. The effects over time
of these complex phenomena depend on both the type of damage process and the structural scheme.
In fact, the local damage at element level is reflected at global level by a time-variant structural
response under service loadings or accidental actions. In particular, the assessment of the long time
performance of deteriorating systems becomes critical when the structure is subjected to natural
hazards, such as earthquakes, and other extreme events.
As a consequence, the evaluation of the condition of existing structures and infrastructures gained
increasing attention over the past decade. Huge stocks of buildings, bridges, roads, railways, dams,
ports and other construction facilities have been rated showing significant deterioration and structural
deficiencies, which affect the serviceability of such structures. Moreover, maintenance costs have a
considerably high economic impact, as assessed for example by the ASCE’s 2013 Report Card for
America’s Infrastructure. The Federal Highway Administration (FHWA) estimates that an increased
investment of about $10 billion annually is needed to improve the condition of the nation’s bridge
network by repair interventions, without considering indirect economic losses.
European and Italian design codes and standards recently included specific requirements related to
the durability of reinforced concrete structures in the perspective of lifetime extension. In particular,
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requirements for concrete cover, water/cement ratio, minimum cement content, amount and type of
cement, among others, are established depending on environmental exposure, in order to limit local
damage due to concrete degradation and steel corrosion. However, the current prescriptive approach,
which discards the interactions between the parts of the structure and the environment, has to be
considered incomplete. Current codes limit the checking of strength requirements at local analysis,
without explicitly consider for the interaction between the structural system, the load conditions and
the environmental exposure. Actually, a durability failure may be a partial reason for mechanical
failure.
In this perspective, significant research advances have been accomplished recently in the fields of
modeling, analysis and design of deteriorating Civil Engineering systems. These advances highlighted
the need of incorporating life-cycle concepts in a global design approach to account for the effects
of deterioration processes on the overall structural performance. Moreover, to this purpose a reliable
assessment of the performance of structures over time has to be carried out in probabilistic terms,
because of the uncertainty in material and geometrical properties, in the physical models of the
deterioration process and in the mechanical and environmental stressors.
A reliable design combined to a proper maintenance planning may improve the long-term
performance of the structures under environmental deterioration and time-variant loadings, thus
reducing life-cycle costs. The importance of a performance-based design of new structures and the
need of repair interventions of existing deteriorated structures are also emphasized by the recent
growth of associations such as IABMAS (International Association of Bridge Maintenance and
Safety, founded 1999, www.iabmas.org) and IALCCE (International Association for Life-Cycle Civil
Engineering, founded 2006, www.ialcce.org).
In particular, engineering interest has increased in the evaluation of safety and serviceability of
reinforced concrete structures in earthquake-prone regions. Current seismic design is based on timeinvariant capacity design criteria that do not account for environmental hazard. However, the
corrosion-induced damage of both concrete and reinforcing steel may increase the vulnerability of
the structural system to seismic hazard over time. In fact, the progressive decay of the mechanical
properties of corroded concrete members may lead at global level to a variation of the resisting
hierarchy and to a shift in the failure mode. While the strength capacity is mainly related to the
corrosion of the steel bars, the impacts on the overall stiffness and system ductility are associated
with others mechanisms, such as a reduced confinement and bond deterioration between concrete
and reinforcing steel.
These considerations emphasize the importance of new generation design procedures in which the
structural behavior is related to both the seismic intensity level and the environmental aggressiveness.
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A proper calibration of the design objectives and limit states should also be planned in order to ensure
suitable levels of performance and safety over the required structural lifetime. In particular, when
aging and deterioration are considered, the evaluation of the system performance should account for
additional probabilistic indicators aimed to provide a comprehensive description of the lifetime
seismic resources.
Due to their disruption potential for communities and infrastructures, earthquakes represent a
dominant hazard. After catastrophic events, such as the Loma Prieta Earthquake in 1989 and the
Northridge Earthquake in 1994, risk assessments and mitigation programs have been carried out in
the attempt to reduce future losses and post-disasters recovery costs. Under these circumstances, the
concept of seismic resilience emerged as the capability of a system, a community or a society, to
withstand the effects of extreme events and to recover efficiently the original performance and
functionality.
Resilience of critical facilities, such as hospitals and infrastructure networks, has been investigated with
reference to damage and disruption caused by seismic events. However, for structural systems damage
could also arise progressively in time due to aging and environmental aggressiveness. Consequently,
the functionality loss at the occurrence of a seismic event of same magnitude may vary over lifetime
due to the time-variant structural functionality, thus implying a reduced system resilience. The timeevolution of the actual functionality state of structures exposed to corrosion should then be
considered in order to effectively assess and possibly enhance the lifetime resilience.
This Thesis presents a probabilistic approach to lifetime assessment of seismic performance and
resilience of concrete structures under corrosion considering the mutual interaction of seismic and
environmental hazards. The proposed approach is based on a general methodology for the analysis
of deteriorating structures over time. A review of criteria and methods for environmental damage
modeling and life-cycle analysis of concrete structures is presented. Measures and indices for the
evaluation of seismic damage are also discussed in order to identify suitable performance indicators
of the lifetime structural behavior. The general approach for lifetime seismic reliability analysis under
uncertainty is presented, as well as criteria and methods for a time-variant measure of the seismic
resilience of deteriorating structures.
In particular, the role of the environmental damage on seismic resilience is investigated by comparing
the system functionality in the original state, in which the structure is fully intact, and in a perturbed
state, in which a damage scenario is applied. The time-variant seismic capacity associated to different
limit states, from damage limitation up to collapse, is assumed as functionality indicator, and seismic
resilience is evaluated with respect to this indicator over the structural lifetime. The influence of
recovery interventions and target functionality is also investigated by means of efficiency coefficients.
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The effectiveness of the proposed procedure for the lifetime assessment of concrete structures is
shown through applications, including a multi-story frame and a continuous bridge. The results show
that structures designed for the same functionality target could exhibit over time different seismic
performance and resilience depending on the environmental exposure. This highlights both the need
of a life-cycle oriented seismic design approach and the importance of a lifetime resilience assessment
in a perspective of seismic risk mitigation.
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CHAPTER 1

TOWARDS A LIFE-CYCLE ORIENTED SEISMIC DESIGN OF
RESILIENT STRUCTURES

1. Environmental risk assessment
Concrete structures are subjected over lifetime to aging and deterioration induced by the diffusion of
aggressive agents, such as sulfates and chlorides. These processes are generally complex and their
effects over time depend on both the damage process and the type of materials and structures. In
general terms, deterioration mechanisms are classified in chemical, such as sulfate/chloride attacks,
physical, such as freeze and thaw cycles and mechanical, such as cracking, abrasion and erosion
(Bertolini et al. 2004, CEB 1992, Kilareski 1980). As a consequence, the material chemical
composition is altered and the mechanical properties are modified. Among others, the main effects
are a progressive loss of concrete strength and corrosion of the steel bars.
Environmental deterioration affects the structural performance and the serviceability of the
structures. In fact, huge stocks of deteriorating buildings, bridges and other infrastructure facilities
show structural deficiencies, as indicated by the poor condition rating of existing structures and
infrastructures (ASCE 2013, NCHRP 2006). Moreover, the economic impact of the structural
deterioration is considerably high in terms of maintenance costs. For example, in the United States
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the direct annual cost is 10 billion dollars just regarding highway bridges, with a total of 22 billion
dollars of maintenance interventions for the infrastructure system in general, without considering
indirect economic losses (ASCE 2013).
The evaluation of the degrading properties of the materials and the assessment of the deterioration
mechanisms are therefore essential in order to properly estimate the actual behavior of concrete
structures over lifetime. To this aim, durability of concrete structures recently gained increasing
importance at both design and maintenance stages (Biondini & Frangopol 2008, Chen et al. 2010,
Duracrete 2000, ACI-365 2000, CEB 1992, 1997, fib 2006, Frederiksen et al. 1996, Strauss et al. 2012).
The durability design of concrete structures is based on implicit rules for materials, material
compositions and structural dimensions.
Table 1.1 – Exposure classes related to corrosion of the reinforcement (classes 2, 3 and 4) and
prescriptions on concrete according to the EN 206 standard (EN 206-1 2001). The minimum strength
class refers to the use of Portland cement of type CEM I 32.5.

Description of the
environment

Exposure class

Maximum
w/c

Minimum
strength
class
[MPa]

Minimum
cement
content
[kg/m3]

1. No risk of
corrosion or
attack

X0

For concrete with
reinforcement: very dry

-

C15/20

-

2. Corrosion
induced by
carbonation

XC1
XC2
XC3
XC4

Dry or permanently wet
Wet, rarely dry
Moderate humidity
Cyclic wet and dry

0.65
0.60
0.55
0.50

C20/25
C25/30
C30/37
C30/37

260
280
280
300

XD1

Moderate humidity

0.55

C30/37

300

XD2

Wet, rarely dry

0.55

C30/37

300

XD3

Cyclic wet and dry

0.45

C35/45

320

XS1

Exposure to airborne salt

0.50

C30/37

300

XS2

Permanently submerged

0.45

C35/45

320

XS3

Tidal, splash and spray zones

0.45

C35/45

340

3. Corrosion
induced by
chlorides other
than from
seawater
4. Corrosion
induced by
chlorides from
seawater

Table 1.2 – Values of minimum concrete cover requirements with regard to durability for reinforcing
steel (CEN-EN 1992-1-1 2004) for the structural class S4 (design working life of 50 years).

Exposure class

X0

XC1

XC2/XC3

XC4

XD1/XS1

XD2/XS2

XD3/XS3

cmin,dur

10

15

25

30

35

40

45

Requirements for minimum concrete cover, maximum water/cement (w/c) ratio, minimum cement
content, crack limitation, air content and cement type, under proper casting and curing conditions
are established by current design codes (CEN-EN 1992-1-1 2004, CEN-EN 1992-2 2006, EN 2062
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1 2001, EN 1990 2002, ENV 13670-1 2000, UNI 11104 2004) in order to assure the serviceability of
the structure subjected to different environmental exposure (Table 1.1, Table 1.2).
In this approach, the checking of system performance requirements is referred to the initial time of
construction when the system is intact and the attention is focused only on the effects of local damage
due to deterioration of concrete and corrosion of steel. In fact, the mechanical properties of steel and
concrete are considered time invariant and the design rules do not take into account the structural
effects of environmental damage. However, a purely prescriptive approach, discarding the
interactions between both the parts of the structural system and the environment has to be considered
incomplete. Current design rules should hence be considered as a necessary condition to meet
durability requirements, but not sufficient regarding the actual lifetime performance of the structure
(Biondini et al. 2004a).
In order to guarantee a proper lifetime behavior of the structure, simplified procedures for a
quantitative evaluation of the service life of a structure have been proposed based on a probabilistic
approach similar to that used in the performance-based structural design. (Duracrete 2000, fib 2006).
For example, corrosion initiation or the need for repair are considered as serviceability limit states,
indicating the boundary between the desired and the adverse durability condition of the structure.
When the failure, i.e. the exceeding of a certain limit state, is caused by degradation of materials, the
term “durability failure” is used as distinct from “mechanical failure”, which is caused by mechanical
loads (Sarja & Vesikari 1996). Actually, durability failure may be a partial reason for mechanical failure.
Lifetime safety factors should then be introduced in addition to the ordinary safety factors (Sarja
2000)
Both European and Italian Standards (EN 1990 2002, DM 14 Gennaio 2008) have recently renewed
their attention to the durability of reinforced concrete structures, in particular by prescribing the
fulfillment of required levels of safety up to the end of the design working life of the structure. In
fact, the design of durable concrete structures cannot rely just on indirect evaluations of the effects
of the structural deterioration. Novel performance-based design criteria should follow a global
approach that allows to relate the deterioration process and the structural lifetime performance with
reference not just to the material properties but also to aspects such as the quality of the structural
details, the structural scheme, the environmental loading, the maintenance and repairing
interventions, as already indicated in CEN-EN 1992-1-1 (2004) and assessed by recent advances in
this field (Biondini et al. 2004a, 2006, 2008, Biondini & Frangopol 2008, 2009).
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2. Structural effects of environmental deterioration
The load-bearing capacity as well as the mode of failure of concrete members exposed to aggressive
environments depend on degradation of concrete and corrosion of steel. This has been proved by
numerous experimental tests carried out on corroded concrete elements (Almusallam et al. 1996,
Apostolopoulos & Papadakis 2008, Ou et al. 2012, Ouglova et al. 2008, Oyado et al. 2011, Rodriguez
et al. 1997). The results showed a reduced bending performance of deteriorated concrete elements in
terms of ultimate strength reduction and curvature ductility, which is mainly due to the reduction of
cross-sectional area and variation of ductility of corroded steel bars. Bond between concrete and steel
and confinement are also affected. Moreover, the reduction of the shear strength due to corrosion of
transverse reinforcement may lead to a brittle failure mechanisms.
The structural design of concrete members is generally performed with reference to cross-sectional
performance indicators, such as strength, which are evaluated at the initial time, when the structure
is intact and do not account for the progressive material deterioration. Moreover, concrete members
designed to have the same initial performance and quality in terms of durability may exhibit different
lifetime performance depending on geometrical parameter, such as the shape of the cross-section,
the number of corners or the reinforcement layout, and the exposure condition, i.e. the free perimeter
exposed to the aggressive agents, for example along one or more sides of the cross-section (Biondini
& Frangopol 2009, 2010, Biondini et al. 2010).
Moreover, the local environmental damage is reflected at global level in terms of time-variant
performance of the deteriorating structural systems. As a consequence, a reliable structural analysis
should account for the redistribution of bending moments, shear and axial forces due to the long
term behavior of the structural parts exposed to corrosion. The checking of strength requirements
should not be limited to local analysis but should consider the structure as a whole, with particular
reference to the structural scheme. A redistribution of stiffness among the structural elements may
alter the resisting hierarchy in the structure, thus causing a shift in collapse mode (Biondini &
Frangopol 2008a, Biondini et al. 2011). This generally occurs in redundant systems, where local
deterioration mechanisms may lead to different failure scenarios. A lifetime structural analysis is then
needed to predict the actual behavior of deteriorated structures with respect to different limit states
(Biondini et al. 2013).
During the last decades, the research field of lifetime performance of structural systems has been
widely investigated as far as modeling, analysis, design maintenance and management (Biondini et al.
2004a, 2006, Biondini & Frangopol 2008b, 2011, Estes & Frangopol 2005, Frangopol & Ellingwood
2010, Nowak & Frangopol 2005). The research trend showed that the lifetime performance of
deteriorating concrete structures can be reliably predicted only in probabilistic terms due to the
inherent randomness of both the materials and the environmental parameters. Stated that both the
demand and the capacity may vary over time due to the effects of corrosion processes and external
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loads modification, the on-going research on the lifetime performance of concrete structures
highlights the need of new the design criteria, which account for the combined effects of
environmental and mechanical stressors.
A life-cycle assessment of the structural performance can also allow to plan maintenance of the
existing structures in order to achieve a prescribed target value of the structural performance over
time. In particular, different scenarios of essential and/or preventive interventions can be selected,
based on the perspective of reduction of the life-cycle costs and the extension of the service life of
the structures (Frangopol & Furuta 2001, Frangopol et al. 1997, 2004a). To this purpose, the
additional information obtained from monitoring activities on existing structures should be also taken
into account (Ceravolo et al. 2008b). In fact, a proper evaluation of the current state and damage level
of a structure is needed when estimating the residual lifetime. The reduction of stiffness and the
increase in the energy dissipation, measured by dynamic testing, may be assumed as symptoms of
structural degradation (Ceravolo et al. 2008a, 2009).
In particular, engineering interest has increased in the evaluation of safety and serviceability of
reinforced concrete structures under earthquake excitations. In fact, the time-dependent variation of
the structural response becomes of great concern for structures in earthquake-prone regions, where
the system ductility and the actual collapse mechanism are main issues in safety assessment. The
seismic behavior of corroded frame structures and bridges has been investigated by nonlinear static
and dynamic analyses (Akiyama & Frangopol 2010, Akiyama et al. 2011, Alipour et al. 2011, Berto et
al. 2009, Biondini et al. 2011, 2012, 2013, Choe et al. 2008, 2009, Ghosh & Padgett 2009, 2010, Kumar
et al. 2009, Titi 2012).
These investigation showed that the capability of a structure to withstand a specific earthquake action
with an adequate level of safety, according to a certain level of ductility and resistance, may not be
preserved over time. In particular, the time evolution of the cyclic behavior of those critical crosssections, where a plastic hinge is expected to develop at the occurrence of seismic event, may vary
the energy dissipating mechanism claimed for a capacity design of the structure. Therefore, the
combination of both the progressive decay of material properties due to deterioration and the sudden
mechanical damage due to earthquakes has to be considered for a reliable assessment of the seismic
performance of concrete structures in aggressive environments.
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3. Probabilistic modeling of deteriorating structures
A lifetime assessment of concrete structures exposed to corrosion should account for the evolution
of the structural degradation at both local and global level. To this aim, the understanding of the
environmental factors that influence corrosion processes and the investigation of the deterioration
mechanisms that affect the materials are essential. Over the last decades, several models have been
formulated to simulate both the diffusion process and the corrosion-induced damage. Different
exposure scenarios have been considered, and refined models accounting for bi-dimensional patterns
of concentration gradients has been proved to reliably assess the diffusion process (Biondini et al.
2004, Titi & Biondini 2012). Simplified approaches can be effectively adopted as well under particular
conditions (fib 2006). Corrosion-induced damage has been modeled by taking into account the effects
on both concrete (Coronelli & Gambarova 2004, Wang & Liu 2004) and reinforcing steel, under
uniform and pitting corrosion (Rodriguez et al. 1997, Saetta 2005, Val & Melchers 1997). These
models have been implemented in nonlinear analysis procedures and validated by comparing
numerical and experimental results, which demonstrated their capability to reproduce at the global
level the local effects of corrosion damage (Biondini & Vergani 2012).
The analysis of concrete structures has to account for both mechanical and geometrical nonlinearities,
due to nonlinear material properties and to second order effects respectively. The cross-sectional and
structural analysis of nonlinear three-dimensional elements can be effectively carried out by the use
of finite element methods and numerical integration (Biondini 2000, Biondini et al. 2004b, Bontempi
1992, Bontempi et al. 1995, Malerba 1998, Malerba & Bontempi 1989). Based on this approach, threedimensional beam elements have been formulated, in which a time-variant element stiffness matrix
accounts for the degradation of the strain-stress relationships due to concrete and reinforcing steel
degradation over time. Such elements allow to reliably model the coupled mechanical-environmental
damage at structural level by means of distributed plasticity. Moreover, the fiber distributed plasticity
models are considerably accurate and able to account for particular local damage effects (Spacone &
Limkatanyu 2000).
The lumped plasticity approach can also be selected for the structural analysis, by introducing material
nonlinearity at element level and concentrating plasticity in limited zones (Giberson 1967, 1969,
Kunnath & Reinhorn 1989). In this approach, the effects of the material degradation are considered
by modifying the constitutive relationships of the plastic hinges as a function of the corrosion level,
thus accounting for the time-variant behavior of deteriorating concrete members. This approach
represents a good compromise between simplicity and accuracy in the nonlinear structural analysis,
allowing for the understanding of the structural effects of deterioration with a reduced computational
effort.
At global structural level, a general methodology for the lifetime assessment of concrete structures
has been proposed in Biondini et al. (2004, 2006) and in Biondini & Frangopol (2008a). Based on the
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time-variant properties of the concrete elements subjected to corrosion, the investigation of the
effects of the deterioration processes on the overall structural performance can be effectively
investigated. Novel approaches to time-variant assessment and optimization of concrete structures
have been proposed in both deterministic and probabilistic terms (Biondini & Frangopol 2008b). In
particular, a reliable analysis of the performance of deteriorating structures has to be carried out in
probabilistic terms (Frangopol 2011, Frangopol et al. 2004b), because great uncertainties are related
to both the physical models of the deterioration processes (fib 2006) and to the mechanical and
structural properties of concrete structures (Ang & Tang 2007).
Uncertainties are unavoidable in Engineering problems. The inherent variability of the phenomena
and the lack of knowledge of the adopted models do not allow a reliable analysis in a deterministic
way. In the analysis of complex systems, uncertainties can be aleatory and epistemic. Aleatory
uncertainty, or randomness, deals with an intrinsic variability of the phenomena, while epistemic
uncertainty refers to the lack of knowledge and/or to the accuracy of the model (Der Kiureghian &
Ditlevsen 2009). Considering aleatory uncertainties allows to evaluate the probability of occurrence
of a realization in the random process, while epistemic uncertainties determine its distribution (Ang
& Tang 2007).
In order to reliably quantify the role of uncertainties in the design and performance of the structural
systems, a proper estimation of the random variables involved in both the deterioration processes
and the structural behavior, according to a specific modeling, is needed. Correlation among the
variables should also be considered if information is available. Considering the complexity and
nonlinearity of the problem, numerical simulations provide the only practical and effective method.
In particular, numerical process with repeated simulations can be based on Monte Carlo sampling
technique, which is particularly effective in treatment of aleatory and epistemic uncertainties
(Schueller & Pradlwarter 2009).
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4. Seismic resilience of structural systems
Since every risk cannot be prevented, societies have to enhance their capability to sustain disasters
such as earthquakes, floods, hurricanes or terroristic attack minimizing the losses in terms of human
lives, disruption and costs. In this sense, during last decades the concept of risk mitigation gained
increasingly attention. Risk assessments and mitigation programs have been carried out in the attempt
to reduce future losses and post-disasters recovery cost (FEMA 2000, Wachtendorf et al. 2002).
In the United States this effort was developed in response to growing catastrophic losses from natural
disaster events during the past decade, including the Loma Prieta Earthquake in 1989 and the
Northridge Earthquake in 1994. Because of their potential for producing high losses and extensive
community disruption, earthquakes have been given high priority in efforts to enhance community
disaster resistance. Under this circumstance, the concept of seismic resilience recently emerged and
significant research advances have been accomplished (Bocchini et al. 2012, Bocchini & Frangopol
2012, Bruneau et al. 2003, Bruneau & Reinhorn 2004, 2007, Cimellaro et al. 2006, 2010b, Decò et al.
2013).
In general terms, resilience means the ability to recover from shock or to resist being affected by
disturbance. The root of the term resilience has to be found in the Latin word “resilio” that literary
means “to jump back”. The concept of resilience has been firstly applied in Material Engineering as
the capacity of a material to absorb elastic energy under loading or impact before reaching failure.
Later on, the concept has been extended in different fields, such as environmental research,
psychology, sociology and economics, as the ability of a system to sustain and recover from a loss or
a damage.
In Civil Engineering, resilience indicates the capacity of structures, infrastructure systems and entire
communities to withstand and recover efficiently from extreme events. A resilient structure is robust,
in the sense that the suffered damage is not unproportioned to the event that caused the damage
itself, and recovers quickly re-establishing its normal performance. Regarding a structural system or
an infrastructures network, resilience is related to the concept of redundancy and resourcefulness.
The research aimed to quantify resilience in the context of earthquake hazards is very active and a
univocal set of procedures for its quantification has not been provided yet. Resilience is one of the
main themes at the Multidisciplinary Center for Earthquake Engineering Research (MCEER). The
framework proposed by MCEER aims to improve the resilience of infrastructure systems, hospitals
and communities in general in terms of reduced probability of system failure, reduced consequences
due to failure and reduced time to system restoration (Chang et al. 2008, Cimellaro et al. 2009, 2010a,
Kafali & Grigoriu 2008, Renschler et al. 2010).
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5. Motivation and objectives
The present work deals with the lifetime performance of concrete structures under multiple hazards.
In particular, the combined effect of aggressive environmental exposure and earthquakes on the
structural behavior of concrete buildings and bridges over the service life is herein investigated. This
topic raised particular concern over the last decades related to both the deterioration of existing
concrete structures and the occurrence earthquakes, which are still a dominant hazard to our Society.
This is reflected in the active research field related to modeling, analysis, design maintenance and
management of concrete structures in aggressive environments and earthquake-prone regions.
The present research offers a review of the available models for the assessment of environmental
damage, with focus on chloride-induced corrosion. A probabilistic approach to predict the lifetime
seismic performance of concrete structure exposed to aggressive environments is then proposed. The
methodology is based on the evaluation of the time-variant structural properties of concrete members
by means of a lumped plasticity modeling of critical cross-sections. The overall behavior of concrete
structures is then investigated in order to clarify the interaction between environmental and seismic
hazards. A reduced performance in terms of seismic capacity and displacement ductility is expected
over time, as well as a shift in the collapse mechanism under seismic excitation due to the
deterioration processes at local level. This indicates that time-invariant design criteria have to be
revised and emphasizes the need of a life-cycle oriented performance-based design approach.
A reliable resilience assessment should account for the mutual effects of environmental and seismic
damage as well. In current resilience analysis, the structural functionality is considered time-invariant,
and a sudden loss of functionality is assumed at the occurrence of an extreme event. However, since
the seismic capacity decreases over lifetime due to deterioration processes, the structural functionality
is expected to vary accordingly depending on the environmental exposure. Moreover, the
functionality loss at the occurrence of a seismic event of same magnitude may vary over lifetime due
to the time-variant structural capacity.
The extension of the above mentioned probabilistic approach to the lifetime assessment of seismic
resilience of deteriorating structures aims in particular at the evaluation of the residual functionality
depending on the time of occurrence of the seismic event. Aspects such as the influence of the
recovery functions and the target functionality are also considered for a reliable resilience assessment
of concrete structures under deterioration and seismic damage.
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6. Outline
The present work is subdivided as follows.
Chapter 2 presents a review of the deterioration processes affecting concrete structures exposed to
aggressive environments, with focus on chloride-induced corrosion, being one of the most critical
forms of damage. The diffusion mechanisms and the factors involved in the corrosion initiation and
propagation are presented referring to the available literature. Basing on experimental tests, several
numerical models have been proposed to describe the chloride diffusion in concrete. In order to
account for the complexity of such mechanisms, a probabilistic approach is followed. The validity of
these models is then discussed and a comparison between simplified (1D) and more refined (2D)
formulations is presented. Moreover, the simulation of the diffusion process according to a specific
scenario shows the influence of the environmental aggressiveness on the initiation time and on the
chloride concentration inside concrete over lifetime.
Chapter 3 deals with the modeling of corrosion damage. Over the last decades, several models have
been formulated for evaluating the effects of corrosion on concrete elements. Despite the complexity
of the deterioration processes, simplified degradation models can be successfully adopted based on
linear relationships. The effects of corrosion at material level are illustrated, with emphasis on the
variation of the mechanical properties of concrete and steel over time. The effectiveness of the
adopted damage models is validated with reference to experimental tests carried out on beams
subjected to accelerated corrosion. A comparison between distributed and lumped plasticity modeling
is provided. Finally, an application of the adopted damage model is proposed, accounting for uniform
corrosion of steel bars and deterioration of concrete under a specified corrosion scenario.
In Chapter 4, a methodology for the probabilistic time-variant analysis of concrete structures under
deterioration is proposed. The finite element method is adopted for the cross-sectional analysis which
accounts for both mechanical nonlinearity and material deterioration. The formulation of the stiffness
matrix is based on time-variant constitutive laws for concrete and steel according to the above
mentioned damage models. Lumped plasticity models have been selected to perform the structural
analysis at element level, being this formulation less computationally expensive in a probabilistic
approach. Measures and indices for the evaluation of seismic damage are then reviewed in order to
identify suitable performance indicators of the structural behavior of concrete structures over
lifetime. The probabilistic approach to predict the lifetime seismic performance of concrete structures
exposed to aggressive environments is then applied to the case studies of a 2D multistory frame and
a 3D continuous bridge. Nonlinear static and dynamic analyses are carried out. A reduction of the
seismic capacity and a possible variation of the failure mode under seismic excitation are the main
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detrimental effects of local deterioration on the overall seismic performance of concrete structures
over lifetime. The investigation demonstrates the need of taking the severity of the environmental
exposure and the required structural lifetime into account in both the seismic assessment of existing
structures and the seismic design of new structures.
Chapter 5 introduces the concept of resilience as the capacity of structures, infrastructure systems
and entire communities to withstand and recover efficiently from extreme events, such as
earthquakes. First, the definitions of resilience given for network systems, critical facilities and
structures are presented. Aspects involved in the resilience assessment, such as the estimation of the
losses and the choice of recovery models, are discussed. The novel concept of time dependence of
structural functionality and seismic resilience is proposed. In fact, deterioration processes affect the
lifetime functionality of the structures in terms of seismic capacity, which causes a reduction of
resilience at the occurrence of an earthquake event. The probabilistic approach for the assessment of
the performance of concrete structures over time is extended to the evaluation of lifetime seismic
resilience and applied to the concrete bridge investigated in Chapter 4. The effectiveness of postevent recovery interventions as well as the influence of the target functionality are investigated by
means of efficiency coefficients. The results in terms of the time dependence of the post-event
residual functionality highlight the need of a proper evaluation of the mutual interaction of seismic
damage and lifetime deterioration in a perspective of risk mitigation.
Chapter 6 summarizes the results of the present Thesis, drawing conclusions as well as pointing out
limitations and future developments in the research field of lifetime seismic performance and
resilience of deteriorating concrete structures.
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CHAPTER 2

CONCRETE DETERIORATION AND DIFFUSION PROCESSES

1. Transport phenomena in concrete
Concrete elements exposed to aggressive environments are subjected to aging and deterioration
processes induced by chemical components, such as carbon dioxide, sulfates and chlorides. In fact,
the cement paste can be penetrated through its pores by gases and liquid substances, driven by
concentration gradients inside the material volume (Glicksman 2000). As a consequence, permeability
is one of the key factors in determining the durability of concrete elements depending on the
environmental aggressiveness.
Processes that allow the transport of water, carbon dioxide, oxygen, sulfate and chloride ions within
concrete lead to the degradation of both concrete and steel. In fact, the material chemical composition
is altered by the aggressive agents and the mechanical properties are modified as well. For example,
in industrial environments sulfates contained in soil or water can contaminate the cement paste
causing a progressive loss of concrete strength. Chlorides beyond a threshold value in carbonated
concrete can lead to the corrosion of steel (Bertolini et al. 2004). Chlorides are critical in marine
environments, where they diffuse into concrete as airborne chlorides and/or by direct contact with
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seawater, especially in the tidal and splash zone. Chlorides can also come from the application of
deicing salts on bridge decks (CEB 1992).
Four basics mechanisms determine the movements of fluids and ions through concrete (Bertolini et
al. 2004, Bentur et al. 1997, Broomfield 1997, Collepardi, 2006, Pedeferri & Bertolini 2000):


diffusion, which is due to a gradient of concentration: a substance moves through the pores
of the region where the concentration is greater to where its concentration is lower;



permeation, by which a fluid penetrates through the pores of the material because of a
pressure gradient;



capillary suction, when a watery solution is in contact with a porous material generating a
surface tension;



electrical migration, when electrical potential gradients cause the transport of ionic species.

Diffusion
Diffusion transport is driven by a concentration gradient. Substances such as oxygen, carbon dioxide,
chlorides and sulfates move within concrete from the surface, where they are present in higher
concentrations, to the internal zones where their concentration is lower. Under conditions of
stationarity, the diffusive process is described by Fick’s first law:

F  D

dC
dx

(2.1)

where F is the flux (kg/m2s), C is the concentration (kg/m3) of the diffusing species present at
distance x from the surface and D is the diffusion coefficient (m2/s), which depends on the diffusing
species, on the characteristics of concrete and on the environmental conditions. This coefficient
changes as a function of position and time, following variations in the pore structures, the external
humidity and temperature, among others.
The complex nature of the transport processes in concrete and the difficulty in evaluating appropriate
values of the relevant transport parameters have led to the adoption of the Fick’s one dimensional
diffusion law as an easy mathematical way to model the penetration profile of aggressive agents in
concrete. This relationship was firstly proposed by Collepardi et al. (1972) to fit experimental
penetration profiles of chlorides in concrete under diffusion conditions.
Actually, diffusion rarely reaches stationary conditions in concrete structures. Non stationary
diffusion is governed by Fick’s second law:

C
 2C
D 2
t
x

(2.2)

This equation is usually integrated under the assumption that the concentration of the diffusing
species, measured at the surface of the concrete, is constant in time and is equal to Cs (C  Cs for x 
0 and for any instant t). If the diffusion coefficient is considered constant in time and through the
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thickness of concrete, i.e the concrete is homogeneous, and the initial chloride content is assumed
null, the solution of Eqn. 2.2 is:

C ( x, t )
 x 
 1  erf 

CS
 2 Dt 

(2.3)

where:

erf(z) 

2

z

e


t 2

0

dt

(2.4)

is the error function. This solution is generally used to estimate the chloride diffusion coefficient by
fitting the theoretical profile of chloride concentration to non-steady-state laboratory tests or from
structures exposed in the field.
In the diffusion process, it should be also considered that chemical species can bind to a certain
degree with components of the cement matrix. The gradual consumption of these compounds
modifies the conditions of diffusion, which can no longer be described by Fick’s second law but
requires a corrective term. The binding of diffusion species is important in experimentally
determining the diffusion coefficient D. As long as the binding capacity of the concrete has not been
exhausted, the net flux of material will appear to be less, thus underestimating the diffusion
coefficient. However, it is difficult to estimate the corrective term, since it depends on both concrete
properties and environmental variables. Therefore, the total concentration of the diffusing species is
often taken into account and the effects of the chemical reactions in concrete are disregarded in the
evaluation of the diffusion coefficient D.

Permeation
Permeation is due to a pressure gradient. The flux of a liquid through an element of section A and
thickness L can be described by Darcy’s law:

dq kPA

dt
L

(2.5)

where dq/dt is the flow (m3/s), μ is the viscosity of the fluid (Ns/m2), K is the intrinsic permeability
of concrete (m2) and ΔP is the pressure head applied (Pa).
The permeability of the cement paste to water and gases depends on the capillary porosity and the
permeability coefficient decreases as the w/c ratio decreases and the hydration proceeds. With a w/c
ratio of 0.75, the permeability coefficient of water in concrete is very high, usually 10-10m/s upon
complete curing, while with a w/c ratio of 0.45 it can go below 10-12-10-11m/s (Bertolini et al. 2004).
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Capillary suction
When water comes into contact with a porous material, it is absorbed by the underpressure in the
pores by capillary action. This action increases as the size of the pores and the viscosity of the liquid
decrease. On the other hand, the smaller the pores become, the slower the transport through concrete
is, due to the increasing friction. Concrete is not hydrophobic, so the contact angle is small due to
the presence of molecular attraction between the liquid and concrete surface, thus causing the
capillary suction.
In general, capillary absorption is measured as mass or volume of liquid absorbed per unit of surface
(g/m2 for mass or m3/m2 for volume) in time t by a sorptivity test. The development of the absorption
i as a function of time is expressed by the following equation:

iS t

(2.6)

where S (g/m2s0.5) is a constant that varies between 0.7g/m2s0.5 for high-strength concrete (low
porosity) and 5 g/m2s0.5 for normal strength concrete (higher porosity) (Bertolini et al. 2004).

Migration
Electrical fields in concrete can arise manly by pitting corrosion phenomena and by stray currents.
The potential gradient of the electric field causes the transport of ions in solution. The velocity of
ion movement is proportional to the strength of the electric field and the charge and size of the ion.
The ion movement interacts with the diffusive process, which on the contrary tends to restore a
uniform distribution of concentration.
The resistance opposed by the material to the electrical migration can be measured as:
l



0

S

R

dl

(2.7)

where l (cm) is the thickness, S is the cross-sectional area (cm2) and ρ (Ωcm) is the resistivity. Concrete
resistivity depends on the degree of water saturation and on the ionic species present in the pore
solution. Resistivity decreases greatly when the material humidity increases. It depends also on the
type of cement and whether the concrete is carbonated or not. In particular, chloride ions increase
the conductivity of the pore solution and carbonation decreases it. An increased resistivity is
accompanied by a reduced corrosion rate (Polder et al. 2002). Moreover, the type of cement determine
concrete microstructure, thus influencing the ion migration by the pore volume and pore-size
distribution.
Among these processes, diffusion can be considered the main mechanism of transport in concrete,
even if pure diffusion develops only in concrete completely and permanently saturated with water.
Local environmental conditions on the surface, i.e. the microclimate, and their variations in time
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influence the kinetics of diffusion. Moreover, the presence of cracks, the material porosity and the
binding by the hydrated cement and the substances being transported, among the others, affect the
development of concrete deterioration. Corrosion of the steel bars is the most significant
deterioration process suffered by concrete structures. In particular, severe forms of corrosion are
caused by chlorides, which interfere with the alkalinity of the cement paste and break the passivity
film over steel bar surface.
In the following, the damage processes of aging concrete structures are reviewed, with focus on
chloride induced corrosion. The diffusion mechanisms and the factors involved in the corrosion
initiation and propagation are presented referring to the available literature. Basing on experimental
tests, several numerical models have been proposed to describe the chloride diffusion in concrete.
The validity of these models is then discussed. A simulation of the diffusion process according to a
specific scenario is finally presented based on the Monte Carlo sampling technique.
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2. Concrete damage
When subjected to extreme loading, weathering or the attack of aggressive agents, concrete
deteriorates through a variety of physical and chemical processes. These processes may occur
simultaneously, frequently giving rise to a synergistic action which leads to concrete cracking as a
main consequence. Cracks in concrete generally interconnect flow paths and increase concrete
permeability. Since the increased permeability in cracked concrete allows more water or aggressive
chemical agents to penetrate into concrete, a link between cracking and corrosion phenomena can be
established by a chain reaction of “deterioration-cracking-more permeable concrete-further
deterioration” (Wang et al. 1997). It is therefore important to investigate the mutual interaction
between concrete cracks, permeability and degradation of concrete, which can eventually result in
destructive deterioration of concrete structures.
The processes of deterioration of concrete and corrosion of reinforcement are closely connected,
since concrete cracking compromises its protective characteristics. On the other hand, the corrosion
attack, produces concrete cracking and delamination and reduces its adhesion to the reinforcement,
due to the expansive action of corrosion products. The severity of concrete deterioration induced by
corrosion depends on several factors, among which:


the environmental conditions, as the presence of carbon dioxide and aggressive agents such
as sulfates and chlorides affects concrete structure causing degradation of concrete and
corrosion of steel bars (Figure 2.1a);



the microclimate i.e. the particular exposure of the surface of the element, since the presence
of aggressive agents is not a sufficient condition for developing severe corrosion in concrete.
For example, in marine environments the corrosion of a submerged structure is less severe
than that in the tidal or splash zones because of the lack of oxygen (Figure 2.1b);



the geometry of the structural element, since the concrete cover thickness is one of the key
parameters determining the initiation time for corrosion, and the layout of the steel bars in
the cross-section determines the characteristic of concrete cover spalling (scaling,
delamination, border effects, Figure 2.1c);



the chemical composition of the cement paste, which is related to the diffusion coefficient
D of the material.

In the following, some the most common forms of physical and chemical deterioration of concrete
will be mentioned. More details can be found in Biczok (1972) and Pedeferri & Bertolini (1996).
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(a)

(b)

(c)

Figure 2.1 – Corroded steel bars of a concrete wall exposed to aggressive atmosphere; (b) Corrosion
in the tidal zone; (c) Mechanisms of spalling: scaling, delamination and border effects.

2.1. Physical damage
Physical damage essentially depends on the temperature variations that can arise in the structure:


hydrating heat that develops during concrete curing;



freeze-thaw cycles;



exceptional actions such as fire.

Hydrating heat
During concrete curing, the esothermal hydrating reactions provoke a significant temperature
increase, that varies on the base of the chemical components in the cement paste. For example, the
hydrating heat of different mix design of the Portland cement can range between 380 and 500KJ/kg.
The temperature increase has effects especially in structural elements with great dimensions or
thickness, since during the casting the temperature gradient between the surface and the core of the
casting is significant. In fact, the surface cools and shrinkages being in contact with the air, while the
core tends to expand. This causes tension stresses that can crack concrete surface if the temperature
gradient exceeds 20-25°C, especially after some days from casting.

Freeze-thaw cycles
Whenever water contained in the pores freezes, its expansion causes tension stresses that can result
in scaling, cracking and spalling of concrete and, eventually, in its complete disintegration. The
freezing of pore water is usually a gradual process that moves from the surface to the inner part, from
the pores of bigger size to the smaller ones. Freeze action is more significant in capillary pores, which
saturate rapidly and where water pressure is higher. However, concrete has a low thermal conductivity
and the presence of ions in the pore solution decreases the freeze temperature. Besides the
microstructure of concrete, consequences of this type of deterioration also depend on environmental
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conditions, on the degree of water saturation, on the number of freeze-thaw cycles, on the rate of
freezing and on the minimum temperature reached.
In order to sustain the freeze and thaw attack, the w/c ratio should be low and the curing adequate to
get a lower porosity. Moreover, the use of airing additives leads to the formation of air bubbles that
are uniformly distributed and interconnected, thus allowing the water to expand without damaging
concrete and not reducing concrete strength significantly (Collepardi 2006). The presence of deicing
salts like calcium and sodium chloride on concrete surface helps in reducing the direct effect of the
freeze and thaw attack but at the same time the high concentration of chlorides becomes a crucial
factor for degradation of concrete and corrosion initiation.

Fire
Among the extreme events, fire may frequently affect concrete structures. The effects of fire are
significant on concrete surface, while the core, and hence the steel bars, are protected from fire, due
to the low thermal conductivity of concrete.
Concrete generally shows a good performance with respect to fire in structural terms. Nevertheless,
the damage increases as the maximum reached temperature and the time of exposure to fire increase
(Schneider 1988). Concrete cover spalling can occur due to the rapid shrinkage of concrete caused
by water evaporation and decomposition of hydrating products. Moreover, if the inner pore water
cannot reach the surface, the pressure of the water vapor can cause concrete cracking and explosive
delamination of the concrete surface.

2.2. Chemical damage
Chemical damage occurs when concrete structures are in contact to aggressive environments
containing chemical agents that interact with cement components causing degradation of the cement
paste. Two of the main chemical damage phenomena are:


sulfate attack;



alkali-aggregates reaction.

Sulfate attack
Concrete often comes into contact with water or soil containing sulfates. Concentration of soluble
sulfates in ground water of over several hundreds of mg/l should be considered potentially aggressive
(Biczok 1972). These ions can penetrate the concrete and react with components of the cement
matrix to cause expansive chemical reactions. The production of gypsum from the combination of
concrete, calcium hydroxide and sulfates leads to a loss of mechanical strength. Moreover, the
reaction between gypsum and alluminates leads to the formation of ettringite, which is an expansive
reaction product.
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The consequences are cracking and disgregation of concrete. In addition, part of the ettringite is
commonly located in the interface between paste and aggregates, resulting in loss of bond. In
particular cases, with high humidity levels (95%) and low temperatures (below 10°C), the formation
of thaumasite can occur, which is incoherent and brittle. With regard to protection against sulfate
attack, the quality of concrete is a crucial factor, since a low permeability effectively reduces the risk
of this attack.

Alkali-aggregates reaction
Some types of aggregates can react with sodium (Na), potassium (K) and hydroxyl (OH) ions in
the pore solution, giving rise to detrimental expansion, that causes irregular crack patterns and
localized concrete spalling. Aggregates that contain amorphous or poorly crystalline silica cause alkalisilica reaction (ASR), which is the most important reaction of this kind. This reaction is favored by
high relative humidity (80-90%) and by temperature increase. The alkali content in concrete can be
reduced by adding pozzolanic material or fly ashes.
The significance of ASR for concrete structures is that, beyond concrete cracking due to the
expansion of the reaction products, the tensile strength is reduced, which may have consequences on
the structural capacity (den Uijl et al. 2002, Siemes et al. 2002).
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3. Steel damage
In ordinary condition, reinforcing steel bars embedded in sound concrete are protected by a thin
protective oxide film that prevents corrosion initiation. In fact, the alkaline solution contained in the
pores of the hydrated cement paste promotes the passivation of steel (Arup 1983, Gouda 1970).
However, corrosion can take place when the passive film is removed or locally damaged due to
carbonation of concrete or to chloride penetration.
Based on that, the service life of reinforced concrete structures can be divided in two distinct phases
(Figure 2.2). The first phase is the initiation of corrosion, in which the reinforcement is passive but
carbonation and/or chloride penetration take place leading to the progressive loss of passivity. The
second phase is propagation of corrosion, that begins when steel is depassivated and finishes when a
limit state is reached beyond which consequences of corrosion cannot be further tolerated (Bažant
1979, Tuutti 1982).

Figure 2.2 – Initiation and propagation periods for corrosion in a reinforced concrete structure (after
Bertolini et al. 2004).

Initiation phase
During the initiation phase, aggressive substances that can depassivate steel penetrate from the
surface into the inner layers of concrete. Carbonation begins at the surface of concrete and moves
gradually towards the inner zones, neutralizing concrete alkalinity by the ingress of carbon dioxide
from the atmosphere. As far as chloride attack, chloride ions can penetrate into concrete and reach
the reinforcement, destroying the protective layer if their concentration on steel surface reaches a
critical level.
The duration of the initiation phase depends mainly on the cover depth and the penetration rate of
the aggressive agents as well as on the concentration necessary to depassivate the steel bars. Design
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codes define cover depths according to the expected environmental class (EN 206-1 2001). The rate
of ingress of the aggressive agents depends on concrete quality, i.e. porosity and permeability, and on
the microclimate on concrete surface. Using protective measures that prolong the initiation phase is
an effective way to improve concrete durability.

Propagation phase
When the steel protective layer is destroyed, corrosion starts if water and oxygen are present on the
surface of the reinforcement. The corrosion rate greatly depends on temperature and humidity and
determines the time it takes to reach the minimally acceptable state of the structure, i.e. the durability
failure criterion. Corrosion induced by carbonation is generally uniform on steel surface, since
carbonated concrete leads to complete dissolution of the protective layer (Figure 2.3a,b). In presence
of high chlorides content, corrosion tends to be localized, with penetrated attacks of limited area
(pits) surrounded by non-corroded areas. This is called pitting corrosion (Figure 2.3c). Sometimes,
when very high levels of chlorides are present, the passive film is destroyed over wide areas, thus
causing a generalized corrosion.

Figure 2.3 – Examples of consequences of corrosion of steel in concrete: (a) cracking of columns
and cross beam; (b) spalling and delamination of the concrete cover; (c) reduction of cross-section
of the rebar due to pitting corrosion; (d) brittle failures of prestressing tendons due to hydrogen
embrittlement (Bertolini et al. 2004).
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Other kinds of corrosion propagation can develop in particular conditions. If depassivation due to
carbonation or chlorides occurs only in a part of the reinforcement, a macrocell can develop between
corroding bars and those bars that are still passive. Stray currents can enter the reinforcement in some
areas in structures of railway networks, such as bridges and tunnels (Pedeferri & Bertolini 2000).
Moreover, hydrogen embrittlement can occur on high-strength steel used in prestressed concrete,
under particular environmental, mechanical loading and electrochemical conditions, leading to the
brittle failure of the material (Figure 2.3d, Nürnberger 2002).

3.1. Carbonate corrosion
In moist environments, carbon dioxide in the air forms an acid aqueous solution that reacts with the
hydrated cement paste and neutralizes the concrete alkalinity. Concrete carbonation is provocked by
the reaction between carbon dioxide (CO2) and alkaline concrete components such as sodium and
potassium hydroxides (NaOH, KOH) and solid hydration products (Ca(OH)2). The reaction can be
written schematically as follows:

CO2  Ca(OH ) 2  CaCO3  H 2 O

(2.8)

Carbonation makes the pH of the pore solution to drop down from alkalinity to values approaching
neutrality. In humid carbonate concrete, steel corrodes as if it was in contact with water. If chlorides
are present in the water solution, the corrosion scenario is even more aggressive (Alonso & Andrade
1994, Tuutti 1982).
The carbonation reaction starts at the external surface and penetrates into the concrete producing a
low pH front. The rate of carbonation decreases in time, as carbon dioxide has to diffuse through
the pores of the already carbonated layer. The penetration in time of carbonation can be described
by the following equation:
1

d  Kt n

(2.9)

where d is the depth of carbonation (mm) and t is the time (years). Often the exponent 1/n is
approximately equal to 2, thus considering a parabolic trend (Figure 2.4a). The constant K
(mm/years0.5) depends on concrete quality and environmental conditions such as relative humidity
and temperature (Parrott 1991, Alonso & Andrade 1994).
The transport of carbon dioxide occurs more easily in the pores filled with air, while the carbonation
rate slows down in water-saturated concrete. However, the carbonation process needs humidity to
occur. The maximum carbonation rate occurs in concrete with relative humidity around 60-80%
(Figure 2.4b).
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Carbonation depends also on the microclimate on the concrete surface. The rate of the process is
influenced by the wet-and-dry cycles, the in-door/out-door exposure, the local CO2 concentration
and temperature. In real structures it is possible to measure carbonation depth in order to estimate
the constant K. Values of K found for real structures exposed to the atmosphere but protected from
rain vary from 2 to 15mm/year0.5. Indicatively: 2<K<6 for concrete of low porosity whose cement
content is above 350kg/m3; 6<K<9 for concrete of medium porosity; K>9 for highly porous concrete
with cement content below 250kg/m3 (Bertolini et al. 2004).

(a)

(b)
Figure 2.4 – (a) Depth of carbonation, calculated by the simplified function s  K√t, in relation to
time and to K (constant relative humidity, no wetting of concrete); (b) Schematic representation of
the rate of carbonation of concrete as a function of the relative humidity of the environment, under
equilibrium conditions (after Tuutti 1982, adapted).

Some other empirical models have been proposed to take into direct account the effect of several
parameters that influence the carbonation rate. Tuutti (1982) took into account the concentration of
CO2 in the air, the quantity of CO2 that reacts with concrete and the diffusion coefficient. Bakker
(1994) suggested a formula that takes into consideration the wetting-drying cycles on the hypothesis
that the progress of carbonation is negligible during wetting. Parrott’s formula (Parrott 1994)
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correlates the depth of carbonation at time t to concrete permeability to air and the humidity of the
environment.

Figure 2.5 – Relationship between relative humidity and corrosion rate in carbonated mortar both
without chlorides and in the presence of chlorides (after Glass et al. 1991, adapted).

Carbonation attack becomes more critical if chlorides are present in concrete, even if in such small
quantities they would not usually give rise to corrosion. Figure 2.5 shows the corrosion rate of steel
in artificially carbonated mortars in the absence and in the presence of chlorides. It can be seen that
the corrosion rate is negligible only in conditions of external relative humidity below 75%, 60%, and
even 40% as the chloride content increases from zero to 1% by cement mass.

3.2. Chloride corrosion
Chloride contamination of concrete is a frequent cause of corrosion of reinforcing steel. The main
source of chloride in concrete is penetration from the environment. This occurs, for instance, in
marine environments and in road structures, where chloride-bearing de-icing salts are used in
wintertime. Chlorides lead to the local breakdown of the protective oxide film on the reinforcement
in alkaline concrete, so that a subsequent localized corrosion attack takes place. The morphology of
the attack is that typical of pitting in presence of high chlorides content.
Corrosion takes place when the chloride content over the steel bar surface reaches a threshold value.
This threshold depends on several parameters, such as the electrochemical potential of the
reinforcement, the presence of oxygen and the conditions of saturation (Alonso et al. 2001). The
evaluation of the threshold value is affected by considerable scatter. In the field, statistical
relationships have been established expressing the percentage of structures showing corrosion as a
function of chloride content (Vassie 1984). In general, corrosion propagation actually starts in
concrete that contains substantial moisture and oxygen when the corrosion rate is higher than
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2mA/m2 (Andrade 2002). Hence the chloride threshold can be defined as the chloride content
required to reach this condition of corrosion.
The initiation time of corrosion depends on the rate of penetration of chloride ions through the
concrete cover. The kinetics of penetration of chlorides is affected by several parameters related both
to the concrete (type of cement, w/c ratio, moisture content) and the environment (chloride
concentration, temperature). Chloride penetration from the environment produces a profile in
concrete characterized by a high chloride content near the external surface and decreasing contents
at greater depth. Measurements on real marine structures and road structures exposed to de-icing
salts showed that these profile can generally be approximated by Eqn. 2.3 obtained from Fick’s
second law. However, only in concrete completely and permanently saturated with water chloride
ions penetrate by pure diffusion. In most situations, other transport mechanisms contribute to
chloride penetration (Bertolini et al. 2004, CEB 1992, Frederiksen 1996).
In the following, other aspects related to the chloride corrosion will be discussed in detail with respect
to the numerical modeling of the process and the estimation of the parameters involved, such as the
surface chloride content, the diffusion coefficient, and the critical chloride threshold.
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4. Modeling of chloride diffusion
Starting from the 90s, several studies and experimental campaigns have been conducted in order to
investigate the corrosion phenomena, regarding the effects on both the material properties and the
structural behavior. Based on experimental results, several numerical models have been proposed to
describe the diffusion process. The formulation of these models was aimed to provide useful design
tools in order to get more durable structures (Duracrete 2000, fib 2006, Sarja & Vesikari 1996).
In particular, a full probabilistic design approach for the modeling of chloride induced corrosion in
concrete has been proposed by the Model Code for Service Life Design (fib 2006). Since most observations
indicate that the transport of chlorides in concrete is diffusion controlled (Bertolini et al. 2004), the
modeling is based on the following limit state equation derived from the Fick’s one-dimensional (1D)
model:


 c  x
C ( x  c, t )  C 0  (C S ,x  C 0 ) 1  erf 


 2 Dapp ,C t



  C
crit



(2.10)

where the actual chloride concentration C(x  c, t) at the depth of cover concrete c and at time t is
compared to the critical chloride concentration Ccrit which defines the initiation of the corrosion
process; C0 is the initial chloride content in the cement paste; Δx is the depth of the convection zone,
i.e. the concrete layer up to which the process of chloride penetration differs from Fick’s model; CS,Δx
is the chloride content at depth Δx and time t and Dapp,C is the apparent coefficient of chloride
diffusion.
This model is based on several assumptions. Even if the transport of chlorides is mainly driven by
diffusion, the surface of concrete elements is often exposed to a frequent change of wetting and
subsequent evaporation that cannot be modeled by diffusion. Dry-periods and subsequent rewetting
provoke a process of capillary suction. Compared to diffusion process, capillary action leads to a
rapid transport of chlorides into the concrete up to a depth Δx where the chlorides can accumulate
with time until they create a saturation concentration CS,Δx  Cs,0, i.e. the environmental chloride
concentration at concrete surface.
In order to still describe the penetration of chlorides using Fick’s law of diffusion, the data of the
convection zone, which may deviate considerably from ideal diffusion behavior, is neglected and
Fick’s law is applied starting at the depth Δx with a substitute surface concentration CS,Δx. The depth
of the convection zone depends on environmental conditions (marine environment, road
environment) and exposure (saturation conditions, splash/spray conditions). With this simplification,
the model yields a good approximation of chloride distribution at a depth x ≥ Δx.
Although the substitute chloride concentration CS,Δx is theoretically a time-dependant variable, for
simplification purposes it is considered time independent. CS,Δx may depend on the composition of
concrete, the position of the structure, the orientation of its surface, the chloride concentration in
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the environment and the general conditions of exposure with regard to rain and wind. For example,
in marine structures the highest values of CS,Δx are normally found in the splash zone, where
evaporation of water leads to an increase in the chloride content at the concrete surface. Therefore,
the value of CS,Δx has to be determined taking into account the environmental aggressiveness and
exposure, although discarding its evolution in time.

4.1. Apparent diffusion coefficient
The chloride migration coefficient DRCM,0 is one of the governing parameters for the description of
the material properties in the chloride induced corrosion model. It depends mainly on the material
porosity, the concrete mix and on the w/c ratio. The type of cement has a considerable effect. In
passing from concrete made with Portland cement to concrete made with the increasing addition of
pozzolanic material or blast furnace slag, the diffusion coefficient can be drastically reduced. Several
values for different types of cement and varying w/c ratio are proposed in literature (Figure 2.6a,
Collepardi et al. 1970, Bamforth & Price 1996, Boulfiza et al. 2003, fib 2006, Hou & Zang 2004, Page
et al. 1981, 1986). The chloride migration coefficient DRCM,0 depends not just on the material
properties in a strict sense, but also on environmental parameters, such as humidity and temperature,
and the lifetime of the structure. This is the reason why it is more appropriate to talk about an
“apparent” diffusion coefficient Dapp,C.
Moreover, although the value of the diffusion coefficient D is assumed to be constant in the Fick’s
law (Eqn. 2.2), it is indeed time-variant parameter. Since porosity and the microcrack pattern in
concrete evolve in time with the hydration process and aging, the diffusion coefficient Dapp,c has to
be considered as a function of both time and exposure conditions (Figure 2.6b). In particular, it
should be considered that it tends to reduce in time, especially for blended cement (Frederiksen et al.
1996, Bamforth & Chapman-Andrews 1994).
In the fib (2006) model, the evolution in time of the diffusion coefficient is accounted for by the
following equation (fib 2006):

Dapp ,C (t )  DRCM , 0 A(t )

(2.11)

where DRCM,0 is the chloride migration coefficient and A(t) is a function considering ‘aging’ (fib 2006):

t 
A(t )   0 
t 

a

(2.12)

where t0  28 days is the reference initial time. In this function, the functional relationship between
exposure period and diffusion coefficient is taken into account by the aging coefficient a which has
been experimentally evaluated for different cement types and environmental exposures.
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(1)
(2)
(3)
(4)
(5)

Collepardi et al. (1970)
Bamforth & Price (1996)
Boulfiza et al. (2003, w/o additives)
Boulfiza et al. (2003, w/ additives)
Page et al. (1981)

(a)

(b)
Figure 2.6 – (a) Dependency of the chloride diffusion coefficient on the w/c ratio (after Shafei et al.
2012, modified); (b) Dependency of the apparent diffusion coefficient on concrete strength, presence
of admixtures and lifetime (OPC: Portland cement; GGBS: Granulated blast furnace slag; after
Bamforth 1994, adapted).

Among the numerical models proposed to evaluate the apparent diffusion coefficient, one of the
most comprehensive is the one proposed by Shafei et al. (2012).The diffusion coefficient Dapp,C is
evaluated from an estimated value for a reference temperature and humidity DCl,ref multiplied by a
series of modification factors as below:
D app ,C  D Cl , ref F1 T F2 H F3  F4 t e F5 C f



(2.13)

where:
 F1(T) accounts for the dependence of chloride diffusion coefficient on the ambient
temperature: as the external temperature rises up, the diffusion process increases;


F2(H) represents the influence of relative humidity, since water is an essential component of
numerous chemical reactions that may cause deterioration of concrete;
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F3(R) evaluates the effect of the carbonation process: from the reaction of carbon dioxide
with calcium hydroxide in the hardened cement paste, the calcium carbonate is produced.
The precipitation of calcium carbonate in the pores reduces the porosity of concrete, being
insoluble;



F4(te) denotes the influence of the concrete age, which causes a reduction in the chloride
diffusion coefficient. The progress of hydration reactions with time slows down the diffusion
process, especially during the initial life of the structure;



F5(Cf) considers the effect of free chloride content on the chloride diffusion coefficient, as
showed by Xi & Bazant (1999) and Kong et al. (2002).

4.2. Critical chloride threshold
The critical chloride concentration C(x, t)  Ccrit is the threshold value at which corrosion is assumed
to start. The time to reach this concentration value represents the initiation time, while hereafter the
propagation of corrosion of the steel bars occurs.
The relationship between chloride content and corrosion propagation is complex and affected by
numerous factors including concrete grade, type and curing regime (Glass & Buenfeld 1997, Dhir et
al. 1994). It was observed that the chloride threshold is related to the presence of hydroxyl ions
(Hausmann 1967). Moreover, steel corrosion sometimes occurs at a relatively low chloride level while
sometimes being absent at higher levels (Vassie 1984). In general, the threshold level tends to be
higher in concretes with low permeability (Bakker et al. 1994, Thomas 1996). For example, the risk
of corrosion in non-carbonated concrete obtained with Portland cement is considered low for
chloride contents below 0.4% by mass of cement and high for levels above 1%.
The chloride threshold has also been found to be dependent on the presence of microscopic voids
in the concrete near steel surface (Glass & Buenfeld 2000) In particular, Gowripalan et al. (2000)
investigated the relationship between the chloride threshold level and the crack width/cover ratio. It
is recognized that both crack width and cover thickness affect the initiation of steel corrosion in
concrete. In fact, it occurs faster with increasing surface crack width when the cover is maintained
and it occurs slower with increasing cover thickness when the surface crack width is maintained.
Basing on the collected experimental data, it appears that the chloride threshold level is related to
crack width/cover ratio by a hyperbolic relationship. If this relationship holds, the permissible crack
width and the minimum concrete cover given in various Codes for design of concrete structures in
seawater exposure would implicitly define the chloride threshold level (Table 2.1).
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Table 2.1 – Crack width/cover ratio from various Codes (Gowripalan et al. 2000).
Codes
CEB/FIP Model Code
ACI Manual
ENV 1991
BS 8110
AS 3600
NA: not available

Allowable crack width
wcr [mm]

Minimum cover
cmin [mm]

wcr/c

0.3
0.15
0.3
0.3
NA

40
50-60
40
50
40-50

0.0075
0.0025-0.003
0.0075
0.006
-

It has to be noticed that both the critical chloride content and the presence of oxygen at steel bar
surface are necessary conditions for corrosion propagation. In fact, in structures exposed to the
atmosphere, oxygen can easily reach the steel surface through the air-filled pores, thus easily initiating
corrosion. On the contrary, when reinforced concrete structures are submerged in water, or when
the environmental conditions are close to saturation, the transport of oxygen to the steel is low. A
lower risk of corrosion propagation and a much higher chloride threshold are then implied (Arup
1983). In fact, reinforcement corrosion has been reported to occur in the splash zone at a relatively
lower chloride content than in the submerged zone (Sharp & Pullar-Strecker 1980).

4.3. Comparisons between chloride diffusion models
In conclusion, a comparison of the values of the different parameters involved in the chloride
diffusion models found in literature is proposed (Table 2.2). The present review of the available
models does not pretend to be exhaustive. However, the comparison highlights that a significant
scatter affects the evaluation of the above mentioned parameters involved in the description of the
diffusion process. This is mainly due to the different environmental exposure conditions considered
in the definition of the models. Moreover, some values are determined on the basis of particular
experimental data, others come from numerical models and reasonable assumptions.
In any case, the probabilistic approach is needed to take into account the uncertainties involved in
the problem. The diffusion process is described in probabilistic terms by assuming the main
parameters of the problem as random variables, for which distribution type, mean μ and standard
deviation σ are defined.
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Table 2.2 – Comparison between different chloride diffusion models: experimental data and/or
random variables adopted for the chloride migration coefficient DRCM,0, the chloride concentration at
depth Δx Cs,Δx, the initial chloride concentration C0 and the chloride threshold Ccrit.

DRCM,0
[m2/s]

(1)
(2)
(3)

Cs,Δx

[wt.%/cem]

C0

[kg/m3]

10-14 - 10-11

Ccrit

[wt.%/cem]

Ccrit

[kg/m3]

0.75 - 2.5
0.04 - 8.34

10-14 - 10-11
Distribution
type
μ
σ
Distribution
type

(4)

(5)

μ
(6)

(7)

(8)

(9)

(10)

σ
Atmosphere
Soil
Tidal zone
Submerged zone
Splash zone
Distribution
type
μ
σ
Distribution
type
μ
σ
Distribution
type
μ
σ
Distribution
type
μ
σ

Lognormal

Lognormal

Lognormal

4×10-14
0.10μ

0.1
0.10μ

0.04
0.10μ

Normal

Normal

Beta

4×10-12 20×10-12
0.20μ
8.3×10-13
1.21×10-12
4.93×10-12
4.35×10-12
4.83×10-12

3

0.6

0.30μ
0.051
0.033
0.542
0.570
0.948

0.15

Lognormal

Lognormal

Lognormal

1.62×10-12
0.30μ

1.27
0.40μ

1.35
0.10μ

Lognormal

Lognormal

Lognormal

10-12
0.15μ

0.65
0.06μ

0.3
0.16μ

Lognormal

Lognormal

Lognormal

2×10-12
0.75μ

0.972

3.5
0.5μ

0.9
0.19μ

Lognormal

Lognormal

Lognormal

Lognormal

2×10-12
0.50μ - 0.75μ

0.41 - 0.97

0.03 - 3.5
0.14μ - 0.50μ

0.9
0.19μ

(1) Alonso et al. 2002
(2) Angst et al. 2009
(3) Bertolini et al. 2004
(4) Enright & Frangopol 1998
(5) fib 2006
(6) Ghods et al. 2005
(7) Lounis & Amleh 2004, Martin-Perez & Lounis 2003
(8) Sobhani & Ramezanianpour 2007
(9) Stewart & Rosowsky 1998
(10) Vu & Stewart 2000
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4.4. Comparison between 1D and 2D diffusion
It has been assessed that the Fick’s laws effectively describe the one-dimensional diffusion, so that
the chloride concentration in concrete at a certain depth at different time instants can be evaluated
analytically, depending on the environmental aggressiveness scenario. Monodimensional (1D)
diffusion models are generally applied for durability analysis of concrete structures (fib 2006).
However, the diffusion process in concrete structures is characterized by two- or three-dimensional
patterns of concentration gradients. In order to assess the accuracy and the field of application of the
1D diffusion model, a comparison with more complex 2D models at cross-sectional level is needed.
Among the numerical methods to solve the partial differential equations governing the diffusion
process, cellular automata provide an alternative and general approach to the physical modeling of
the phenomenon. Cellular automata were firstly introduced by Von Neumann and Ulam (Burks &
Von Neumann 1966) and then developed and applied in many fields (Wolfram 1983). The method
has been effectively applied in the solution of diffusion problems as well (Biondini et al. 2004). This
approach allows to model more complex diffusion scenarios, being in general more reliable than
simplified models.

(a)
(b)
Figure 2.7 – Maps of chlorides concentration normalized with respect to the surface concentration at
time instant t  50 years for different shape factors: (a) β  0.25; (b) β  5 (Titi 2012).

Comparison between the 1D and 2D formulations in terms of concentration of the aggressive agents
in a concrete cross-section has been carried out by means of parametric analyses (Titi 2012, Titi &
Biondini 2012). The influence of the shape factor of the cross-section β  B/H has been investigated
by considering the diffusion flow perpendicular to B. Results showed that the geometric ratio between
the dimensions of the section and the position where the differential equation is solved are key
parameters in the comparison of the results. In fact, both approaches tend to the same results when
the shape factor β increases, since the diffusion front tends to be uniform along the width of the
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section and the boundary effects are negligible. On the contrary, if β decreases, the influence of the
boundaries is significant (Figure 2.7).
However, if the concentration is evaluated in the position x  B/2, the results tend to converge even
for low values of β. This is shown in Figure 2.8a, where the chloride concentration in a square
concrete cross-section subjected to diffusion from one side is evaluated in x  0m and x  0.25m
over a 50 year time interval. It can be noticed that the 1D approach overestimates the results in both
cases, being though closer to the prediction of the 2D approach for x  0.25m.
If the scenario of diffusion on four sides is considered (Figure 2.8b) is considered, the 1D approach
underestimates the chloride concentration value estimated by the 2D approach. An approximate
method for the 1D model which evaluates the concentration in a point of the cross-section as the
sum of the concentration values deriving from the diffusion from each side is also considered (Figure
2.8b, continuous black line). In this case the results overestimate those of the 2D approach, thus
being on the safe side.

(a)

(b)
Figure 2.8 – Comparison between 1D and 2D diffusion models: diffusion from (a) one side and (b)
four sides of a square concrete cross-section (Titi & Biondini 2012).
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5. Application: modeling of chloride diffusion process
The probabilistic approach for 1D chloride diffusion modeling proposed by the Model Code (fib 2006)
is herein presented as an application. The involved parameters are assumed as random variables with
proper distribution type, mean μ and standard deviation σ, as listed in Table 2.3 (fib 2006). A severe
scenario of environmental aggressiveness is considered, with Cs,Δx  3%.
Table 2.3 – Probability distributions and their parameters of the random variables involved in the
diffusion process (fib 2006).
Random Variable

Distribution Type

μ

σ

Concrete cover
c [mm]

Normal (*)

40

8

Aging coefficient
a [-]

Beta
(bmin  0.0; bmax  1.0) (#)

0.3

0.12

Depth of the convection zone
Δx [mm]

Constant(^)

0

-

Chloride content at depth Δx
Cs,Δx [wt.%/cem]

Normal (*)

3

0.30μ

Chloride migration coefficient
DRCM,0 [m2/s]

Normal (*)

15.8·10-12

0.20μ

Critical chloride content
Ccrit [wt.%/cem]

Beta
(bmin  0.2; bmax  2.0) (#)

0.6

0.15

Initial chloride content
C0 [wt.%/cem]

Uniform

0

-

Truncated distributions with non negative outcomes.
bmin  lower bound and bmax  upper bound of beta distributions.
(^) For spray conditions (spray road environment, spray marine environment).
(*)

(#)

The Probability Density Functions (PDFs) of chloride concentration obtained from a Monte Carlo
Simulation (MCS) analysis with a sample size of 50,000 realizations are shown in Figure 2.9, with
reference to a cover depth c  40mm and time steps Δt  10 years for a structural lifetime of 50 years
(Biondini et al. 2013).
With reference to the Fick’s one-dimensional model of diffusion, the initiation time ti for propagation
of steel bar corrosion can evaluated as follows by inverting the limit state Eqn. 2.10:

ti

c  x 2 erf 1  C S ,x  C crit 

4 Dc




 C
 S , x  C 0

2




(2.14)

where the approximation Dc  DRCM,0 is assumed for short exposure time intervals.
Based on the assumed modeling of random variables, the PDF obtained for the corrosion initiation
time ti is shown in Figure 2.10. A lognormal distribution with mean μ  1.19 years and standard
deviation σ  0.87 years appears to be a good estimate of the actual distribution for the corrosion
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initiation time ti ≤ 50 years (Figure 2.10, continuous line). It is worth noting that the relatively short
initiation time is related to the severe conditions assumed in this application for exposure, chloride
content and diffusion coefficient of concrete.

Figure 2.9 – PDFs of chloride concentration in concrete C(x, t) at cover depth x  c  40mm and
time steps Δt  10 years for a 50-year lifetime.

Figure 2.10 – PDF of corrosion initiation time ti.

Different levels of surface chloride concentrations allow to simulate in the numerical model an
increasing environmental aggressiveness. The chloride content Cs,Δx is set equal to C  1%, 2%, 3%
for illustrative purpose. Figure 2.11a shows the influence of the chloride concentration C on the
PDFs of the chloride concentration in concrete C(x, t) at cover depth c  40mm at time steps Δt 
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10 years and Δt  50 years. It is observed that the increasing level of environmental severity leads to
an increase of the chloride content in concrete and modifies the shape of the PDFs as well.
The distributions of the initiation time ti evaluated for different environmental exposures change
accordingly (Figure 2.11b). The lognormal distributions LN(8.03, 3.02), LN(2.07, 1.23), LN(1.19,
0.87) well approximate the initiation time results for a surface chloride concentration C  1%, 2%,
3%, respectively.

(a)

(b)
Figure 2.11 – Influence of the chloride concentration C  1%, 2%, 3%. (a) Probability density
functions of chloride concentration in concrete C(x, t) at cover depth x  c  40mm and time steps Δt
 10 years and Δt  50 years. (b) Probability density functions of corrosion initiation time ti.
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6. Conclusions
Deterioration processes in concrete structures exposed to aggressive environments have been
presented. Transport phenomena affecting concrete elements have been reviewed starting from the
theoretical aspects and focusing on the diffusion process. The effects of the environmental damage
on both concrete and steel have been discussed, with particular attention on chloride induced
corrosion, being one of the most severe form of deterioration of existing concrete structures. Factors
influencing corrosion initiation and propagation have been considered, depending on both the
environmental scenario and on the geometrical, mechanical and chemical properties of the concrete
element. The surface chloride concentration and the coefficient of diffusion of concrete, among the
others, are key parameters in the development of the diffusion process.
Available numerical models to describe the chloride diffusion in concrete have been presented, with
particular attention on the Model Code approach (fib 2006). The validity of this model is then
discussed. It has been assessed that the diffusion model based on 1D Fick’s law can be effectively
applied in most cases. The comparison with the results of a more refined 2D diffusion model showed
the accuracy of the 1D formulation. The field of application and the possibility to overcome the
limitations of the 1D diffusion model have been highlighted as well. In particular, 1D models are
appropriate for cross-sections with high values of the aspect ratio with the longer edge exposed to
the diffusion front and for cross-section composed by elongated rectangles, such as box crosssections. In these practical applications, the 1D approach results then to be a convenient
mathematical tool for evaluating the diffusion process, as suggested by current design codes.
The simulation of the diffusion process referring to a specific scenario has been finally presented
according to the proposed model. A Monte Carlo simulation technique has been used to take into
account the uncertainties related to both the environmental and material variables. The influence of
the environmental aggressiveness on the initiation time and on the chloride concentration inside
concrete has been investigated. In the next Chapter, the numerical models for evaluating the effects
of corrosion damage on both concrete and steel under chloride diffusion will be presented.
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CHAPTER 3

MODELING OF CORROSION DAMAGE

1. Effects of corrosion on concrete and reinforcing steel
Among the deterioration processes affecting concrete elements in aggressive environments,
corrosion of steel bars results the most critical issue for huge stocks of the existing structures. In
particular, the diffusion of chlorides in marine environments represents, in general, the most severe
attack for concrete structures. The structural performance of concrete structures should hence be
considered time-dependent due to environmental damage affecting the structures over the service
life. In fact, after the initiation period, which extends depending on the quality of the materials and
on the environmental exposure, corrosion inevitably occurs.
Therefore, proper damage models are needed for a reliable lifetime structural analysis. Available
experimental data is generally not sufficient for a detailed modeling capable to reproduce the variety
of the damaging processes. In fact, the deterioration in concrete structures undergoing diffusion is,
in general, very complex. However, in most cases simplified degradation models can be successfully
adopted. Models for uniform and localized (pitting) corrosion should account for the reduction of
cross-sectional area of corroded bars, the reduction of ductility of reinforcing steel, the deterioration
of concrete strength due to the development of longitudinal cracks induced by the corrosion
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products, and the spalling of concrete cover. Over the last decades, several models have been
formulated and their accuracy has been validated with reference to experimental tests carried out on
beams subjected to accelerated and natural corrosion (Al-Harty et al. 2011, Almusallam 2001,
Apostolopoulos & Papadakis 2008, Biondini &Vergani 2012, Cabrera 1996, Oyado et al. 2011). The
comparison between numerical and experimental results demonstrated the accuracy and capability of
the models to reproduce the effects of local corrosion damage on the structural response at element
level.
Structural damage can be viewed as a degradation of the mechanical properties which makes the
structural system less able to withstand the applied actions. The effects of corrosion damage can be
described in the structural model through damage indices and corrosion can selectively be applied to
damaged structural elements with a different level of penetration in each reinforcing bar and a
different deterioration for concrete parts, in order to consider prescribed damage patterns and
corrosion levels.
In general terms, degradation laws can be adopted to model concrete and steel damage according to
the functions Ac(t) and As(t) respectively (Biondini et al. 2004):

Ac (t )  [1   c (t )]Ac0
As (t )  [1   s (t)]As0

(3.1)

where the symbol “0” denotes the undamaged state at the initial time t  t0, and the dimensionless
functions δc  δc(t), δs  δs(t) represent damage indices which give a direct measure of the damage level
within the range [0; 1] depending on the environmental exposure (Figure 3.1a).
Such indices can be correlated to the diffusion process by assuming a linear relationship between the
rate of damage and the concentration of the aggressive agent after the reaching of a concentration
threshold, as shown in Figure 3.1b:

 c (t ) C(t )

 c C(t )
t
Cc tc

(3.2)

 s (t ) C(t )

  s C(t )
t
Cs t s
where Cc and Cs represent the values of constant concentration C(x, t), in a certain position and at a
specified time instant, which lead to a complete damage of the materials after the time periods Δtc
and Δts, respectively. In particular, the values of Ccr, ρc and ρs depend on the type of material and
considered damage process (Biondini et al. 2004). It will be shown that this linear approximation
results to be a reasonable assumption in most cases, despite the complexity of the corrosion process.
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(a)

(b)
Figure 3.1 – Modeling of mechanical damage: (a) time evolution of damage indices during diffusion
process; (b) linear relationship between rate of damage and concentration of aggressive agent.

In the following, the modeling of corrosion damage is discussed, with particular emphasis on
chloride-induced corrosion. The effects of corrosion on concrete and steel are illustrated, in order to
highlight how the mechanical properties of the materials can vary during lifetime. The effectiveness
of the damage models is validated by comparing the numerical results with experimental data available
in literature. Finally, an application of the adopted damage model is proposed, accounting for uniform
corrosion of steel bars and deterioration of concrete under a specified corrosion scenario.
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2. Steel damage modeling
The corrosion process induced by chloride diffusion into concrete members leads to the reduction
in the area of steel reinforcing bars. The corrosion penetration x(t) can be evaluated over time as
follows:

x(t )  

ti  t p

ti

rcorr dt

(3.3)

where rcorr (mm/year) is the steel corrosion rate, ti is the initiation time and tp  (t – ti) is the propagation
time. By this equation, the loss of steel due to the corrosion process can be estimated. A
dimensionless penetration index [0; 1] can be expressed as:



x(t )
0

(3.4)

where Φ0  Φ(0) is the uncorroded steel bar diameter at time t  0. The definition of the penetration
index depends on the type of the corrosion attack, which can be uniform, localized (pitting attack) or
a combination of the two.
The severity of the steel damage depends also on the corrosion rate, which determines the rapidity
with which the structure may reach a specified limit state. While the dependency of the corrosion
initiation time on different parameters, such as concrete cover thickness or quality and type of
cement, has been widely researched and modeled (Browne et al. 1983, Hamada, 1968), the evaluation
of the propagation time is affected by greater uncertainties. In fact, the corrosion rate can hardly be
assessed reliably, since it depends on several parameters related to both environmental conditions
and characteristics of concrete. For this reason, the few available experimental data cannot be
representative of a wide range of corrosion scenarios.
Available models for uniform and pitting corrosion are presented in the following, as well as a model
to estimate steel corrosion rate. Other consequences of the corrosion process, such as steel ductility
reduction and steel strength loss are discussed.

2.1. Uniform corrosion
In carbonated concrete and/or in presence of low chlorides content over the steel surface, the
corrosion process leads to a uniform reduction of the reinforcing bar diameter (Figure 3.2a). The
reduction in the diameter Φ(t) of a corroding reinforcing bar at time t can be estimated as follows
(Berto et al. 2009):

(t)  0  nx(t)
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where the coefficient n allows to take into account the possibility of a one-side or two-side attack of
corrosion (Saetta et al. 1999). By introducing the dimensionless penetration index   nx(t)/Φ0, the
Eqn. 3.5 can be expressed as:

(t)  0 (1  )

(3.6)

The area As of a corroded steel bar can be represented as a function of the corrosion index as follows
(Biondini et al. 2004):

As ( )  [1  s ( )] As0

(3.7)

where As0 Φ02/4 is the area of the undamaged steel bar and s  s() is a dimensionless damage
function which provides a measure of cross-section reduction in the range [0; 1], from no damage to
complete damage. In case of uniform corrosion, the damage function s is evaluated as follows
(Biondini 2011, Biondini & Vergani 2012):

 s   2   

(3.8)

2.2. Localized corrosion
In presence of high chloride content, the corrosion tends to be localized. The severity of the attack
is related to the depth of the pits developing along the steel bars. The reduction in the steel bar crosssection should hence account for the maximum depth of the pit attack, which can be estimated by
knowing the corrosion rate expressed as the current intensity. The ratio between the mean and the
maximum pit depth can be measured experimentally as the pitting factor R:

R

x(t ) max
x(t ) mean

(3.9)

Different values of the pitting factor R have been measured for corrosion in natural environment in
the range of 4-8, with maximum pit depth of 0.5mm, and for accelerated corrosion in the range of 513 (Gonzalez et al. 1995). Stewart (2009) carried out experimental tests on steel bars with varying
diameters, measuring pitting factors from 5 to 7. Moreover, the pits develop randomly over the steel
surface along the length of the steel bar, in particular in correspondence of defects at the interface
between steel and concrete (Zhang et al. 2009).
Stewart (2009) proposed a model to estimate the cross-sectional reduction of the steel bars, by
considering that the pit starts to develop from the point A and progressively expands following the
shape profile of a circle of radius p(t) (Figure 3.2b). The maximum depth of the pit p(t) is evaluated
as follows:
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p(t)  x(t)mean R

(3.10)

The width of the pit b and the angles θ1 and θ2 can be evaluated as follow:

 p(t ) 

b(t )  2 p(t ) 1  

 0 

 b(t ) 

 0 

2

(3.11)

 b(t ) 

 2 p(t ) 

1 (t)  2 arcsin

 2 (t )  2 arcsin 

(3.12)

The pit area Apit can finally be evaluated as:

 Apit (t )  A1  A2

 Apit (t )  A0  A1  A2

 Apit (t )  A0

p(t )  0 / 2
if 0 / 2  p(t )  0

(3.13)

p(t )  0

where:

  0  2

p(t ) 2 
A1  0.5 1    b 0 

2
2 
  2 

(3.14)


p(t)2 
A2  0.5 1 p(t)2  b

0 


(3.15)

A0 

02

(3.16)

4

The reduction of the steel bar cross-section is usually evaluated in percentage as:

 pit 

(a)

(b)

A pit

(3.17)

A0

(c)

Figure 3.2 – Reduction of the steel bar cross-section due to (a) uniform corrosion, (b) pitting
corrosion based on Val-Melchers (1998) model and (c) pitting corrosion based on Rodriguez (1997)
model.
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Rodriguez (1997) proposed a model that takes into account both uniform and pitting corrosion, as
usually occur in accelerated corrosion tests (Figure 3.2c). The loss of the steel area ΔAs can be
evaluated as follow by assuming R  2:



As  (2 p(t)0  p(t) 2 )
4

(3.18)

2.3. Steel corrosion rate
The corrosion propagation is affected by great uncertainties, mainly due to the numerous set of
conditions influencing the corrosion rate. The rate of corrosion depends on temperature and
humidity, being higher when both temperature and humidity increase (Andrade 2002). It also depends
on concrete resistivity which is lower when relative humidity is higher (Gjørv 2009, Andrade &
Alonso 2001) and which is related to the corrosion rate by a linear relationship (Gulikers 2005).

Figure 3.3 –Schematic representation of corrosion rate of steel in different concretes and exposure
conditions (after Andrade et al. 1990, modified).

On structures exposed to the atmosphere, the corrosion rate can vary from several tens of μm/year
to localized values of 1mm/year as the relative humidity rises from 70 to 95% and the chloride
content increases from 1% by mass of cement to higher values. The corrosion rate is usually
expressed as the penetration rate and is measured in μm/year. The corrosion rate can be considered
negligible if it is below 2μm/year, low between 2-5μm/year, moderate between 10-50μm/year and
very high for values above 100μm/year (Figure 3.3).
Once the attack begins in chloride-contaminated structures, a high corrosion rate can lead in a
relatively short time to an unacceptable reduction in the cross-section of the reinforcement. In
presence of high chloride contents, even for relative humidities the corrosion rate can be up to 2
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μm/year. These corrosion rates have been observed in particular on heavily chloride containing
structures such as bridge decks (Vassie 1984).

(a)

(b)
Figure 3.4 – (a) Relationship between sulfate concentration, chloride accumulation rate on the
surface and steel corrosion rate (μm/year), with indication of typical exposures (Pedeferri &
Bertolini 1996); (b) Linear relationship between the concentration of the aggressive agents and the
rate of corrosion.

On the basis of correlations between chloride content and corrosion current density in concrete
(Bertolini et al., 2004; Liu & Weyers, 1998; Pastore & Pedeferri, 1994; Thoft-Christensen, 1998), a
linear relationship between rate of corrosion rcorr and chloride content C can be assumed for structures
exposed to severe environmental conditions. This is assessed by the experimental measures of the
corrosion rate of steel exposed to different environments containing sulfates and chlorides (Figure
3.4a). The same relationship is here assumed for reinforcing steel as well (Biondini et al. 2004, 2006).
It is observed that the rate of corrosion increases as the concentration of both sulfates and chlorides
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increases. In industrial and marine environments, where the concentration of both the aggressive
agents is high, the corrosion rate can be higher than 100μm/year. If the corrosion rate is plotted as a
function of chloride concentration, sulfate concentration or a combination of them, it can be noticed
that a linear dependency can be assumed (Figure 3.4b).
Moreover, the rate of corrosion should be considered a time-dependent parameter. In fact, it is
expected that the formation of rust products on the steel surface may progressively reduce the steel
degradation rate over time. In particular, the corrosion rate will reduces with time rapidly during the
first few years after initiation but then more slowly as it approaches a nearly uniform level (Andrade
et al. 2002, Liu & Weyers 1998, Tuutti 1982, Yalsin & Ergun 1996). However, since there is lack of
explicit data for time-dependent corrosion rate modeling, the mean value of the rate of corrosion can
be considered constant in time and its variability can be taken into account in probabilistic terms
(Akgül & Frangopol 2004, Frangopol et al. 1997, Ghosh & Padgett 2010, Val et al. 2000).

2.4. Steel ductility reduction
Steel corrosion results not just in the reduction of the cross section of the steel bars, but also in a
reduction of the steel ductility. Experimental results showed that the steel ultimate strain reduces
even for relatively low percentages of steel mass loss, leading to a shift from ductile to brittle behavior
for higher levels of corrosions (Almusallam 2001, Apostolopoulos & Papadakis 2008, Figure 3.5).

(a)
(b)
Figure 3.5 – (a) Elongation vs. load curves for steel bars with different corrosion levels (% in mass,
Almusallam 2001); (b) Corrosion effect on steel ultimate strain (Apostolopoulos & Papadakis 2008).

On the basis of experimental results, Kobayashi (2006) proposed a numerical relationship between
the residual ultimate strain and the initial one:

 ' su
%  100  18.1x
 su

(3.19)
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where x (%) represents steel cross-sectional reduction. This relationship has been derived basing on
experimental data on tensile tests carried out on corroded bars with low percentage of mass loss.
Therefore the equation holds for levels of corrosion up to 3-4%.
Coronelli & Gambarova (2004) proposed the following relationship for the evaluation of the
reduction of steel ultimate strain from the value ε’su  εsu to the value ε’su  εsy indicating the complete
loss of ductility:



 ' su   sy  ( su   sy )1 


 pit 


 pit , max 

if

 pit   pit ,max

(3.20)

where εsy is the steel strain at yielding, αpit and αpit,max are the depth and maximum depth of the pitting
attack, respectively. Based on experimental studies, the parameter αpit,max ranges between 0.1-0.5.
In Stewart (2009), an abrupt shift from a ductile to a brittle behavior is considered to occur for a
corrosion value of 20%, evaluating the corroded area of the steel bar Apit as in Eqn. 3.13.
(6) Apostolopoulos & Papadakis (2008,
marine environment)
(7) Apostolopoulos & Papadakis (2008,
industrial environment)
(8) Kobayashi (2006)
(9) Kobayashi model (2006)
(10) Biondini & Vergani model (2011)

Figure 3.6 – Comparison between different models and experimental data related to the evaluation
of steel ultimate strain reduction ε’su/εsu versus corrosion steel loss x.

Biondini & Vergani (2011, 2012) related the steel ductility reduction to a function of the section loss
based on the experimental results by Apostolopoulos & Papadakis (2008). According to this model,
the lifetime steel ultimate strain εsu(t) depends on the damage function as follows:


 su t    su 0

 0.1521 s

 0.4583

 su 0

0   s  0.016
0.016   s  1

(3.21)

where εsu0 is the ultimate strain for uncorroded steel. Figure 3.6 shows a comparison between the
above mentioned models and experimental data collected for the evaluation of steel ultimate strain
reduction ε’su/εsu versus normalized corrosion steel loss x.
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2.5. Steel strength reduction
Experimental tests showed that a linear decrease of both yielding and ultimate strength f(t) occurs at
the increase of the corrosion level (Du et al. 2005):

f (t)  [1 Qcorr(t)] f0

(3.22)

where f0 if the strength of the non-corroded bars, Qcorr(t)(%) is the level of corrosion and β is a
coefficient depending on the type of corrosion. However, the steel strength reduction is limited (
Figure 3.7). It has been observed that the steel strength reduction is mainly due to the localized
corrosion. Stewart (2009) proposed to evaluate Qcorr as the maximum pitting depth ratio (Eqn. 3.9).

Figure 3.7 – Reduction of yielding and ultimate strength of corroded steel bars (Cairns et al. 2005)
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3. Concrete damage modeling
Although the main effect of corrosion on reinforced concrete elements is the reduction of the steelbar cross-section, in case of uniform corrosion the degradation of concrete may become significant.
Corrosion products on steel bar surface provoke tension stresses in the surrounding concrete, leading
to the cracking and delamination of the concrete cover. The spalling becomes not just a durability
but also a safety issue when significant portions of the concrete cover detach from slabs, roof girders
and bridge decks (Broomfield 1997). Other effects of concrete deterioration are the reduction of
concrete strength and the loss of bond between concrete and steel.
The presence of cracks and spalling gives evidence of the corrosion process. On the other hand,
deterioration of the concrete protective cover makes the ingress of the aggressive agents more severe,
accelerating the corrosion process. Experimental studies investigated the relationship between the
width of cracks on concrete surface with the corrosion level (Vidal et al. 2004, Zhang et al. 2009). The
time between corrosion initiation and corrosion induced concrete cracking has been investigated as
well (Maaddawy & Soudki 2007, Pantazopoulou et al. 2001). A numerical modeling of the cracking
phenomena induced by the expansion of the corrosion products was proposed by Li et al. (2007).

Figure 3.8 – Crack patterns of a deteriorating concrete beam subjected to natural corrosion after 23
years (Zhang et al. 2009)

Corrosion cracks usually develop along the longitudinal steel bars, forming a 90° angle with the
flexural cracks (Zhang et al. 2009, Figure 3.8). The arrangement of the reinforcing bars in the crosssection and the geometry of the concrete element strongly influence the crack pattern and the
mechanisms of failure of the concrete cover (Bažant 1979). Concrete cover can fail along fracture
planes inclined of 45° or parallel to the steel bar (Figure 3.9a, b). Border effect may emphasize the
phenomenon (Figure 3.9c). Factors influencing concrete cracking are the ratio between concrete
cover thickness c and the distance between the steel bars d, and concrete quality. For low c/d ratios,
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corrosion products will crack the concrete sooner than for high c/d ratios. Moreover, concrete high
porosity, corresponding to high w/c ratios, allows the corrosion products to expand in the pores, thus
reducing cracking.

(a)

(b)

(c)

Figure 3.9 – (a) Scaling, (b) delamination and (c) border effects of corrosion induced cracking of
concrete cover.

Several experimental studies have been carried out to investigate the relationship between the c/d
ratio and the corrosion level necessary to start concrete cracking (Alonso et al. 1998, Cabrera 1996,

Rasheeduzzafar et al. 1990, Figure 3.10). By fitting the experimental data by Alonso et al. (1998), a
linear relationship between the corrosion penetration attack x0 at a certain crack width and the c/d
ratio can be estimated as follows:

x 0  7 .53  9 .32

c
d

(3.23)

(a)
(b)
Figure 3.10 – (a) Relationship between c/d ratio and corrosion level causing cracking
(Rasheeduzzafar et al. 1990); (b) Relationship between c/d ratio and corrosion penetration attack x0
causing cracking (Alonso et al. 1998).

3.1. Concrete strength reduction
The increase of the transversal strain due to the crack opening is accounted for by a reduction of
concrete strength. Coronelli & Gambarova (2004) proposed a model to evaluate the reduced concrete
strength over time a follows:
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f c (t ) 

f c0
1 

  (t )
 c0

(3.24)

where κ is a coefficient related to bar diameter and roughness (κ  0.1 for medium-diameter ribbed
bars), εc0 is the strain at peak stress in compression and ε┴(t) is a transversal strain at time t. The
evaluation of the transversal strain ε┴(t) is based on the following relationship:

  (t ) 

nbars w
bi

(3.25)

where bi is the width of the undamaged cross-section, nbars is the number of steel bars and w is the
mean crack opening for each bar.

Figure 3.11 – Crack width evolution with steel bar cross-section reduction (Vidal et al. 2004).

In order to estimate the mean crack opening w, a linear relationship can be established between the
amount of corroded steel and the crack width according to Vidal et al. (2004) (Figure 3.11):

w   w ( s   s0 ) As0

(3.26)

where κw  0.0575mm-1, δs is the damage function and δs0 is the amount of steel damage necessary for
cracking initiation. For uniform corrosion, the damage threshold δs0 is evaluated as follows (Biondini
& Vergani 2012, Vidal et al. 2004):

 s0


1
 1  1 
 0



c 
  10 3 
 7.53  9.32
0 



2

(3.27)

where Φ0  Φ(0) and c is the concrete cover. The reduction of concrete strength is generally applied
to the entire concrete cover. Since the longitudinal crack pattern strongly depends on the
arrangements of the reinforcing bars, the propagation of corrosion induced cracking should be
therefore limited to the zone adjacent to the reinforcing bars to model the damage phenomena
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properly (Biondini & Vergani 2011, 2012, Vergani 2010). For example, Figure 3.12 shows the
identification of the damaged concrete elements in the numerical model of a rectangular concrete
cross-section according to different reinforcement layouts. When the steel bars are located at the
corners, damage is assumed to be concentrated mainly around the steel bars (Figure 3.12a), otherwise
damaged is assumed to develop along the edges of the cross-section (Figure 3.12b).

(a)
(b)
Figure 3.12 – Identification of damaged concrete elements (hatched area) in a numerical model
according to different reinforcement layouts (Vergani 2010, Biondini & Vergani 2012).

3.2. Corrosion effects on bond
In sound concrete, bond performance is primarily dependent on concrete compressive strength,
confinement and surface of the bar (deformed or round). During lifetime, loss of bond between
concrete and steel can occur due to the formation corrosion products over the steel surface inducing
radial pressures on the surrounding concrete. The presence of concrete cracks and the progressive
smoothing of the ribbed bars due to corrosion worsen the phenomena (Bhargava et al. 2007).
Experimental research focused on bond performance found that low levels of corrosion (<~5%
reduction in bar cross-section) have a beneficial effect on bond in deformed bars (Almusallam et al.
2001, Cabrera 1996). At corrosion levels above this, the bond capacity drops off significantly with a
change in the failure mode from splitting of concrete to continuous slippage of the bar (Fang et al.
2006).
In literature, several correlations have been proposed for the corrosion level and the ultimate bond
strength τbu, depending on the test (pull-out or flexure test), on the material and on the characteristics
of the specimen (Stanish et al. 1999, Lee et al. 2002).
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3.3. Corrosion effects on confinement
The confinement of a concrete cross-section may vary over lifetime due to corrosion of transversal
reinforcement. Several studies investigated the uniaxial compression behavior of confined specimens
subjected to corrosion in order to get time-variant material stress-strain curves. Yamamoto et al.
(2006) investigated the relationship between the elastic modulus and the width of the corrosion crack
width, comparing the corrosion pattern of confined and non-confined specimens. Yuya et al. (2007)
estimated the relationship between axial stresses and hoops rate at prescribed axial strains and
compared the results for different corrosion methods (accelerated or mechanical).
In particular, corrosion of transversal reinforcement can have significant effects when considering
the structural behavior of concrete elements subjected to transversal actions, such the seismic loading,
as reported in Yamamoto et al. (2006), Saito et al. (2007), Ou et al. (2012) and Biondini et al. (2012).
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4. Validation of the damage model
The experimental tests carried out by Rodriguez et al. (1997) are herein presented in order to validate
the proposed damage models regarding the effects of chloride induced corrosion on steel bars and
concrete. The tests were carried out within the Brite/Euram project BE-4062 started in 1992 and
some models were developed for the assessment of concrete structures affected by steel corrosion
and other deterioration mechanisms. Numerical results of nonlinear analyses are compared with the
experimental results to prove the accuracy of the damage models adopted in this study thus
performing a reliable structural analysis of deteriorating concrete elements. Reduction of steel bar
area due to uniform and pitting corrosion, reduction of steel ultimate strain and degradation of
concrete are taken into account in the numerical model.
The tested beams shown in Figure 3.13 have been cast adding calcium chloride to the mixing water,
subjected to an accelerated corrosion process with a current density of 100μA/cm2, and loaded up
to failure by using a four points bending test. Two types of beams with different reinforcement ratios
were tested. The beams with lower reinforcement ratio (Type 11, ρs  0.85%) showed a flexural
failure of the tensile bars. For beams with higher reinforcement ratio (ρs  2.18%), a crushing failure
of concrete in compression occurred. For sake of brevity, only beams Type 11 will be considered.
The mechanical properties of concrete and steel are listed in Table 3.1 and Table 3.2.

Figure 3.13 – Geometrical dimensions of the concrete beams [mm], characteristic of the crosssection and testing scheme.

For these members the mean and maximum values of corrosion penetration depth measured during
the tests are listed in Table 3.3. It is worth nothing that maximum values of penetration are in some
cases three times the mean value. As a consequence, failure of the steel bars reasonably occurs in the
section with higher reduction. Moreover, the effects of corrosion are significant on the stirrups, due
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to their small diameter. The analyses account for the different levels of corrosion of tensile and
compressive bars.
Table 3.1 – Concrete mechanical properties.

Beam 111

Beams 114-116

fc [MPa]

50

34

fct [MPa]

4.1

3.1

Ec [GPa]

37.3

33.8

Table 3.2 – Steel mechanical properties.

Bars Φ6

Bars Φ8

Bars Φ10

fsy [MPa]

626

615

575

fsu[MPa]

760

673

655

Es [GPa]

210

210

210

Table 3.3 – Measured corrosion penetration [mm]. Mean values (maximum values).

Beams

Tensile bars

Compressive bars

Stirrups

114

0.45 (1.1)

0.52

0.39 (1.1)

115

0.36 (1.0)

0.26

0.37 (3.0)

116

0.71 (2.1)

0.48

0.66 (5.0)

Nonlinear analyses are performed by using OpenSees (Mazzoni et al. 2005). The beams are subdivided
into 6 finite elements due to symmetry. Two different types of modeling are developed and compared:


distributed plasticity (DP) modeling: the member cross-section is modeled by fibers or
isoparametric domains by discretizing the concrete area and modeling each longitudinal steel
bar (Bontempi 1992, Malerba 1998, Malerba & Bontempi 1989, Spacone et al. 1996). Cover
concrete fibers are distinguished from the core, where the Mander model is adopted in order
to take into account the confinement effect of stirrups (Mander et al. 1988). Proper stressstrain relationships are assigned to the fibers to model the mechanical properties of the
materials in undamaged and/or damaged conditions. The beam is modeled following a
displacement-based approach (Zienkiewicz & Taylor 2000).



lumped plasticity (LP) modeling: the flexural behavior of the beam is evaluated by means of
moment-curvature relationships based on the properties of the uncorroded and/or corroded
materials. These relationships are then linearized by using a four stepwise curve. Each beam
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segment is modeled by a Giberson element (Sharpe 1974) where plasticity is concentrated at
the ends while the central part remains elastic. The nonlinear behavior of the plastic hinges
is defined according to the linearized moment-curvature relationship. In this model, plasticity
is assumed to develop mainly in the central part of the beam between the loads Q. The length
of the plastic hinges of the elements next to the central part is calibrated on the non-corroded
Beam 111 and assumed equal to 15cm.
For concrete, a Saenz’s law is adopted in compression with strain at maximum strength εc0  0.20%,
while a bilinear law is chosen in tension. For steel, a bilinear model with hardening after yielding is
used. The failure is associated with the reaching of the strain limits εcu  0.35% and εsu0  5.00% for
concrete and steel respectively. Steel ultimate strain εsu(t) is assumed to vary over time according to
Eqn. 3.21 based on the actual steel cross-section reduction.
All the analyses are performed considering a displacement control strategy, where each step Δx is set
to 0.025mm in order to have continuous curves. The comparison between experimental tests and
numerical simulation results with both distributed and concentrated plasticity is provided in the
following. Results are shown in terms of force-displacement curve. The displacement Δ is referred
to the deflection of middle section, while the force P is the sum of the applied loads Q.

Figure 3.14 – Force-displacement curves for the undamaged Beam 111: comparison between
numerical and experimental results.

Figure 3.14 shows the results of the undamaged Beam 111. Both the numerical models well predict
the failure point in terms of ultimate displacement and approximates the yielding and ultimate
strength of the concrete member with good accuracy. However, differences can be seen in the initial
branch. The distributed plasticity model slightly over-estimates the pre-cracking stiffness, as observed
also by other numerical validations (Vergani 2010), while it well approximates the yielding point. On
the contrary, the lumped plasticity modeling better suits the initial stiffness and under-estimates the
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yielding point in terms of displacement. Moreover, the lumped plasticity modeling slightly underestimates the maximum strength of the element.
The case of Beam 114 is now considered. The beam is subjected to severe corrosion due to a longer
exposure period. The comparison between numerical and experimental results is illustrated in Figure
3.15. A uniform corrosion is considered as a first assumption by reducing the steel bar area (Figure
3.15a). With respect to the undamaged situation, a decrease in the ultimate strength is observed. A
significant reduction of the deflection of the middle section is evident, which is probably due to the
loss of ductility of longitudinal bars. Both the numerical models bring to similar results,
overestimating the strength and ultimate displacement of the element, thus the hypothesis of uniform
corrosion is not satisfying.
The analysis is then repeated by adding the effect of pitting corrosion to the uniform reduction of
steel bar area, by considering the Rodriguez model (Eqn. 3.18) and the maximum observed depth of
the pit (Table 3.3). Figure 3.15b shows the corresponding force-displacement diagram. The numerical
models still overestimate the strength, even if the estimated values are closer to the actual ones. On
the contrary, the ductility of the element is estimated with better accuracy. This is due to the further
reduction of the steel ultimate strain accounted for by the model, since the presence of pits is
considered in the evaluation of steel corrosion loss.
Numerical results referring to a complete damage model are shown in Figure 3.15c. The nonlinear
analysis also considers the concrete damage of the concrete in terms of a reduction of strength in
tension and in compression and a reduction of stiffness (Table 3.1). Good accuracy is reached with
both models both in the prediction of the failure point and of the initial stiffness. However, it can be
noticed that the lumped plasticity modeling still underestimates the yielding displacement and
overestimates the ultimate displacement. This can be due to the estimation of the length of the plastic
hinge, which reasonably may vary in a corroded element with respect to the undamaged condition.
The case of Beam 115, which is subjected to a lower level of corrosion, is now considered. By
adopting a uniform corrosion model, the strength is overestimated by both the numerical models
(Figure 3.16a). However, the initial stiffness is better approximated than the case of Beam 114, in
particular in the case of lumped plasticity. This is reasonable since the uniform corrosion model is
more appropriate in simulating moderate corrosion scenarios.
By introducing the modeling of concrete degradation, the comparison between experimental and
numerical results shows a good accuracy in the case of steel uniform corrosion (Figure 3.16b). In
particular, the distributed plasticity modeling well approximates the strength of the element, while
the lumped plasticity modeling catches the ultimate displacement.
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(a)

(b)

(c)
Figure 3.15 – Force-displacement curves for Beam 114 (severe corrosion).
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(a)

(b)

(c)
Figure 3.16 – Force-displacement curves for Beam 115 (moderate corrosion).
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If the case of pitting corrosion is considered for Beam 115, the strength and stiffness of the corroded
element are well approximated by both the numerical models (Figure 3.16b). However, the ultimate
displacement is a bit underestimated. This is due to the reduced strength of concrete, in the models,
which leads the steel bars to higher tension levels for lower deflections.
The case of Beam 116 is finally considered. The beam is subjected to the highest level of corrosion,
with a pitting factor R  3 for the tensile bars. Figure 3.17 shows the comparison between
experimental and numerical results considering mixed corrosion and concrete damage. In order to
better estimate the stiffness, concrete cover strength in tension is neglected, thus modeling the severe
spalling of concrete cover due to the corrosion of tensile bars.
In case of distributed plasticity modeling, the numerical results well approximate the strength of the
element, while slightly overestimating the yielding displacement and underestimating the ultimate
displacement. The lumped plasticity model well estimates the stiffness, the strength the yielding and
ultimate displacement. Nevertheless, it has to be noticed that this beams showed experimental
displacements greater than those observed for Beams 114 and 115 with lower levels of corrosion,
thus not being in compliance with the adopted model.

Figure 3.17 – Force-displacement curves for Beam 116 (very severe corrosion).

In the comparison of the numerical and experimental results, it should be considered that numerous
uncertainties are related to the actual corrosion of the steel bars and to the mechanical properties of
the materials. However, basing on these results, the adopted damage model results to catch with good
accuracy the effects of corrosion on the flexural behavior of deteriorating concrete beams, in
particular with respect to the loss of strength due to the reduced steel bar area and to the reduction
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of steel ultimate strain mainly due to the pitting attack. Moreover, good accuracy can be achieved by
the damage model by using both distributed or lumped plasticity models for the structural analysis.
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5. Application: modeling of corrosion damage
The time evolution of the steel bar diameter, steel ultimate strain and concrete strength is here
evaluated in probabilistic terms under a prescribed environmental scenario in the hypothesis of
uniform corrosion conditions according to the above presented damage models (Biondini et al. 2013).
According to the probability distribution of the random variables affecting the diffusion process
(Chapter 2, Table 2.3) and considering the corrosion initiation time shown in Chapter 2, Figure 2.10,
the reduction of the steel bar diameters Φnom  16mm and Φnom  26mm is evaluated over a lifetime
of 50 years with Δt  10 years. The nominal dimensions of the steel bars are considered as random
variables, with a truncated normal distribution with μ  Φnom and σ  0.10μ. The different nominal
dimensions of the steel bars allow a comparison of the effects that the size of the diameter has on
both steel and concrete mechanical properties.
On the basis of correlations between chloride content and corrosion current density in concrete
(Bertolini et al., 2004; Liu & Weyers, 1998; Pastore & Pedeferri, 1994; Thoft-Christensen, 1998), a
linear relationship between rate of corrosion rcorr, in the range 0-200 μm/year, and chloride content
C, in the range 0-3%, is approximately assumed for structures exposed to severe environmental
conditions (Biondini et al., 2004, 2006).

(a)
(b)
Figure 3.18 – Time evolution of steel bar diameter Φ(t) for (a) Φnom  16mm and (b) Φnom  26mm
(mean μ and standard deviation σ from the mean).

According to this scenario, the time-variant mean values μ of steel bar diameter ratio Φ(t)/Φ0 and
the corresponding standard deviations σ are shown in Figure 3.18. The scatter around the mean
increases during lifetime due to the increasing effects of the uncertainties related to the degradation
phenomena, which are added to the material and geometrical inherent variability. It is noted that the
effects of steel reinforcement corrosion are more significant for small bar diameters, as expected,
since the percentage of bar diameter loss is greater. Consequently, in a corroding structure few large
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diameter bars are apparently safer than a higher number of small diameter bars as far as steel corrosion
loss (Andrade et al. 1990).

(a)
(b)
Figure 3.19 – Time evolution of the damage function δs(t), steel ultimate strain εsu(t) and concrete
strength fc(t) for (a) Φnom  16mm and (b) Φnom  26mm (mean μ and standard deviation σ from the
mean).
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The evolution of the damage function δs(t), which has a direct dependency on the reduction of the
bar diameter, allows to evaluate the ultimate deformation of steel εsu(t) and the strength of concrete
cover fc(t) during lifetime. In fact, the time evolution of the ultimate deformation of steel εsu(t), which
can be considered as an indicator of the material ductility, results to be dependent on the size of the
diameter through the dimensionless corrosion penetration index δ (Eqn. 3.4). However, the influence
of the size of steel bars on the lifetime reduction of steel ultimate strain is less significant than the
one on the steel loss ratio (Figure 3.19). On the contrary, a greater reduction of concrete cover
strength is observed in the case of Φnom  26mm, as shown in Figure 3.19, since the width of cracks
increases with larger diameters (Eqn. 3.26). Smaller bars seem therefore preferable than larger bars,
in order to avoid significant cracks and spalling of concrete, since these phenomena can worsen the
consequences of the ingress of the aggressive agents into concrete.
The validity of the MC simulation results with respect to the sample size n  50,000 is highlighted in
Figure 3.20, with reference to the evolution of the steel bar diameter for both Φnom  16mm and Φnom
 26mm. The evolution of both mean μ and standard deviation σ towards stable values after n 
50,000 realizations proves the accuracy of the simulation process.

(a)
(b)
Figure 3.20 – Evolution during the simulation process of (a) mean μ and (b) standard deviation σ of
steel bar diameter Φnom  16mm and Φnom  26mm at time t  0 and t  50 years.

77

Lifetime performance and seismic resilience of concrete structures exposed to corrosion

6. Conclusions
A reliable lifetime structural analysis needs models capable to estimate the evolution of mechanical
properties of deteriorating concrete members over the service life. First, the effects of corrosion
processes on both reinforcing steel and concrete have been discussed. Among the damage processes
affecting concrete structures in aggressive environments, the attention has been focused on chlorideinduced corrosion, being one of the most severe forms of attack. The reduction of reinforcing steel
cross-section area, depending on the type of corrosion (uniform, pitting or a combined process), the
reduction of steel ultimate strain and strength have been considered. Concrete damage is accounted
for by a reduction of concrete strength depending on the increase of transversal strain due to the
corrosion crack opening.
Available models for taking into account the local damage effects on the properties of the materials
have then been reviewed. The effectiveness of the proposed models has been validated by simulating
experimental tests carried out on corroded concrete beams. The comparison between numerical and
experimental results showed good accuracy in modeling the effects of corrosion, in particular with
respect to the loss of strength due to the reduced steel bar area and to the reduction of steel ultimate
strain, which is mainly due to the pitting attack. Moreover, these models lead to accurate results by
using both distributed or lumped plasticity models for the structural analysis.
Finally, an application of the adopted damage model has been proposed, accounting for uniform
corrosion of steel bars and deterioration of concrete under a specified corrosion scenario. Based on
the modeling of the local damage, the effects on the overall performance of concrete structures will
be discussed in the next Chapter.
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CHAPTER 4

SEISMIC PERFORMANCE
EXPOSED TO CORROSION

OF

CONCRETE

STRUCTURES

1. Time-variant structural analysis of corroded concrete cross-sections
A time-variant structural analysis that accounts for the evolution of both material and mechanical
properties of the concrete elements is needed to properly investigate the effects that the deterioration
phenomena have on the lifetime performance of concrete structures. The analysis of such structures
has to take into account both mechanical nonlinearity, related to the constitutive properties of
concrete and steel, and geometrical nonlinearity, due to the second order effects.
Nonlinear three-dimensional elements have been formulated considering nonlinear material
properties and the effects that the displacements have on equilibrium (Biondini 2000, Biondini et al.
2004b, Bontempi et al. 1995, Malerba 1998). The cross-sectional and structural analyses can be
effectively carried out by the use of finite element method and numerical integration (Bontempi 1992,
Bontempi & Malerba 1997, Bontempi et al. 1995, Malerba & Bontempi 1989). Based on this approach,
the effects of corrosion damage on both concrete and steel have been implemented in the formulation
of three-dimensional deteriorating beam elements by using time-variant element stiffness matrix
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(Biondini et al. 2004a, Biondini 2011, Biondini & Vergani 2012). Such elements allow to model the
structural behavior of corroded concrete members with good accuracy by distributed plasticity.
In a multiscale damage evaluation, the structural effects of environmental deterioration can be
assessed at material, sectional, element and structural level progressively by defining proper damage
indices (Biondini 2004). In fact, the lifetime analysis of concrete structures is based on the evaluation
of the corrosion-induced material damage in terms of reducing steel bar diameter, ultimate steel strain
and concrete strength, among others, by means of proper damage functions, as discussed in Chapter
3. A time-variant cross-sectional analysis is then needed to investigate the evolution of both momentcurvature relationships and resistance domains. In fact, the mechanical properties of the cross-section
evolve over lifetime in terms of strength and ductility depending on the environmental aggressiveness
and exposure conditions (Biondini et al. 2010b).
Finally, a structural modeling based on the time-variant properties of the deteriorating concrete
elements allows to investigate the effects of the deterioration process on the overall structural
performance. A general methodology for the lifetime assessment of concrete structures has been
proposed in Biondini et al. (2004a, 2006) and in Biondini & Frangopol (2008a), and it has been
extended to account for seismic performance in Biondini et al. (2011).
In the following, the finite element method for the time-variant analysis of a generic reinforced
concrete cross-section is proposed. The formulation of the stiffness matrix, expressed as a sum of
the contributions of both concrete and reinforcing steel bars, highlights the role of mechanical
nonlinearity as well as of material deterioration. Lumped plasticity models have been selected to
perform the structural analysis. Plasticity is assumed to be concentrated at beam ends, which rotations
are derived by integration over the plastic hinge length of the cross-sectional curvature (Giberson
1967, 1969, Kunnath & Reinhorn 1989). This model is generally less computationally expensive,
which makes it preferable in case of probabilistic analysis. The accuracy of this modeling has been
validated in Chapter 3, §4. Measures and indices for the evaluation of seismic damage are then
reviewed in order to identify suitable performance indicators of the structural behavior of concrete
structures over lifetime. Moreover, the need of limit states based on both seismic intensity and
environmental aggressiveness is highlighted.
The probabilistic approach to predict the lifetime seismic performance of concrete structures exposed
to aggressive environments is then applied to the case studies of a 2D multistory frame and a 3D
continuous bridge. The seismic capacity of the structures is evaluated in probabilistic terms by
considering the uncertainties involved in the problem. The aim is to investigate the effects of
corrosion damage on the seismic deteriorating structural systems and to point out the importance of
a life-cycle oriented performance-based design which accounts for both the seismic and
environmental hazards.
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1.1. Problem statement
A unit reinforced concrete beam segment with generic cross-section, local reference system (x, y, z)
and sign conventions shown in Figure 4.1 is considered. The cross-section is reinforced with steel
bars with area Asi and prestressing tendons Apk. The stress resultants r  r (t), the kinematic field w
 w (t) and the global strains e  e (t) referring to the center of gravity of the cross-section can be
collected in the following vectors, respectively:

r  r(t )  [ N M z

M y ]T

(4.1)

where N is the axial force, Mz and My are the bending moments with respect to the z and y axes;

w  w(t )  [w0  z  y ]T

(4.2)

where w0 is the displacement along the x axis, φz and φy are the rotations around the z and y axes;

e  e(t )  [ 0

 z  y ]T

(4.3)

where ε0 is the axial elongation, χz and χy are the bending curvatures around the z and y axes. These
quantities are assumed positive according to the sign conventions of the local reference system.
The linearity of concrete strain field is assumed while the bond-slip of reinforcement and the shear
deformation are neglected. Under these hypotheses, the displacements of a generic point P(z, y) s(z,
y, t) are completely defined by the displacement of the center of gravity and the coordinates of the
point P(z, y) as follows:

s( z , y , t )  [1 y

 w0 
 
 z ] z   l ( z , y ) w (t )
 y 
 

(4.4)

where l(z, y) is a transformation vector.
The global strains at point P(z, y) can hence be expressed as:

 0 
w ( z , y , t )
 
ε( z, y, t ) 
 [1 y  z ]  z   l ( z , y )e(t )
x
 y 
 

(4.5)
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Figure 4.1 – Generic reinforced concrete beam cross-section: definition of the local reference system
and sign conventions for stress resultants and global strains.

In order to describe the material behavior, mono-dimensional constitutive laws are adopted as
follows:


σc,x  f(εc, x, t)

for the concrete matrix;



σs,x  f(εs, x, t)

for the reinforcing steel bars;



σsp,x  f(εsp, x, t) for prestressing tendons, if present.

The nonlinear function between stresses and strains depends on the material properties and on the
adopted formulation (i.e. secant or tangent). The constitutive law can be generalized as follows:

σ( z, y, t )  E (ε)ε( z , y, t )  E (ε)l( z, y )e(t )

(4.6)

1.2. Equilibrium equations
The equilibrium equations are derived from the virtual work principle by equating the work of the
static field of an equilibrated system to the work of the kinematic field of a virtual compatible system:

Le  Li
where:
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Le  e (t )r (t )  [ 0  z
T

N 
 
 y ] M z 
M y 
 

Li   ε ( z , y , t )σ ( z , y , t ) dA   e T (t )l T ( z , y )σ ( z , y , t ) dA
A

A

(4.8)

(4.9)

By equating internal and external work, given an arbitrary variation of virtual displacement, the
following equilibrium equation is given:

l
A

T

σ ( z , y , t )dA  r (t )

(4.10)

Based on Eqn. 4.1, Eqn. 4.3 and Eqn 4.6, the Eqn. 4.10 can be developed as follows:

1

A E (ε)  y
 z

y
y2
 zy

 z   0   N 
  

 yz  dA  z    M z 
z 2    y   M y 

(4.11)

By defining the element stiffness matrix H(t) as:

y
z 
1

2
H (t )   h( z , y )dA   E (ε)  y
y
 yz  dA
A
A
 z  zy z 2 

(4.12)

the equilibrium equation can be expressed as follows:

H(ε, t )e(t )  r (t )

(4.13)

The stiffness matrix H(t)  Hc(t) + Hs(t) + Hsp(t) is derived at each time instant by integration over
the area of the damaged cross-section by assembling the contributions of concrete Hc  Hc(t),
reinforcing steel Hs  Hs(t) and prestressing tendons Hsp  Hsp(t). In particular, by analyzing the
different contributions separately and considering that εcls  εs  ε (no bond-slip of reinforcement)
and εsp  ε + εi (εi initial deformation of prestressing tendons), the different contributions can be
expressed as follows:


concrete matrix:



Acls

l T ( z , y ) Ecls (ε)ε( z, y, t )dAcls 

   l T ( z , y ) Ecls (ε)l( z, y )dAcls e(t ) 
 Acls

 H c (t )e(t )


(4.14)

reinforcing steel bars:
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As

lT ( z, y) Es (ε)ε( z, y, t )dAs 

 nAs T

  l ( z, y ) Es (ε)l( z, y) Asi e(t ) 
 i 1

 H s (t )e(t )


(4.15)

prestressing tendons:



Asp

l T ( z , y ) Esp (ε)ε sp ( z , y, t )dAsp 

nAp
 nAp

  l T ( z , y ) Esp (ε)l ( z , y ) Aspi e(t )   l T ( z , y ) Esp (ε) i Aspi 
i 1
 i 1

 H sp (t )e(t )  rsp ( i , e(t ))

(4.16)

The resolving system at each time instant t can be finally expressed as:

[ H c (t )  H s (t )  H sp (t )]e(t )  r (t )  rsp ( i , t )

(4.17)

Eqn. 4.17 allows to solve the following cross-sectional problems:


given the vector of the stress resultants r(t) verify if it belongs or not to the resistance domain
of the cross-section;



given the vector of the global strains e(t) verify if a vector of the stress resultants r(t) exists
in order to satisfy the equilibrium of the cross-section.

The solution of the first problem implies solution of a nonlinear system with unknown e(t). In fact,
both the stiffness matrix and the constant term in Eqn. 4.17 depend on the unknown vector e(t),
which represents the deformed shape of the cross-section. The solution is admissible if the
corresponding strains ε(z, y, t) for all the points P(z, y) are lower than the material strain limits. The
evaluation of lifetime resistance domains can hence be performed.
On the contrary, the solution of the second problem implies just a matrix product to get the vector
r(t) that verifies the equilibrium of the cross-section. Lifetime moment-curvature relationships can be
obtained by imposing increasing global strains e(t) from zero up to failure and evaluating the
corresponding stress resultants r(t) under a prescribed axial force N.

1.3. Numerical integration
Both of the above mentioned cross-sectional problems imply the evaluation of the stiffness matrix
H(t) based on the kinematic field of the cross-section at each time instant. This can be effectively
carried out by the use of finite element method (Zienkiewicz & Taylor 2000) and numerical
integration (Bontempi 1992, Bontempi & Malerba 1997, Bontempi et al. 1995, Malerba & Bontempi
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1989). The area of a generic cross-section can be subdivided in isoparametric sub-domains, for
example in four-node isoparametric elements (ISOP4). Each sub-domain is replaced by a grid of
points which location depends on the adopted integration rule (Bontempi et al. 1995). In particular,
the Gauss-Legendre and the Gauss-Lobatto schemes can be selected depending on the function to
be integrated and the geometry of the problem (Figure 4.2). By a biunique mapping between the
actual sub-domain and the parent element, the integrating function is evaluated in the natural
coordinates (ζ, η) and then numerically integrated by using Gauss polynomials. The procedure can be
expressed as follows:

I   f ( z, y )dzdy 
D

1



1



1 1
l

f ( , ) detJ ( , )dd 

(4.18)

m

  wi w j f ( i , j )detJ ( i , j )
i 1 j 1

where f  f(z, y) is the integrating function over the sub-domain D, detJ(ζ, η) is the determinant of the
Jacobian of the mapping, wi, wj are the weights depending on the selected interpolating functions and
integration rule, l and m define a l × m integration grid over the cross-section lying in the z-y plane.

Figure 4.2 – Subdivision of the element cross-section in sub-domains and locations of the Gauss
integration points according to the Legendre and Lobatto rules.

1.4. Constitutive laws
In order to define the behavior of concrete and steel, appropriate constitutive laws have to be defined.
If concrete and steel are subjected to material deterioration, stress-strains relationships are timevariant. In particular, concrete strength fc  fc(t) evolves over lifetime according to concrete
deterioration (Chapter 2, §2) and concrete ultimate strain εcu  εcu(t) may depend on corrosion of the
transversal reinforcement. On the other side, steel ultimate strain εsu  εsu(t) is affected by steel ductility
reduction due to steel corrosion (Chapter 2, §3). The constitutive laws implemented in the developed
numerical code are herein presented.
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Concrete
Three different constitutive models are available for concrete behavior in compression (Figure 4.3):


linear model:

 f c (t )

 c (t )    cu (t )
0



0     cu

   cu

parabolic model:

 f c (t ) 
 
 2 




c0 
 c0 

 c (t )  
 f (t )
 c
0


(4.19)

0     c0
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Saenz’s curve:
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f (t )
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 (t )
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0     cu
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(4.22)

   cu

(a)
(c)
(b)
Figure 4.3 – Selected constitutive laws for concrete: (a) linear, (b) parabolic curve and (c) Saenz’s
curve in compression, elastic-perfectly plastic behavior in tension.

92

Seismic performance of concrete structures exposed to corrosion

Concrete strength in tension can be neglected or assumed as elastic-perfectly plastic:


E0

 c (t )  
f
 ct

0 

f ct
E0

f
  ct
E0

(4.23)

Steel
For steel of reinforcing bars and prestressing tendons, an elastic-plastic with hardening model is
generally assumed both in tension and in compression (Figure 4.4):

E0

f su (t )  f y

 s (t )   f y 
(   y )

t

(
)

su
y

0


  y
 y     su (t )

(4.24)

   su (t )

Figure 4.4 – Elastic-plastic with hardening constitutive law for steel.
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2. Seismic assessment of deteriorating structures
The evaluation of the long time performance of concrete structures becomes critical when the
structure is subjected to extreme events such as natural hazards and man-made disasters (Frangopol
2011, Frangopol & Liu 2007). Among others, earthquakes still represent a dominant hazard to our
society. The probabilistic assessment of structures under seismic hazard developed recently (Cornell
et al. 2002, Lupoi et al. 2003) as well as the investigation on the mutual effects of seismic and
environmental hazards (Akiyama & Frangopol 2010, Akiyama et al. 2011a, Akiyama et al. 2012,
Alipour et al. 2011, Berto et al. 2009, Biondini et al. 2010a, 2011, 2013, Choe et al. 2008, 2009, Ghosh
& Padgett 2009, 2010, Kumar et al. 2009, Titi 2012).
The safety and serviceability assessment of deteriorating concrete frames highlighted that the
increasing deterioration of concrete as well as the progressive corrosion of reinforcing bars may
usually lead to significant changes in the safety coefficients, with respect to both ultimate and service
limit states (Biondini & Frangopol 2008a, Biondini et al. 2011). The load carrying capacity as well as
the ductility properties of concrete frames decrease as the level of rebar corrosion increases. Such
effects become of great concern especially for structures located in earthquake-prone regions, where
the ductility characteristics and the actual collapse mechanisms are main issues in the safety
assessment.
The capability of a structure to withstand a specific earthquake action with an adequate level of safety,
according to a certain level of ductility and resistance, may not be preserved over time. In fact, the
response to seismic loading depends on the actual structural damage due to the deterioration
processes over time. In particular, the dissipative capacity of the critical zones where plastic hinges
are expected to develop when a strong earthquake occurs is affected by the lifetime reduction of both
strength and displacement ductility. For example, corrosion of stirrups can become critical in those
zones where confinement is required for a proper performance of the concrete element, such as the
bottom and/or the top of columns (Oyado et al. 2007). As a consequence, a shift of the failure
mechanism from ductile to brittle type may occur, with an abrupt change in the displacement ductility
capacity.
Current seismic design philosophies rely on the dissipative capacity of these critical zones, which is
actually time-variant. Moreover, the design of concrete frame systems requires a collapse mechanism
involving the maximum number of stories to optimize the seismic performance, according to capacity
design criteria (Biondini et al. 2010c, CEN-EN 1998-1 2004, Priestley & Paulay 1992). These criteria
no longer hold if the hierarchy of resistance in the structural system is affected by the deterioration
of the load carrying elements. While the strength reduction of concrete members suffering corrosion
can be directly related to the reduction of the steel bars area, the impacts on stiffness and ductility of
the overall structure are associated with more complex mechanisms, ranging from the lack of
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confinement due to corrosion of transversal reinforcement (Oyado et al. 2007) to bond deterioration
between reinforcing steel and surrounding concrete (Ou et al. 2012).
In general, damage scenarios are more critical for bridges than for buildings, since usually the entire
structure is directly exposed to the aggressive atmosphere without any kind of protection. Bridge
decks are also exposed to the application of deicing salts, which speed up the corrosion process (CEB
1992). Moreover, bridges represent strategic structures in the road network and their integrity has to
be preserved especially after a seismic event. Therefore, the assessment of bridge systems over
lifetime results to be a critical issue (Akiyama et al. 2011b), also considering the poor condition rating
of existing bridges and infrastructure network (ASCE 2013, Sohanghpurwala 2006).
The influence of corrosion on the traffic load capacity of bridge systems has been widely studied (Val
et al. 1998, Estes & Frangopol 2001, Biondini & Frangopol 2008a, 2008b), showing that the
deterioration of performance resulting from reinforcement corrosion could have a significant effect
on both serviceability and ultimate limit states. Fragility curves as computational methods for
estimating the seismic performance of bridges with respect to different damage states have been
widely used (Nielson & DesRoches 2007a, 2007b, Padgett & DesRoches 2007b, 2008).
These studies showed that the effects of corrosion are relevant for bridge structures subjected to
seismic loading, since the transversal load-carrying capacity is significantly affected by corrosion of
both longitudinal and transversal reinforcement. Moreover, the situation can be further complicated
if different geometrical parameters, as distribution of bridge pier heights and deck stiffness are
considered, since these aspects can considerably affect the overall seismic performance of bridge
systems (Palermo & Pampanin 2008).
The understanding of failure mechanisms of corroded concrete elements is essential in the assessment
of the seismic behavior of deteriorating structural systems. The definition proper performance
indicators and damage measures is needed at both cross-sectional and global structural level to
evaluate the seismic structural response over lifetime. These aspects are reviewed in the following.

2.1. Failure mechanisms of corroded concrete elements
Concrete structures can exhibit different failure modes, ranging from flexural failure (crushing of
concrete or buckling of compressive steel after spalling of concrete cover in compression and fracture
of steel in tension), shear failure (web-shear failure and stirrup yielding), bond failure (bar pull-out
from concrete) and a combination of them (Priestley et al. 1996). The corrosion-induced deterioration
processes affecting concrete and steel over lifetime may cause a shift in the failure mechanisms of
concrete elements and may increase the vulnerability of the structural systems to seismic hazard.
Experimental studies have been recently carried out on corroded columns subjected to cyclic loading.
In general, deteriorated concrete members showed reduced deformation capacity due to corrosion
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of the longitudinal bars (Saito et al. 2007, Yamamoto & Kobayashi 2006) and degradation of bond
stress versus slip relationships (Fang et al. 2006). Kobayashi (2006) showed that under cycling loading
reinforced concrete beams suffered severe spalling of the concrete cover caused by the steel corrosion
and corrosion cracks that led to debonding between the concrete cover and reinforcing bars. As the
amount of corrosion of the longitudinal bars increases, the displacement ductility and flexural
capacities decrease. Moreover, the failure mode may change from flexure failure, due to buckling of
the longitudinal reinforcement (Akiyama et al. 2011a, Berry & Eberhard 2005, Dhakal & Maekawa
2002, Naito et al. 2011, Papia et al. 1988), to flexural-shear failure, which is mainly due to fracturing
of the shear reinforcement (Ou et al. 2012).
Material deterioration affects the hysteretic behavior of concrete members as well. Moment versus
curvature relationships of the plastic hinges evolve over lifetime due to the reduction of the crosssection of the steel bars, the cracking of concrete cover due to the expansion of corrosion products
and bond degradation. This generally results in reduced resistance and displacement ductility
dissipative capacity of concrete members, which complete models for analyzing corroded reinforced
concrete members should account for (Akiyama et al. 2011b, Frangopol & Akiyama 2011).

2.2. Damage measures and damage indices
In order to assess the structural performance of concrete elements, it is necessary to relate the demand
in terms of deformation and seismic load to proper damage measures. Damage measures in
Earthquake Engineering proposed in scientific literature are numerous and various (Cosenza &
Manfredi 2000, Williams & Sexsmith 1995, CEB 1998). The damage measures can be classified into
different categories according to different criteria:


the level at which damage is evaluated: local indicators can describe the damage referring to
the material strain level, to a cross-section or a single element while global indicators refer to
the performance of a subassemblage of the structure or to the structure as a whole;



the type of procedure considered in the damage representation, i.e demand versus capacity
or state evolution; the second one is the most adequate to reflect the evolution of the
structural degradation during the seismic loading (cumulative indices);



the level of discretization, which can be refined or simplified: damage measure are usually
based on simplified assumptions, compatible with the hypothesis considered in the structural
modeling.

The choice of appropriate damage parameters, defined from the structural response characteristics,
and the use of empirical coefficients, which need to be validated through experimental evidence, are
key points in the evaluation of the damage scenario. The most commonly used parameters for the
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evaluation of structural damage are the ductility in terms of rotation, curvature or displacement and
the plastic energy dissipation.
Considering ductility as a damage measure means to assume collapse at the reaching of maximum
plastic rotation θu, curvature χu or displacement δu. The ductility is evaluated with respect to the yield
values θy, χu and δy respectively (Banon et al. 1981, Park 1986, Penzien 1993):

 

u
y

 

u
y

 

u
y

(4.25)

When the dissipated energy criterion is adopted, collapse is considered to occur when the amount of
energy a structure can dissipate is reached during cyclic loading. Energy-based measures allow to
account for both stiffness and strength degradation of damaged members (Gosain et al. 1977, Kratzig
1989, Park et al. 1987b). However, the assessment of structural energy is hard to obtain. The
combination of both ductility and energy can be considered as well.
As descriptor of a physical property, these damage parameters indicate the performance of the
structure under specific load conditions and allow to define the damage state of the structure,
identifying the corresponding point on the force-displacement diagram of the structure. Based on
these measures, damage indices can be defined as normalized damage indicators for which zero
corresponds to a virgin state and one to the achievement of the assumed failure criterion. In a
generalized form, the relationship between a damage index D and a damage parameter d may be
expressed by the following relationship (Powell & Allahabadi 1988):

 d  dt
D  
 du  dt





m

(4.26)

where dt is a threshold value below which there is no degradation, where du is the ultimate value
expressing the maximum allowable value of the property in question and m is a parameter affecting
the shape of the function D  D(d) (Figure 4.5).
This formulation can be extended to the combination of more damage parameters, weighting each
contribution by proper coefficients (Biondini 2004):
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One of the most used combined damage index was proposed by Park & Ang (1985), which consists
in a linear combination of normalized deformation and plastic energy dissipation as follows:

DPA 

 max
 dE
 e
u
Fy  u

(4.28)
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where Δmax is the maximum displacement reached during loading, Δu is the displacement capacity of
the structure, E is the energy dissipation, FyΔu is the maximum allowable plastic energy dissipation
and βe is a free deterioration parameter that characterizes the structural elements. This index has been
widely applied in Seismic Engineering and experimentally validated. Several proposals have been
done for the value of coefficient βe (Biondini 2000, 2004, Cosenza et al. 1993).

Figure 4.5 – Qualitative relationship between a damage index D and a damage measure d.

The above mentioned measures of the seismic damage should be integrated with the damage indices
that account for the environmental deterioration, as described in Chapter 3, in order to consider the
coupled effect of mechanical and environmental stressors in a life-cycle seismic assessment of
concrete structures exposed to corrosion.

2.3. Damage levels and design limit states
Once a proper damage measure has been chosen for evaluating the performance of a structure
quantitatively, engineering judgment should be used to set damage levels by which each range of the
damage index is associated to a physical damage of the structure. For example, numerical
investigations and the damage suffered by concrete structures during seismic events led Park et al.
(1987a) to classify damage as reported in Table 4.1.
Different damage states can be specifically established for each structural typology (FEMA 2009).
Except for brittle systems, damage is primarily a function of displacement, rather than force. In the
inelastic range, increasingly larger damage would result from increased displacement although lateral
force would remain constant or decrease. Hence, reliable prediction of earthquake damage requires
the definition of damage states based on displacement limits. In this sense, two classical damage
measures are the inter-story drift θ and the displacement ductility μΔ.
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Table 4.1 – Damage levels classifications based on structural damage index (Park et al. 1987a).
Damage index

D

D < 0.1
0.1 ≤ D < 0.25
0.25 ≤ D < 0.4
0.4 ≤ D < 1.0
D ≥ 1.0

Damage level

Physical damage

No damage
Minor damage
Moderate damage
Severe damage
Collapse

Localized minor cracking
Light cracking throughout
Severe cracking, localized spalling
Crushing of concrete, reinforcement exposed
Total or partial collapse

↑ repairable
↓ not repairable

The inter-story drift θi represents the relative horizontal displacement of the two adjacent floors i+1
and i in a building and can also be expressed as a percentage of the story height hi+1,i separating the
two adjacent floors:

i 

 i 1   i
hi 1,i

(4.29)

Table 4.2 – Structural performance levels and damage for concrete vertical elements (FEMA 2000).
Type

Collapse Prevention

Primary

Extensive cracking and hinge
formation
in
ductile
elements. Limited cracking
and/or splice failure in some
nonductile columns. Severe
damage in short columns.

Secondary

Extensive spalling in columns
(limited shortening) and
beams. Severe joint damage.
Some reinforcing buckled.

Drift

4% transient or permanent

Life Safety
Extensive damage to beams.
Spalling of cover and shear
cracking (<1/8" width) for
ductile columns. Minor
spalling
in
nonductile
columns. Joint cracks <1/8"
wide.
Extensive cracking and hinge
formation
in
ductile
elements. Limited cracking
and/or splice failure in some
nonductile columns. Severe
damage in short columns.
2% transient; 1% permanent

Immediate Occupancy
Minor hairline cracking.
Limited yielding possible at
a few locations. No crushing
(strains below 0.003).
Minor spalling in a few places
in ductile columns and
beams. Flexural cracking in
beams and columns. Shear
cracking in joints <1/16"
width.
1% transient; negligible
permanent

Table 4.3 – Limitation of interstory drift (CEN-EN 1998-1 2004).
Type of Building

Interstory Drift θ

Buildings having non-structural elements of brittle materials attached to the
structure.

≤1%

Buildings having ductile non-structural elements.
Buildings having non-structural elements fixed in a way so as not to interfere
with structural deformations, or without non-structural elements.

≤1.5%
≤2%

For concrete frames, the damage levels listed in Table 4.2 based on drift limits can be identified
(FEMA 2000). A qualitative classification based on primary or secondary damage is also given.
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European standards (CEN-EN 1998-1 2004) prescribe the checking of drift limits in the design
process for damage limitations. The limits listed in Table 4.3 may be adopted.
For bridges the classification of the seismic damage mainly accounts for the performance of columns
and abutments (Table 4.4). The most used damage measure for bridges is the displacement ductility
demand μΔ placed on columns and/or bearings, according to the following formula:

 

 max
y

(4.30)

where Δmax is the maximum horizontal displacement of a target point (for example the top of the
pier) during the earthquake excitation and Δy is the horizontal displacement of the same point at
reinforcing steel yielding in the base cross-section of the pier. Choi et al. (2004) proposed ranges of
the ductility damage measures in accordance to the damage level classification in FEMA (2009) for
different bridge components. The damage states (DS) related to bridge piers are listed in Table 4.5.
Table 4.4 – Possible consequences of earthquakes on bridges (FEMA 2009).
Damage State Description
DS-1

None

DS-2

Minor

DS-3

Moderate

DS-4

Extensive

DS-5

Complete

No damage
Minor cracking and spalling to the abutment, cracks in shear keys at abutments,
minor spalling and cracks at hinges, minor spalling at the column (damage requires
no more than cosmetic repair) or minor cracking to the deck.
Any column experiencing moderate cracking and spalling (column structurally still
sound), any connection having cracked shear keys or bent bolts, or moderate
settlement of the approach.
Any column degrading without collapse (column structurally unsafe), any
connection losing some bearing support, or major settlement of the approach.
Any column collapsing and connection losing all bearing support, which may lead
to imminent deck collapse.

Table 4.5 – Definition of damage states based on ductility base pier section (Choi et al. 2004).
Damage States

Minor

Moderate

Extensive

Complete

Piers

1 ≤ μΔ < 2

2 ≤ μΔ < 4

4 ≤ μΔ < 7

μΔ ≥ 7

Limit states can be defined in terms of arbitrary lateral drift limits for bridges as well, as prescribed
by several design codes (Table 4.6). Analogous definitions of damage states for bridges have been
defined in the assessment of the performance of the structures by means of fragility curve analysis
(Hwang et al. 2000, Mander & Basoz 1999, Mander et al. 2007, Nielson & DesRoches 2007a, 2007b,
Padgett & DesRoches 2008, Shinozuka 2000a, 2000b). The linking between damage states and the
residual functionality of the bridge is fundamental in assessing the performance of both the structure
and the road network after a seismic event. These relationships may be developed through both
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numerical analysis and assimilation of empirical data from past earthquake relying on expert opinion
(Padgett & DesRoches 2007a).
Table 4.6 – Drift limits according to different Codes (after Mander et al. 2007, adapted).
Drift Limits

Damage
State

NZ

Japan

Caltrans

DS-1
DS-2
DS-3
DS-4
DS-5

0.62
2.30
4.40
5.64

0.53
1.60
4.60
5.66

0.53
1.90
5.10
6.16

Performance levels can be effectively defined for bridges with respect to the inelastic displacement
demand ratio similarly to what has been developed for buildings (SEAOC 1995). Based on this
approach, Biondini et al. (2013) proposed to classify the performance levels with reference to the
yielding displacement Δy of the bridge, i.e. the displacement at which a pier reaches its yielding, and
the plastic displacement Δp  Δu  Δy, being Δu the displacement at which a pier reaches its ultimate
capacity (Table 4.7). If the structure remains elastic, the bridge does not suffer any damage, and it can
be declared “fully operational” as soon after the seismic event. If the elastic limit is exceeded, then
an increasing inelastic demand is placed to the structure as far as the maximum displacement of the
structure increases until collapse. As a consequence, the bridge undergoes increasing damage with
the increase in the plastic demand. Different structural performance (SP) levels can be qualitatively
identified as “operational”, with limitation to traffic, “lifesafe”, “near collapse” and “collapse”, with
evidence of their meaning, in order to classify the reduced post-earthquake performance of the
structure.
Table 4.7 – System displacement limits considering different damage states.
Structural
Performance

Qualitative
Description

System Displacement
Limit

SP-1
SP-2
SP-3
SP-4
SP-5

Fully Operational
Operational
Life Safe
Near Collapse
Collapse

Δy
Δy + 0.3Δp
Δy + 0.6Δp
Δy + 0.8Δp
Δy + Δp

Limit State
↑ minimization of damage

↑ no collapse
↓ collapse

With respect to a given probability of occurrence of a seismic event over the estimated service life,
current design codes allow that the structure might suffer damage within specified limit states, so that
the structural integrity and life safety is always preserved. According to CEN-EN 1998-1(2004) the
following limit states are given:
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no collapse (ultimate limit state): after a seismic event with low probability of occurrence
over the service life, the structure shall retain its structural integrity and adequate residual
resistance, although at some parts of the bridge considerable damage may occur. Flexural
yielding of specific sections (i.e. the formation of plastic hinges) is allowed to occur in the
piers. However, the load carrying capacity of the structural elements has to be preserved;



minimization of damage (serviceability limit state): a seismic action with a high probability
of occurrence may cause only minor damage to secondary components and to those parts of
the structure intended to contribute to energy dissipation. All other parts of the structure
should remain undamaged, with no need of repair interventions.

However, for deteriorating structures, the design criteria and the definition of limit states should be
revised since the performance of ageing structures reduces over time (Biondini et al. 2013). New
generation performance-based design procedures should be developed by using a performance
matrix in which the structural behavior, evaluated in terms of maximum allowable drift or
displacement ductility, is related not only to the seismic intensity level but also to the environmental
hazard, taking into account increasing levels of aggressiveness. Based on that, a proper calibration of
the design objectives should also be planned in order to ensure a structural lifetime with suitable
levels of performance, from fully operational to collapse.
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3. Application: 2D three-story concrete frame
Current seismic design codes of concrete frames rely on capacity design criteria where the failure
mechanism of “strong columns-weaks beams” may be selected (CEN-EN 1998-1 2004). These
criteria were first developed for typical reinforced concrete cast-in-place frames. Recent research
investigations showed that the capacity design criteria hold for precast structures as well, under
condition of a proper design of connections (Biondini & Toniolo 2009). Nevertheless, this approach
is time-invariant and does not account for the interaction with environmental aggressiveness.
Environmental deterioration can significantly reduce local strength and ductility, thus modifying the
failure mechanism selected during the design phases. As a consequence, capacity design criteria may
no longer hold in presence of lifetime deterioration of the structural elements.
The three-story concrete frame shown in Figure 4.6 is considered as a case study (Biondini et al. 2011).
The columns have inter-story height h  4.0m and a square cross-section with side b  70cm. The
beams have a span of l  8.0m and a rectangular cross-section 0.5×0.8m. An axial load N  250kN
is applied to the columns at each story level, considering both dead and live loads. The structure is
considered exposed to the aggressive atmosphere containing chlorides along the external perimeter.
Lifetime material degradation is assumed to affect the columns only. The related structural effects
are investigated over a 50-year lifetime.

Figure 4.6 – Three-story concrete frame. Geometrical data [m] and environmental exposure
scenario.
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The time-variant structural performance of the critical cross-sections at the base of the columns,
where plastic hinges are expected to develop during a seismic event, is investigated in probabilistic
terms. The inherent randomness of the diffusion process, as well as the material and geometrical
uncertainties, which affect the structural response, are taken into account by means of Monte Carlo
simulation over a sample size n  50,000 in order to assure the convergence of the process. First, the
time-variant cross-sectional analysis of the columns aims to investigate the time evolution of both
resisting moment and curvature ductility. The resisting moment of the columns is then compared to
that of the beams in order to evaluate the time-evolution of the over-strength factor. Finally,
nonlinear static analysis are carried out over a 50-year lifetime in order to assess the global structural
performance in terms of total base-shear and displacement ductility.

3.1. Lifetime performance of the column cross-section
The concrete cross-section is reinforced with 8 steel bars having nominal diameters Φnom  22mm,
with a concrete cover c  40mm. The concrete core is confined by stirrups Φ8/75 (Figure 4.7a). The
lifetime flexural behavior of the columns of the frame is investigated by assuming the structural model
shown in Figure 4.7b. The concrete cross-section is subdivided in 4-node isoparametric domains and
a numerical integration is performed in each domain by using a 5×5 Gauss-Lobatto integration
scheme.

(a)
(b)
Figure 4.7 – Column cross-section. (a) Geometry and reinforcement layout [mm]; (b) Structural
model and location of the aggressive agent.

For concrete, a Saenz’s law in compression and an elastic perfectly plastic model in tension are
assumed, by considering nominal compressive strength fc  35MPa, tension strength fct  0.25fc2/3,
initial modulus Ec0  9500fc1/3 (CEN-EN 1992-1-1 2004). Strain values at peak εc0  0.22% and at
failure point εcu  0.35% in compression and εctu  2fct/Ec0 in tension are considered. The effects of
confinement are also taken into account by assuming the confined strain in compression εcu* as a
function of the stirrup mechanical ratio ωw as follows (CEB 1985):

104

Seismic performance of concrete structures exposed to corrosion

 cu *   cu  0.05w

(4.31)

For steel, the stress-strain diagram is described by an elastic perfectly plastic model in both tension
and compression, with nominal yielding strength fsy  430MPa and elastic modulus Es  206GPa. The
ultimate strain limit εsu0  6.00% is also assumed. The failure of the cross-section is associated with
the reaching of the ultimate strains of both concrete and steel.
The modeling of the chloride diffusion is carried out in fully probabilistic terms by assuming the
parameters listed in Chapter 2, Table 2.3. The nominal dimensions of the steel bars are considered as
random variables as well, with a truncated normal distribution with μ  Φnom and σ  0.10μ. The crosssection is considered exposed along one side to the atmosphere with surface chloride concentration
Cs,Δx  C. Based on the proposed damage model (Chapter 3, §2.3), a linear approximation of the
dependency between rate of corrosion rcorr, and chloride content C is assumed (Biondini et al., 2004,
2006). The chloride content varies from 0 to 3%, while the ranges 0-200 μm/year and 0-75 μm/year
are assumed for evaluating steel corrosion loss of longitudinal bars and stirrups respectively.
Corrosion of stirrups is assumed to define concrete damage function, in order to account for the time
evolution of concrete ultimate strain (Eqn. 4.31). Such values reproduce a deterioration process with
significant damage of the materials exposed to severe environmental conditions.
The material deterioration is evaluated in terms of reduction of the steel bar diameter Φ(t) and of the
concrete strength fc(t). The reduction of the concrete strength is applied to the subdomains of the
cross-section in contact with the aggressive agents, as indicated in Figure 4.7b by the hatched area.
The ultimate strain of concrete εcu* is assumed to be a time-variant parameter because of the variation
of the stirrup mechanical ratio ωw. In fact, the edge of the stirrups closer to the exposed surface is
subjected to corrosion as well as the longitudinal steel bars.
The results of the probabilistic analysis are shown in Figure 4.8 in terms of lifetime evolution of steel
and concrete damage functions δs(t) and δc(t), according to the adopted damage rates. Based on the
damage functions, the time evolution of the steel bar diameter Φ(t) (Figure 4.9), the concrete strength
fc(t) and ultimate concrete strain ε*cu(t) (Figure 4.10) are evaluated. Mean values µ and standard
deviations σ are indicated.
It can be noticed that a reduction of about 40% of the steel bar diameter is obtained after 50 years in
terms of mean values. The steel bars subjected to such reduction are those closer to the surface
exposed to the aggressive agent, while the reduction for the other steel bars is negligible. As far as
the standard deviation, an increasing scatter around the mean is observed over time due to the
combined effect of inherent mechanical uncertainties and randomness related to the corrosion
process.
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(a)
(b)
Figure 4.8 – Time evolution of the considered damage functions: (a) steel damage function δs(t); (b)
concrete damage function δc(t) (mean μ and standard deviation σ from the mean).

Figure 4.9 – Time evolution of the steel bar diameter Φ(t) (mean μ and standard deviation σ from
the mean).

(a)
(b)
Figure 4.10 – Time evolution of (a) concrete strength fc(t) and (b) ultimate concrete strain ε*cu(t)
(mean μ and standard deviation σ from the mean).
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Concrete suffers a less severe deterioration due to the lower damage rate considered. Both concrete
strength fc(t) and ultimate strain ε*cu(t) reduce over lifetime, thus indicating a loss of compressive
strength and ductility resources of the deteriorated cross-section.
Based on the results of the simulation of the corrosion process, the lifetime behavior of the column
cross-section is evaluated in terms of bending moment Mz versus curvature χz. The cross-sectional
analysis is carried out in fully probabilistic terms by considering as random variables the geometrical
coordinates of the cross-sections and the strength values of the materials (Table 4.8)
Table 4.8 – Material and geometrical random variables. Probability distributions and their parameters.
Random Variable

Distribution Type

μ

σ

Concrete strength, fc [MPa]

Lognormal

fc,nom

5

Steel strength, fsy [MPa]

Lognormal

fsy,nom

30

Coordinates of the nodal points, (yi,zi) [mm]

Normal

(yi,zi)nom

5

Coordinates of the steel bars, (ym,zm) [mm]

Normal

(ym,zm)nom

5

Figure 4.11 shows the obtained bending moment-curvature relationships evaluated according to
sample mean values referring to the first 50 years of lifetime with time step Δt  10 years. The
diagrams refer to the columns of the second story of the frame subjected to an axial force N  500kN.

Figure 4.11 – Column cross-section undergoing corrosion damage: bending moment-curvature
diagrams during the first 50 years of lifetime (N  500kN) according to sample mean values.

Since the cross-section exposure to the aggressive agent is not symmetric with respect to the z-axis,
the bending moment-curvature relationships show a different behavior over lifetime for Mz > 0 and
Mz < 0. A similar reduction of strength is observed for both positive and negative bending moments,
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due to the corrosion of the steel bars in tension and to the deterioration of concrete in compression.
For the ultimate curvature at collapse, a significant non-symmetric behavior is observed. In fact, for
Mz < 0 the ultimate curvature is drastically reduced over lifetime since the failure is governed by the
concrete crashing of the compressive zone in the most exposed part.

(a)
(b)
Figure 4.12 – Time evolution of (a) yielding moment Myield(t) and (b) curvature ductility μχ(t) during
the first 50 years of lifetime for different values of axial force N (mean values μ).

(a)
(b)
Figure 4.13 – Time evolution of the structural performance of the column cross-section in terms of
(a) yielding moment Myield(t) and (b) curvature ductility μχ(t) during the first 50 years of lifetime (N
 500kN, mean μ and standard deviation σ from the mean).

These aspects are highlighted in Figure 4.12 which shows the time evolution of the yielding moment
Myield(t), which in this case corresponds to the maximum bending strength of the cross-section, and
curvature ductility μχ(t) given by the ratio of curvatures at collapse and yielding, for the three values
of the axial force N  250, 500, 750kN at each story. In particular, the lifetime reduction of the
yielding moment Myield(t) is gradual, while the curvature ductility μχ(t) shows an abrupt reduction after
20 years. These means that the bending behavior of the cross-section shifts from ductile to brittle,
which is mainly due to the reduction of concrete strength and ultimate strain.
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The probability distribution of strength and ductility of the columns of the second story are shown
in Figure 4.13. The results are scaled with respect to the mean values of the indicators at time t  0.
It can be noticed that the scatter around the mean is almost constant over lifetime for both yielding
moment and positive curvature ductility while it increases for the negative curvature ductility. This
indicates that in this case the randomness related to the degradation processes of concrete mainly
affects the distribution of the probabilistic results.
The results of the probabilistic cross-sectional analysis can be compared with the deterministic ones
found in Biondini et al. (2011) where the time-variant performance of the column is investigated by
means of the more general 2D diffusion modeling based on cellular automata (Biondini et al. 2004a,
2006). The comparison shows good accuracy between the two models in terms of both bending
strength and curvature ductility, thus validating the adopted 1D diffusion modeling in case of
exposure along one side of the cross-section.

3.2. Lifetime over-strength factor
The design of the frame herein investigated relies on cast-in-place moment resisting beam-to-column
connections, which emulate the structural behavior of monolithic frames. The capacity design criteria
of “strong columns-weak beams” is selected by assuming for beams a suitable over-strength ratio γc
in terms of resistant bending moment MRd:

c 

columns
M Rd

(4.32)

beams
M Rd

For columns, the resistant bending moment MRd  Myield(t) is assumed at each time instant, thus
implying the time dependence of the over-strength factor γc  γc(t). The cases of a low ductility class
frame and a high ductility class frame are considered by assuming γc(0)  1.1 and γc(0)  1.3,
respectively, as suggested by CEN-EN 1998-1 (2004).
Table 4.9 – Mean resistant bending moments of the beams for the low and high ductility frames.

Mb1

Low ductility
High ductility

[kNm]
1127.9
954.4

Mb2

[kNm]
985.6
834.0

Mb3

[kNm]
457.1
386.8

Based on the mean value of the resistant bending moments of the undamaged cross-sections of the
columns (Figure 4.13a), the resistant bending moments of the beams at each story Mb1, Mb2 and Mb3
are evaluated and assumed as random variables with mean μ listed in Table 4.9 and standard deviation
σ  0.15μ. The value of the standard deviation σ is selected according to the standard deviation of the
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resistant bending moment of the undamaged cross-sections of the columns at time t  0 obtained
from the simulation process (Figure 4.13a).
The corresponding time evolution of the over-strength factor γc(t) associated to each story is shown
in Figure 4.14 in terms of mean values for both the low ductility and high ductility frames. It can be
noticed that the lifetime trend of the over-strength factor γc reflects the time evolution of the resistant
bending moments of the columns. Moreover, the higher is the axial load in the column cross-sections,
the greater is the reduction of the overstrength factor γc(t). This means that the flexural behavior of
columns with high axial load is less affected by the degradation of the materials over lifetime.
Moreover, for the case of low ductility frame a change of collapse mechanism may occur for γc(t) <
1, since the capacity design criterion of “strong columns-weak beams” no longer holds. This means
that after about 20 years of lifetime the collapse mechanism may shift from the proper “beam-sway”
to an undesired “column-sway” (Figure 4.14a). This reflects the structural behavior at cross-sectional
level in terms of ductility shown in Figure 4.12. This does not occur for the case of high ductility
frame in terms of mean values. However, the uncertainties involved in the evaluation of the strength
of both columns and beams may lead the high ductility class frame under the limit state condition
γc(t)  1 as well (Figure 4.14b), since a standard deviation σ ≈ ±0.2μ almost constant over lifetime is
observed for the both the ductility classes.
This shows the importance of selecting the most appropriate ductility class in the design phases,
according to both the desired seismic performance and the environmental exposure in order to assure
a satisfying safety level over the structural lifetime.

(a)
(b)
Figure 4.14 – Time evolution of the over-strength factor γc(t) for (a) low ductility and (b) high
ductility frames at different story levels.
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3.3. Structural modeling
The frame is modeled by assuming lumped plasticity at the ends of both columns and beams, as
schematically shown in Figure 4.15. The model is developed by using the numerical code
Ruaumoko2D (Carr 2008). Elastic beam-type elements with lumped inelastic rotational springs are
used for both columns and beams to simulate the nonlinear behavior of the connections due to the
formation of plastic hinges. The cyclic behavior of the plastic hinge is defined by the relationship
between moment and rotation achieved by means of integration of the bending-moment-curvature
rule. The integration is developed by assuming a parabolic distribution of the curvature along a fixed
length region. The parabola is defined by the curvature values at the ends of the plastic hinge segment
and by a zero value of the first derivative at the extremity with a lower value of curvature. The length
of the plastic hinge Lp is evaluated as follows (Priestley & Paulay 1992):

Lp (t )  0.08Le  0.022 f y (t )

(4.33)

where Le is the length of the element, fy and Φ(t) are the strength and the diameter of the steel
longitudinal bars, respectively. By adopting this formulation, the length of the plastic hinge results to
be a time-variant parameter depending on the steel bars diameter Φ(t). This means that in corroded
elements the contribution to the plastic hinge length of the second term in Eqn. 4.33 reduces over
time. However, it is observed that the main contribution is given by the first term, which depends on
the length of the element.

Figure 4.15 – Structural modeling of the concrete frame.

Before implementation, the bending moment-curvature relationships of the columns are linearized
at each time instant by a trilinear curve (Figure 4.16), by evaluating the cracking moment Mcr, the
yielding moment Myield and the ultimate curvature χult. The cracking moment Mcr corresponds to the
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stress level that leads the concrete to crack. The ultimate curvature χult correspond to the reaching of
failure in terms of ultimate strain of the materials. The yielding curvature χyield is evaluated as the
abscissa of the intersection between the tangent to the post-cracking branch of the curve and the
value Myield. In the numerical model, the cyclic behavior of the plastic hinge is defined based on the
Fukada hysteresis rule (Fukada 1969). The post-elastic behavior of beam ends is modeled by an elastic
perfectly plastic moment-curvature relationship, where the cracked second moment of area I  0.4Ig
(Ig gross inertia moment) is considered to evaluate the initial stiffness.

Figure 4.16 – Stepwise linearization of the bending moment-curvature Mz-χz diagrams at time t  0
and t  50 years.

3.4. Lifetime seismic capacity
To investigate the time evolution of the collapse mechanism of the concrete frame, nonlinear static
analyses are carried out. For sake of brevity only the case of the low ductility frame is considered.
Time-variant push-over analyses with a linear distribution of applied forces, as shown in Figure 4.15
are carried out by monotonically increasing the intensity of the horizontal forces up to failure. The
second order geometrical effects are neglected.
The results are shown in Figure 4.17 in terms of total base shear Fbase(t) versus top displacement Δt(t).
These push-over curves refer to the analyses carried out by using the mean properties of the structure
at each time instant t. A gradual reduction of the total base shear is observed over a 50-year lifetime,
thus reflecting the time evolution of the bending resistance at cross-sectional level. On the contrary,
an abrupt reduction of the ultimate displacement and hence of the displacement ductility µΔ(t) is
observed after about 20 years of lifetime. In fact, as expected from the time evolution of the overstrength factor, a change of collapse mechanism occurs shifting from a controlled “beam-sway” to
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an undesired “column-sway”. In particular, at time instant t  20 years the situation is intermediate,
since γc(t) ≈ 1. This means that depending on the variability related to the strength of both beams and
columns the structure may show one of the two failure mechanisms.
This shows that the same structure may exhibit a different seismic performance depending on the
environmental exposure. In fact, the deterioration of the columns due to corrosion leads to a
redistribution of strength within the structure. As a consequence, at the occurrence of a seismic event
after 20 years of lifetime, the overall dissipation capacity results to be lumped at the bottom of the
columns, with all the beams in the elastic range and with a limited displacement ductility of the
structure.

Figure 4.17 – Time evolution of the total base shear Fbase(t) versus top displacement Δt(t) for the low
ductility frame during the first 50 years of lifetime (Δt  10 years).

(a)
(b)
Figure 4.18 – Time evolution of the structural performance of the low ductility frame in terms of (a)
total base shear Fbase(t) and (b) displacement ductility μΔ (t) during the first 50 years of lifetime (N 
500kN, mean μ and standard deviation σ from the mean).
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The probabilistic results of the analyses are shown in Figure 4.18 in terms of normalized total base
shear at ultimate point Fu(t) and displacement ductility μΔ(t)  Δu(t)/Δy(t). The mean values at time t
 0 are Fu(0)  643kN and μΔ(0)  5.4. It can be noticed that the scatter around the mean of the total
base shear reflects the trend of the standard deviations of the bending resistance of the column crosssection (Figure 4.13a). On the contrary, the distribution of the results in terms of curvature ductility
varies over lifetime, since it depends on both the positive and negative curvature ductility of the
corroded columns (Figure 4.13b).
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4. Application: 3D continuous concrete bridge
The case study of a 3D continuous concrete bridge is herein investigated to assess the lifetime
performance under environmental and seismic hazard (Biondini et al. 2013). Lifetime bending
moment versus curvature relationships of the cross-sections at the base of the piers are evaluated in
probabilistic terms accounting for both the degradation of concrete and steel under a prescribed
exposure scenario. Time-variant performance indicators such as bending resistance and curvature
ductility are then evaluated.
The lifetime probabilistic seismic performance of the bridge structural system is therefore obtained
by time-variant nonlinear static analyses. The comparison between the seismic capacity of the bridge
structure and the seismic demand aims to define design target levels which are related to the actual
lifetime evolution of the seismic performance within a life-cycle oriented performance-based design
approach. Moreover, in order to investigate the effects of damage on the seismic behavior of the
deteriorated bridge and to clarify the interaction between seismic and environmental hazards,
nonlinear dynamic analyses under prescribed ground motions are carried out over the structural
lifetime.
The four-span geometrically regular continuous bridge shown in Figure 4.19a is considered. Similar
bridge structural schemes with irregular geometry have been investigated in Biondini et al. (2010). The
total length of the bridge is 200m, with spans of 50m. The bridge deck is a two-box girder, as shown
in Figure 4.19b. The bridge is assumed to be exposed to chloride diffusion over a 50 year lifetime.
Material deterioration due to chloride-induced corrosion is considered to affect the bridge piers along
the four sides and over the whole height.

(a)
(b)
Figure 4.19 – Bridge structure: (a) overall dimensions [m] and (b) deck cross-section at midspan.

4.1. Lifetime performance of the pier cross-section
The bridge pier has a box cross-section (Figure 4.20a), which is typically adopted for medium/high
bridge piers. The pier cross-section has main nominal dimensions dy  dz  5.00m and it is reinforced
with 80 + 156  236 steel bars having nominal diameters Φnom  16mm and Φnom  26mm,
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respectively, with a concrete cover c  40mm (Figure 4.20b). A nominal compression strength of the
concrete fc  30MPa and a nominal yielding strength of the steel fsy  500 MPa are assumed. Strain
values εc0  0.22% and εc0  0.35% for concrete in compression and εsu0  5.00% for steel are also
assumed.
The pier cross-section is considered exposed to the diffusive attack of chlorides along both the
external and internal perimeters with surface chloride concentration Cs,Δx(t)  C (Figure 4.20c). The
hollow core is exposed to the atmosphere as the external surface since this type of piers is not
hermetically closed over the whole height, having openings particularly in the top part. The onedimensional Fick’s law of diffusion is applied in the normal direction to each side of the cross-section
boundary. The parameters describing the exposure scenario are listed are listed in Chapter 2, Table
2.3 in terms of random variables assumed in the chloride diffusion model. The interaction of the
diffusion process from more than one side of the cross-section is neglected, since the effects of twodimensional patterns of diffusion are here relevant only for the few steel bars placed close to the
corners of the cross-section. Moreover, the shape and the dimensions make the one-dimensional
diffusion model accurate enough for such a cross-section (Chapter 2, §4.4).

(a)
(c)
(b)
Figure 4.20 –Pier cross-section: (a) geometrical dimensions [cm] and (b) detail of reinforcement
layout [mm]; (c) discretization of the section and location of the aggressive agent.

The deterioration over lifetime of the box cross-section of the bridge piers is evaluated according to
the damage models described in Chapter 3 and applied in Chapter 3, §5. In particular, the corrosion
of the longitudinal steel bars is evaluated according to the uniform corrosion model. The time
evolution of both steel ultimate strain and concrete strength are considered as well, based on the
adopted steel damage function. The reduction of strength in concrete is applied to the entire concrete
cover. In this study, the effect of corrosion of the shear reinforcement is not taken into account, since
the variation of the low transversal steel ratio should not affect significantly the bending performance
of such a section.
A time-variant structural analysis is carried out in terms of lifetime of bending moment-curvature
diagram Mz-χz computed by considering an axial load of N  25MN and My  0. The limit state of
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failure of the cross-section is associated to the reaching of the strain limits of the materials according
to the adopted constitutive rules. For concrete, the stress-strain diagram is described by the Saenz’s
law in compression and by an elastic perfectly plastic model in tension, with the following parameters
(CEN-EN 1992-1-1 2004): compression strength fc, tension strength fct  0.25fc2/3 MPa; initial modulus
Ec0  9500fc1/3MPa; strain limit in tension εctu  2fct/Ec0. For steel, the stress-strain diagram is described
by an elastic perfectly plastic model in both tension and compression with steel strength fsy and elastic
modulus Es  210GPa.
The cross-sectional performance is investigated in fully probabilistic terms with respect to both the
diffusion and deterioration model. As far as the structural modeling, material and geometrical
randomness are considered as well, as indicated in Table 4.8.
The time evolution of the flexural behavior of the pier is shown in Figure 4.21a over a lifetime of 50
years with time step Δt  10 years. The results shown in the plot refer to bending moment and
curvature evaluated considering the sample mean values Φ(t)  μ(t) of the steel bar diameters at each
time step (Chapter 3, Figure 3.18) and the mean geometrical and mechanical properties of the crosssection. It can be noticed that the bending capacity of the pier significantly decreases over lifetime,
while the curvature capacity shows a different trend. In fact, the ultimate curvature varies depending
on the amount of steel in the section, which reduction can actually lead to a more ductile behavior,
as shown after 30 and 40 years of lifetime.
The comparison with the results found in literature validate the 1D diffusion modeling approach for
such a cross-section. In fact, the lifetime evolution of both bending strength and curvature ductility
well agrees with the results reported by Biondini et al. (2010a), which are obtained by means of a more
general 2D diffusion modeling based on cellular automata (Biondini et al. 2004a, 2006).
Figure 4.21b also shows a four side stepwise linearization of the moment-curvature diagram (dotted
lines) at time t  0. The values of bending moment Mcr and curvature χcr at first cracking of concrete
have been reduced with respect to the actual value in order to fit properly the post-cracking stiffness,
as shown in Figure 4.21b. In this way, also the post-yielding stiffness is estimated more accurately.
The yielding curvature χyield is evaluated as follows (Park & Paulay 1975):

 yield 

M ult
'y
M 'y

(4.34)

where Mult is the moment at failure, M’y and χ’y are respectively the bending moment and the
corresponding curvature evaluated at the first yield of the longitudinal steel bars. The yielding
moment of the section Myield is then calculated as the value corresponding to χyield by linearly
interpolating the cracking point and the first yielding point. These latter values define the nominal
yielding point (point 3, Figure 4.21b). The maximum bending moment Mmax and the corresponding
curvature χmax are evaluated as the maximum ordinate and corresponding abscissa of the curve. The
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ultimate properties of the section, i.e. Mult and χult, correspond to the achievement of strain limits of
concrete or steel.

(a)

(b)
Figure 4.21 – Pier cross-section undergoing corrosion damage: (a) bending moment-curvature
diagrams during the first 50 years of lifetime (N  25MN) according to sample mean values; (b)
stepwise linearization of the bending moment-curvature diagram at time t  0.

4.2. Lifetime structural performance indicators
Figure 4.22 and Figure 4.23 show the time evolution of the bending moments and curvatures
associated with the nominal yielding (point 2, Figure 4.21b) and the failure (point 4, Figure 4.21b) of
the box cross-section bridge pier. The probabilistic results are obtained by a Monte Carlo simulation
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based on a sample of 50,000 realizations. The results are scaled with respect to the mean values of
the indicators at time t  0. It can be noticed that, since different uncertainties are associated with
each parameter, not only the evolution of the mean μ but also the scatter around the mean is different
during 50 years of lifetime.

(a)
(b)
Figure 4.22 – Time evolution of the structural performance of the pier cross-section in terms of (a)
yielding moment Myield(t) and (b) ultimate moment Mult(t) (mean μ and standard deviation σ from
the mean).

(a)
(b)
Figure 4.23 – Time evolution of the structural performance of the pier cross-section in terms of (a)
yielding curvature χyield(t) and (b) ultimate curvature χult(t) (mean μ and standard deviation σ from
the mean).

The ultimate bending moment Mult(t) (Figure 4.22b) and the curvature ductility μχ(t)  χult(t)/χyield(t)
(Figure 4.24) can be assumed as suitable indicators of the seismic performance of the bridge pier.
The bending strength and curvature ductility decrease over a lifetime of 50 years of about 40% and
10%, respectively, from the initial values Mult(0)  140MNm and μχ(0)  3.10. The bending strength
undergoes a monotonic decrease, while the curvature ductility shows a different trend according to
the evolution of both the yielding curvature and the ultimate curvature (Figure 4.23). While the
yielding curvature reduces over 50 years of lifetime, the ultimate curvature increases during the first
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20 years of lifetime. This is due to the slight decrease of the amount of steel in the concrete crosssection, which leads to a more ductile behavior. When the steel loss becomes more significant, then
the ultimate curvature starts decreasing. This variation in the ultimate curvature trend is hence
reflected in the curvature ductility as well.
It should also be noticed that while the standard deviation of the results of the yielding curvature
remains substantially the same throughout the lifetime, greater uncertainties affect the estimation of
the ultimate curvature of a corroded section, as shown in Figure 4.23. This indicates that the failure
mechanism of the section may depend with large uncertainty on the degradation of both concrete
and steel properties.

Figure 4.24 – Time evolution of the structural performance of the pier cross-section in terms of
curvature ductility μχ(t) (mean μ and standard deviation σ from the mean).

4.3. Structural modeling
The bridge is modeled by using the numerical code Ruaumoko3D (Carr 2008) according to the model
shown in Figure 4.25. Connections of the deck with both piers and abutments are monolithic. The
structure is considered fully fixed at the abutments and at the base of the piers. The seismic analysis
is carried out by assuming a uniform gravity load p  300kN/m, including self weight, dead loads and
a 20% of live loads applied on the deck. The deck is modeled by elastic beam elements, since under
transversal loading the nonlinear behavior is expected to develop only in the piers (Priestley et al.
2007).
The piers are modeled by using Giberson beam elements (Sharpe 1974), with plastic hinges that can
develop at top and bottom of the piers. Shear failures are excluded based on a proper capacity design.
The flexural behavior of the plastic hinges, which are modeled as rotational inelastic springs, is
defined by moment-rotation relationships achieved by integration of the bending moment-curvature
hysteresis rules. The integration is developed by assuming a parabolic distribution of the curvature
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along a fixed length region of the plastic hinge Lp. Before implementation, the bending momentcurvature relationships have been linearized, as shown in Figure 4.21b. The main parameters of the
model are the time-variant values of bending moment and curvature at cracking (Mcr, χcr), yielding
(Myield, χyield), peak (Mmax, χmax) and failure (Mult, χult). The cyclic behavior of the plastic hinges is defined
based on the Schoettler-Restrepo hysteresis rule (Carr 2008).

Figure 4.25 – Structural modeling of the bridge structure with indication of the applied push-over
forces.

4.4. Lifetime nonlinear static analyses
A probabilistic lifetime nonlinear static (push-over) analysis of the bridge is carried out by applying a
uniform distribution of monotonically increasing horizontal forces at deck level, as suggested in
CEN-EN 1998-1 (2004) due to the regular scheme of the bridge. Nonlinear geometrical P-Δ effects
are not considered. Results of the lifetime push-over analyses assuming the mean properties of the
bridge piers (Figure 4.21a) are shown in Figure 4.26 in terms of total base shear force Fbase versus top
displacement of the central pier Δc. These diagrams show a significant decrease in the total base shear
capacity of the bridge, which reduces to about 50% of the original value after 50 years of lifetime.
The points corresponding to the formation of the plastic hinges at the base of the central pier are
highlighted on the push-over curves in Figure 4.26. As it can be noticed, in deteriorating structures
the plastic hinging occurs for lower levels of displacement, which is mainly due to the reduced steel
reinforcement area in concrete members.
The points corresponding to increasing displacement levels are also indicated on the push-over curves
shown in Figure 4.26. As listed in Table 4.7, different seismic performance levels can be established
according to the maximum displacement that the structure undergoes during an earthquake and with
respect to the inelastic displacement demand ratio.
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Figure 4.26 – Push-over analyses based on the lifetime properties of the piers. Time evolution of
total base shear force Fbase versus top displacement of the central pier Δc during the first 50 years of
lifetime with indication of increasing levels of displacement according to Table 4.7.

Figure 4.27 – Push-over analyses. Total base shear force Fbase versus top displacement of the central
pier Δc at time t  0 and t  50 years with indication of the yielding Δy and plastic Δp displacement
according to different levels of performance.

For a prescribed displacement level, the push-over curve provides the total resisting force of the
bridge piers and hence the maximum peak ground acceleration sustainable by the structure within a
specified performance level. As it can be noticed from Figure 4.26, for each performance level, a
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progressive decrease in the strength capacity of the structure occurs as the corrosion of concrete
members becomes more severe, which implies that after 50 years the structure could not sustain an
earthquake event of the same magnitude it was designed for. This is evident in Figure 4.27, where the
push-over curves at the beginning of lifetime and after 50 years are compared.
Table 4.10 – System displacement limits considering different structural performance levels.
SPL

Fbase

SP-1

Fy(t) / Fy(0)

SP-2

FOP(t) / FOP(0)

SP-3

FLS(t) / FLS(0)

SP-4

FNC(t) / FNC(0)

SP-5

Fult(t) / Fult(0)

Lifetime
μ
σ
μ
σ
μ
σ
μ
σ
μ
σ

0

10 years

20 years

30 years

40 years

50 years

1
0.106
1
0.109
1
0.110
1
0.098
1
0.108

0.939
0.107
0.936
0.111
0.935
0.112
0.942
0.101
0.936
0.110

0.847
0.117
0.839
0.124
0.837
0.125
0.850
0.118
0.840
0.123

0.760
0.128
0.744
0.138
0.742
0.139
0.753
0.138
0.746
0.137

0.684
0.134
0.659
0.149
0.657
0.149
0.666
0.148
0.661
0.149

0.624
0.136
0.590
0.153
0.588
0.152
0.596
0.150
0.591
0.153

Since a shift of both yielding and ultimate displacements occurs in time, the seismic performance of
a deteriorating bridge, evaluated in terms of displacements on the basis of the initial properties of the
structure, may not comply with the prescribed target performance levels over the expected lifetime.
Moreover, the uncertainties associated with each performance level in terms of total base shear are
different, as shown by the dotted lines in Figure 4.27, which represent the dispersion of the results
around the mean shear value. Results of the probabilistic analyses are listed in Table 4.10, in terms of
normalized mean values and standard deviations of the total base shear throughout the lifetime. It
can be noticed that the dispersion of the results around the mean becomes greater not only as the
age of the structure increases, but also, in general, considering increasing levels of performance.
Figure 4.28a shows the lifetime evolution of the total base shear Fbase(t) at different structural
performance levels. For example, the total base shear Fbase(t) at ultimate displacement Δu of the
structure decreases of about 40% during a 50-year lifetime. Base shear forces at intermediate
displacement levels from yielding displacement up to collapse decrease as well proportionately. The
displacement ductility of the structural system μΔ(t)  Δu(t)/Δy(t) may change as well, as shown in
Figure 4.28b, since the reduction in steel area and the degradation of concrete strength in the
corroded members vary the distribution of stiffness in the structure. As a consequence, a change in
the global collapse mechanism and a performance decay of the bridge may occur.
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(a)
(b)
Figure 4.28 – Push-over analyses of the bridge. Time evolution of (a) mean total base shear force
Fbase with reference to different levels of displacement (see Table 4.7) and (b) displacement ductility
μΔ (mean values μ and standard deviation σ from the mean).

(a)
(b)
Figure 4.29 – Push-over analyses. Time evolution of (a) yielding displacement Δy and (b) ultimate
displacement Δu of the central pier (mean μ and standard deviation σ from the mean).

The time-variant trend of both mean and standard deviation of displacement ductility results from
the combination of the variability of both yielding and ultimate displacement, as shown in Figure
4.29. In fact, while the yielding displacement Δy(t) decreases monotonically, the trend of the ultimate
displacement Δu(t) is similar to that of the ultimate curvature χult(t) (Figure 4.23). Moreover, larger
uncertainties affect the behavior of the bridge at collapse, especially after 25 years of lifetime, while
the transition from elastic to plastic field is mainly related to the properties of the reinforcing steel
bars only. This result confirms that at the design stage higher safety factors should be applied to
check the ultimate deformation capacity of the bridge with respect to the safety factors used to check
the reaching of the yielding displacement.
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4.5. Lifetime nonlinear dynamic analyses
Time-history nonlinear dynamic analyses are carried out with reference to the ensemble of ten
earthquake records listed in Table 4.11 (Pampanin et al. 2002). These records were selected to match
the Eurocode 8 design response spectrum for soil class B and peak ground acceleration PGA  0.54g
(CEN-EN 1998-1 2004), as shown in Figure 4.30.
Table 4.11 – Characteristics of the seismic records (Pampanin et al. 2002).
Earthquake record
EQ1 - Loma Prieta
EQ2 - Loma Prieta
EQ3 - Landers
EQ4 - Landers
EQ5 - Cape Mendocino
EQ6 - Superstition Hills
EQ7 - Northridge
EQ8 - Northridge
EQ9 - Northridge
EQ10 - Northridge

Year

Station

1989
1989
1992
1992
1992
1987
1994
1994
1994
1994

Hollister Diff. Array
Gilroy Array #7
Desert Hot Springs
Yermo Fire Station
Rio Dell Overpass-FF
Plaster City
Canoga Park-Topanga Can
Beverly Hills 14145 Mulhol
N Holliwood-Coldwater Can
Sunland-Mt. Gleason Ave

Soil Scaling Scaled
Type Factor PGA [g]
D
D
C
D
C
D
D
C
C
C

2.0
3.0
4.1
3.3
1.8
3.3
1.8
1.4
2.6
3.3

0.54
0.68
0.62
0.50
0.69
0.61
0.64
0.56
0.69
0.52

Figure 4.30 – Comparison between the design response spectrum (soil class B, PGA  0.54g CENEN 1998-1 2004) and the mean spectrum of the considered earthquakes (Table 4.11).

In this study, the records are scaled to prescribed seismic intensity levels, corresponding to frequent,
occasional, rare and maximum considered ground motions, as listed in Table 4.12 (SEAOC 1995).
These ground motions have increasing mean return periods, ranging from a 25-year to a 2500-year
return period, thus corresponding to an increasing seismic hazard. The investigation is therefore
focused on the effects of increasing seismicity on corroded structures under the same environmental
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exposure. Further analyses should be required to combine different levels of environmental
aggressiveness and seismic hazard (Biondini et al. 2012).
Table 4.12 – Recommended design ground motions for use in high seismic regions, with indication
of PGAs (in units of g’s) for sites not located in near source zones, soil type B (SEAOC 1995).
Earthquake

Description

Probability
of Exceedance

Mean Return
Period

PGA

EQ-I
EQ-II
EQ-III
EQ-IV

Frequent
Occasional
Rare
Maximum Considered

87% / 50years
50% / 50years
---

25years
72years
250 to 800 years
800 to 2500 years

0.11
0.17
0.40
0.60

The dynamic analyses are carried out on the bridge model considering the mean values of the bending
moment-curvature diagrams of the box cross-section bridge pier. Results are reported in terms of
mean and absolute maxima/minima values of total base shear Fbase (Figure 4.31) and top displacement
of the central pier Δc (Figure 4.32).
As expected based on the results of the push-over analyses, these parameters vary depending not
only on the seismic intensity level but also on the age of the structure. The influence of the ageing
phenomena in concrete is more evident with the increase in the peak ground acceleration in terms of
both base shear force and displacement demand. Since the concrete members become less stiff over
lifetime, the total shear at the base of the bridge piers decreases, while the displacement demand at
deck level increases.
This trend is clearly indicated by the mean values of forces and displacements shown in Figure 4.31
and Figure 4.32, respectively. The curves related to the maxima/minima values are less smooth than
the curves of the mean values due to the inherent randomness of the considered seismic excitations
acting on the structure.
Moreover, it has been observed that the maximum/minimum displacement at the beginning of the
lifetime is generally due to the ground motions with higher peak ground acceleration (e.g. EQ7). On
the contrary, at the end of the lifetime, the observed major displacements are reached for the seismic
events with longer durations (e.g. EQ2 and EQ3). This can be due to the developing of the
degradation phenomena, since the structure becomes less stiff and more ductile between 10 and 30
years of lifetime (Figure 4.28b).
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Figure 4.31 – Time-history analyses. Time evolution of total base shear force Fbase based on the
properties of the piers shown in Figure 4.21 considering increasing levels of PGA (Table 4.12).

According to the results of the time-histories analyses, the trend shown by the push-over analyses is
confirmed. In fact, considering the major seismic intensity “Level IV”, at time t  0 the maximum
base force is about 7MN, while the maximum displacement is between 0.2 and 0.4m. This indicates
an elastic response of the structure, which is expected to remain operational after the earthquake. On
the contrary, after 50 years of lifetime the most severe seismic input places a demand of 5MN of base
shear and of 0.6m of maximum displacement. These data correspond to a point in the “near collapse”
zone on the push-over curve at t  50 years in Figure 4.27.
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Figure 4.32 – Time-history analyses. Time evolution of central pier top displacement Δc based on the
properties of the piers shown in Figure 4.21 considering increasing levels of PGA (Table 4.12).

Finally, time histories of total base shear Fbase and top displacement of the central pier Δc are shown
in Figure 4.33 and Figure 4.34, respectively, for three of the earthquakes listed in Table 4.11 (EQ2,
EQ3 and EQ7). These results refer to time instants t  0 and t  50 years. It can be noticed that over
the lifetime the overall strength of the bridge decreases and the displacement demand increases, due
to the reduced stiffness of the corroded concrete piers. This could cause an unsatisfactory structural
performance of a bridge that was designed to respect prescribed performance levels at the beginning
of its lifetime.
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Figure 4.33 – Time-history analyses. Time histories of total base shear Fbase at time t  0 and t  50
years for three of the earthquakes listed in Table 4.11.

129

Lifetime performance and seismic resilience of concrete structures exposed to corrosion

Figure 4.34 – Time-history analyses. Time histories of central pier top displacement Δc at time t  0
and t  50 years for three of the earthquakes listed in Table 4.11.
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5. Conclusions
The structural effects of local damage induced by corrosion of steel reinforcement and degradation
of concrete in structures exposed to the diffusive attacks of aggressive agents have been investigated.
Based on proper damage models, the proposed probabilistic procedure allowed to model the
degradation process into concrete members at cross-sectional level and hence to evaluate their
lifetime performance in terms of both bending moment resistance and curvature ductility. In fact,
the definition of proper performance indicators and damage measures is needed at both crosssectional and global structural level to assess the actual behavior of deteriorating structural system
over lifetime.
In particular, the effects of material deterioration on the overall seismic performance have been
highlighted. The mutual interaction between seismic hazard and environmental aggressiveness
becomes crucial in the lifetime assessment of concrete structures. This has been shown by the case
studies of a multistory frame and a continuous bridge. The proposed general framework for the
assessment of the lifetime performance of the structures has been applied and nonlinear static and
dynamic analyses have been carried out.
The results obtained for the multistory concrete frame showed a significant reduction of both shear
strength and displacement ductility. This causes an alteration of the resisting hierarchy in the
structure, which leads to a redistribution of internal forces and to a shift in the energy-dissipating
failure mode. In fact, under seismic excitation an undesirable mechanism of collapse may occur due
to the variation of the stiffness of the corroded concrete members, especially if the deterioration
process is localized in certain parts of the structure.
As far as the concrete bridge, the results showed the time evolution of the cross-sectional behavior
of the plastic hinge zones at the bottom of the piers is reflected at global structural level by a
significant reduction of the base shear strength and a variation of the displacement ductility. In fact,
the seismic performance of integral bridges strictly depends on the capacity of the piers. As a
consequence, a design targeted to satisfy certain performance levels in terms of forces or
displacements, as stated by recent performance-based design codes, could become unsatisfactory
throughout the lifetime of the structure whether considering the residual capacity of concrete
members.
The investigation demonstrated the importance of taking the severity of the environmental exposure
and the required structural lifetime into account in both the seismic assessment of existing structures
and the seismic design of new structures. The design criteria should be revised since force reducing
factors at global level and over-strength factors at local level are expected to vary over time due to
the aging of the structure. In this regard, new generation performance-based design procedures
should be developed by using a performance matrix in which the structural behavior is related to
both the seismic intensity level and the environmental hazard, taking into account increasing levels
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of aggressiveness. A proper calibration of the design objectives and limit states should also be planned
in order to ensure a structural lifetime with suitable levels of performance and safety.
To this aim, further investigation about the interaction between seismic and corrosion hazards is
needed. Different exposure condition should be considered in order to investigate the effects of
increasing environmental aggressiveness and/or localized exposure. In this study severe exposure
conditions have been used in order to emphasize the influence of corrosion damage over time.
However, a proper calibration of the deterioration model based on experimental data is
recommended. Moreover, different structural typologies of frames and bridges should be considered
by applying the general lifetime assessment methodology herein proposed. Other aspects related to
the seismic hazard, such as the recurrence of seismic events and multiple ground excitation, should
be also taken into account in order to properly define a life cycle-oriented performance-based design
approach and to plan seismic assessment strategies.
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CHAPTER 5

SEISMIC RESILIENCE OF DETERIORATING STRUCTURES

1. The concept of resilience
In the last decade, resilience has become an emerging research topic in Civil Engineering, as the
capacity of structures, infrastructure systems and entire communities to withstand and recover
efficiently from extreme events (Bruneau et al. 2003). In general terms, resilience is the ability to
reduce the chances of a shock, to absorb a shock if it occurs causing an abrupt reduction of
performance and to recover quickly re-establishing normal performance. The concept of resilience
has recently gained attention recognizing the fact that threats and disasters such as earthquakes,
floods, hurricanes or terroristic attack cannot be averted. Even if every risk cannot be prevented,
societies can enhance their resilience against various type of attacks minimizing the losses in terms of
human lives, disruption and costs.
To this aim, the concept of resilience can be applied to both preventive assessment (Cimellaro et al.
2010b, 2010c Decò et al. 2013) and disaster management (Bocchini et al. 2012, Bocchini & Frangopol
2012a). In the first case, the resilience assessment of existing structures allows the formulation of
preventive strategies and the planning of maintenance interventions. In fact, risk mitigation is based
on the evaluation of the functionality of a system and its vulnerability with respect to natural extreme

Lifetime performance and seismic resilience of concrete structures exposed to corrosion

events, such as earthquakes, or disasters like explosions. Based on the information available, this is
usually performed in a probabilistic context (Chang & Shinozuka 2004), in order to satisfy the need
of the modern society which is increasingly less disposed to suffer disruptions and more demanding
in limiting losses and costs related to a catastrophic event. On the other hand, extreme events still
occur. The small amount of information usually available soon after and the need for quick effective
tools that assist the decision making process have led to the development of resilience analysis
characterized by a deterministic approach (Bocchini & Frangopol 2012b).
The concept of resilience has been also recognized by the Authorities as a crucial factor in the
protection and defense of a community. The United Nations International Strategy for Disaster Reduction
(UN/ISDR) defined the resilience as “the ability of a system, community or society exposed to hazards to resist,
absorb, accommodate to and recover from the effects of a hazard in a timely and efficient manner, including through the
preservation and restoration of its essential basic structures and functions.” (UN/ISDR 2009). Resilience is hence
strictly connected to the concept of system functionality. Different structures and systems can have
their functionality defined in different ways. Even for the same system, multiple parameters can be
taken as indicators of system functionality.
Another issue is related to the quantification of the functionality. In particular, the concept of
resilience, which is suitable for describing the behavior of a community functionality of a network
system, has not yet been defined completely for assessing the performance of a structure subjected
to an extreme event. Several studies have been carried out recently in order to investigate which
parameters are the most appropriate to quantify the structural resilience. Particular attention has been
reserved to seismic resilience, being the earthquakes one of the major risks our communities have to
face. The quantitative measure of resilience became one of the main themes at the Multidisciplinary
Center for Earthquake Engineering Research (MCEER). The framework proposed by MCEER aims
to improve the resilience of infrastructure systems, hospitals and communities in general in terms of
reduced probability of system failure, reduced consequences due to failure and reduced time to system
restoration (Chang et al. 2008, Cimellaro et al. 2009, 2010a, Kafali & Grigoriu 2008, Renschler et al.
2010).
The quantification of resilience is mainly related to two aspects: the estimation of the losses and the
definition of the functionality recovery. The estimation of the losses associated to an extreme event
requires first of all the definition of damage descriptors. These can be different for every specific
scenario considered, but considering all the possible cases some common parameters can be
identified. Losses can be distinguished in structural and non-structural losses. Both of them determine
the functionality decrease of a system. Moreover, the estimation of the cost associated to each loss
allows to translate the damage in monetary terms. On the other hand, the recovery of functionality
depends on multiple factors related to system and/or society response. The importance of the system,
the availability of resources and the organization of the community are some of the factors affecting
the rapidity of the recovery process and the way how a systems recovers its functionality target.
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The various definitions of resilience given for network systems, critical facilities and structures and
the corresponding evaluation of the losses are presented in the following. Available recovery models
are reviewed as well. The investigation is then focused on the evaluation of the structural functionality
and resilience of deteriorating systems (Titi & Biondini 2013). In fact, deterioration processes affect
progressively the lifetime functionality of the structures, which can be evaluated in terms of seismic
capacity. As a consequence, a deteriorated structure may exhibit a reduced resilience at the occurrence
of an earthquake event. The proposed approach for the lifetime assessment of seismic resilience is
then applied to the case study of the concrete bridge presented in Chapter 4.

1.1. Quantifying resilience
Resilience can be defined as the ability of communities or systems to mitigate hazards, contain the
effects of disasters when they occur, and carry out recovery activities in order to minimize disruption.
In particular, the seismic resilience is the ability of a community’s infrastructure (lifelines, road
network, structures) to perform during and after an earthquake. Emergency response and strategies
that cope with the event and contain the losses enable the community to return to levels of predisaster
functioning, or other acceptable levels as rapidly as possible (Bruneau et al. 2003).
In the definition of resilience, it is logical to start analyzing resilience of organizations whose functions
are essential for communities after an extreme event, such as water and power lifelines, hospitals and
organizations that have the responsibility for emergency management. For example, hospital
functionality is essential to provide emergency care for injured victims. Water is an essential lifeline
service that must be provided continuously even in emergency conditions. The first studies related
to resilience have been focused on the definition of functionality of these systems, which are critical
in the emergency response to an extreme event. Moreover, the resilience of a community should be
enhanced by preventive interventions, when the extreme event has not occurred yet.
A resilient system shows:


reduced failure probabilities of the critical components and infrastructures;



reduced consequences from failures, in terms of lives lost, damage and negative economic
and social consequences;



reduced time to recovery to a pre-event or target level of performance.

This approach is based on the monitoring of a measure Q(t) which is assumed to be the indicator of
the “quality” of a community or infrastructure functionality (Figure 5.1). This performance level can
range from 0% to 100%, where 100% means no degradation in service and 0% means complete
disruption. If an extreme event occurs at time t0, the performance of the system suffers an abrupt
reduction. However, the system can still show a residual functionality Qr. Restoration of the system
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is expected to occur over time, until time th, which is the investigated time horizon. By the time th,
the system can recover its full functionality or have reach a functionality target Qt.

Figure 5.1 – Conceptual definition of resilience.

Resilience R can be computed as (Bocchini et al. 2012, Figure 5.1):

R

1
th  t0

th

 Q(t )dt
t0

(5.1)

by considering resilience as the area underlying the functionality profile, normalized over the interval
period between t0 and th. Resilience depends entirely on the residual functionality of the system after
the occurrence of an extreme event and on the functionality recover over time.
Therefore, in quantitative terms, resilience is defined as a normalized function indicating the
capability to sustain a level of functionality or performance for a given structure, infrastructure or
community over a period of time including disruption and recovery after an extreme event (Cimellaro
et al. 2005).

1.2. Dimensions of resilience
The resilience of a system can be declined in the following four properties that can be assumed as
the parameters to measure resilience:
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robustness;



resourcefulness;



redundancy;



rapidity.
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Robustness
Robustness is the strength or ability of elements and systems to withstand a given level of stress or
demand, without suffering disproportioned degradation or loss of function. The robustness of a
system determines the residual functionality after an extreme event. In fact, under the same
conditions, a more robust system will show a higher residual functionality than a less robust system
(Figure 5.2). The robustness r can be expressed as (Cimellaro et al. 2010b):

r  1  L( L   L )

(5.2)

where L is a random variable representing the total losses and expressed as a function of the
corresponding mean μL and standard deviation σL and α is a multiplier corresponding to a specific
level of losses. In this definition, robustness is therefore also the capacity of keeping the variability
of the losses within a narrow band.

Figure 5.2 – Influence of robustness on the resilience of a system (after Cimellaro et al. 2010b,
adapted).

Resourcefulness
Resourcefulness is the capacity to identify problems, establish priorities and mobilize resources when
conditions threaten to disrupt some elements. In other terms, resourcefulness is the ability to apply
material (monetary, physical, technological and informational) and human resources in the process
of recovery of system functionality. This concept is better clarified in Figure 5.3. The resilience is
expanded in the third dimension illustrating that added resources can be used to reduce time to
recovery. In theory, if infinite resources were available, time to recovery would asymptotically
approach zero. However, even in the presence of enormous financial and labor capabilities, practical
limitation will impose a minimum time to recovery. On the contrary, where resources are scarce, time
to recovery lengthens, approaching infinity in the absence of any resources. It has to be observed that
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even in a resourceful society, the time to recover may become longer due to inadequate planning,
organizational failures or ineffective policies (Bruneau & Reinhorn 2007).

Figure 5.3 – Expansion of resilience in the resourcefulness dimension (after Bruneau & Reinhorn
2007, adapted).

Redundancy
Redundancy is the extent to which alternative elements or systems exist being substitutable. In the
case of disruption, degradation or loss of functionality, other elements or components of a system
allow to keep functional requirements satisfied. According to the Earthquake Engineering field, for
example, redundancy is the quality of having alternative paths in the structure by which lateral forces
can be transferred, which allows the structure to remain stable following the failure of any single
element (FEMA 356 2000). In other words, it describes the availability of alternative resources in the
recovery process of a system.
As for resourcefulness, this concept can be better clarified graphically by grouping multiple plots of
the type shown in Figure 5.3. While each individual 3D resilience space could represent, for example,
a single hospital, the collection of those (Figure 5.4) represents the resilience of all acute care facilities
over a geographical area. Another example could be the one of a road network, where critical and
strategic parts such as bridges are interconnected each other. The availability of multiple
interconnections that allow the functionality of the system, even if with detouring, represent the
redundancy of the road network. By the property of redundancy, resilience can be defined in a fourth
dimension.
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Figure 5.4 – Expansion of resilience in the redundancy dimension (after Bruneau & Reinhorn 2007,
adapted).

Rapidity
Rapidity is the capacity to meet priorities and achieve goals in a timely manner in order to contain
losses, recover functionality and avoid future disruption. It is graphically represented by the slope of
the functionality during the recovery curve during the recovery time (Figure 5.5) and can be expressed
as follows:

v

dQ(t )
dt

for ti  t  t f

(5.3)

An average value of the rapidity can be estimated by knowing the total losses L and the total recovery
time to restore full functionality:

v

L
t f  t0

for ti  t  t f

(5.4)
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Figure 5.5 – Influence of rapidity on the resilience of a system (after Cimellaro et al. 2010b, adapted).

It is through redundancy and resourcefulness, which are the means of resilience, that rapidity and
robustness, which are the ends of resilience, can be improved in a system. In particular,
resourcefulness and redundancy are strongly coupled depending both on human factors and available
resources. Resilience results to be a function of these four quantities, but while the influence of
robustness and rapidity is clear, the influence of resourcefulness and redundancy is more complex.
Beyond robustness, resourcefulness, redundancy and rapidity, resilience can be characterized by
considering the following four dimensions:


Technical;



Organizational;



Social;



Economic.

These four dimensions of resilience are usually indicated by the acronym TOSE. The technical
dimension of resilience refers to the ability of physical systems to perform with acceptable levels
when subjected to an extreme event. The organizational dimension of resilience refers to the capacity
of organizations that are responsible of managing the emergency to make decisions and take effective
actions. The social dimension of resilience consists of measures oriented to reduce the loss of critical
services after the occurrence of an extreme event. Similarly, the economic dimension of resilience
refers to the capacity to reduce both direct and indirect economic losses resulting from earthquakes
(Bruneau & Reinhorn 2007). Of these four dimensions, the technical and organizational dimensions
are the most pertinent to the performance and resilience of critical structural and infrastructural
systems. The social and the economic dimensions are related to the performance and resilience of
the community as a whole. Each resilience dimension can be declined considering the performance
criteria of robustness, redundancy resourcefulness and rapidity, as indicated by Bruneau et al. 2003
(Table 5.1).
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Table 5.1 – Resilience performance measures and criteria (Bruneau et al. 2003).
PERFORMANCE CRITERIA

PERFORMANCE
MEASURES
TECHNICAL

ORGANIZATIONAL

SOCIAL

ECONOMIC

Robustness
Damage
avoidance
and
continued service
provision

Redundancy
Backup/duplicate
systems,
equipment and
supplies

Resourcefulness
Diagnostic and
damage detection
methodologies
and technologies

Continued ability
to carry out
designated
functions

Backup resources
to
sustain
operations

Plans
and
resources to cope
with damage and
disruption

Alternative
means
of
providing
for
community needs

Plans
and
resources to meet
community needs

Untapped
or
excess economic
capacity

Stabilizing
measures

Avoidance
of
casualties
and
disruption in the
community
Avoidance
of
direct
and
indirect
economic losses

Rapidity
Optimizing time
to return to preevent functional
levels
Minimize time
needed to restore
services
and
perform
key
response tasks
Optimizing time
to return to preevent functional
levels
Optimizing time
to return to preevent functional
levels

In conclusion, Renschler et al. (2010) identified seven dimensions of community resilience
represented by the acronym PEOPLES: Population and Demographics, Environmental/Ecosystem,
Organized Governmental Services, Physical Infrastructure, Lifestyle and Community Competence,
Economic Development, and Social-Cultural Capital. This nomenclature highlights that both the
physical and environmental assets as well as the socio-economic-political/organizational aspects
influence the resilience of a community. PEOPLES Resilience Framework represents one of the most
ongoing research that links the resilience properties (robustness, resourcefulness, redundancy and
rapidity) and the resilience dimensions (technical, organizational, societal and economic) in order to
measure the disaster resilience of communities.

1.3. Resilience time dependence
An important aspect that should be taken into account in the resilience framework is the time
dependence of system functionality. This is evident for reinforced concrete structures, which
performance is affected by the deterioration processes over lifetime, as assessed in the previous
Chapters. Aging and environmental aggressiveness progressively modify the functionality of the
structures and consequently the resilience of the structural system. While in the case of an extreme
event the loss of functionality is abrupt, the damage caused by deterioration arises progressively in
time. Therefore, the pre-event functionality of the system should be considered time-variant (Titi &
Biondini 2013), while up to now it has been considered constant both before the occurrence of the
extreme event and after the completion of the restoration process.
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(a)
(b)
Figure 5.6 – (a) Functionality of a non-deteriorating system with occurrence of the extreme event at
time t0 and recovery over the time interval Δt; (b) Functionality of a deteriorating system with
occurrence of the extreme events at time t0k and recovery over the time interval Δtk, k  1, 2, … .

Figure 5.6 shows the difference in the time evolution of system functionality for non-deteriorating
and deteriorating systems. For non deteriorating systems (Figure 5.6a) the resilience results to be
dependent only on the recovery profile of the functionality function Q(t) over the time interval
between t0 (the occurrence of the event) and th (the completion of the restoration process or the
investigated time horizon). However, the effects of damage due to aging and environmental
aggressiveness could reduce over time the system functionality. As a consequence, for deteriorating
systems the time of occurrence of the extreme event plays a crucial role in the evaluation of the
resilience.
Based on that, several parameters in the definition of system resilience are affected by the timedependence of the functionality. First, the initial functionality at the occurrence of the event is timevariant, since in general the functionality decreases over time. The later in lifetime the event will
occur, the lower the initial functionality Q(t0) will be. Second, the loss of functionality ΔQ(t0) results
to be a time-function as well.
In fact, since it is dependent on the initial properties of the systems at time t0, the losses will be
proportional not just on the magnitude of the event but also on the time-variant functionality of the
system (Figure 5.6b). In fact, recent studies showed that the coupling between the environmental
deterioration and the seismic damage has to be taken into account in a resilience assessment (Titi &
Biondini 2013). Finally, the functionality Qt(t) depends on time since the target of post-recovery
interventions can be chosen to restore the full functionality of the original state or the pre-event
functionality considering the aging of the structure.
Therefore, the following aspects should be taken into account for deteriorating systems:
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effects of environmental aggressiveness;



effects of post-recovery interventions;



effects of maintenance interventions.
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Effects of environmental aggressiveness
Environmental aggressiveness affects the structural performance over the lifetime. Increasing the
severity of the environmental exposure, which is mainly related to the concentration of the aggressive
agents in the atmosphere, the structural system suffers a more significant decay of its performance.
The functionality and resilience of the system will vary accordingly, being lower as the severity of the
exposure increases. This is shown in Figure 5.7 considering the same loss of functionality ΔQ.

(1)
(2)

Figure 5.7 – Effects of the environmental aggressiveness in the resilience evaluation: (1)
slight/moderate exposure; (2) severe exposure.

Effects of maintenance interventions
Over lifetime, the system could be subjected to maintenance programs aimed to improve its
functionality, preserve its serviceability and extend its lifetime. The effect of these interventions is
represented by a sudden increase of the functionality ΔQm. Consequently, systems under a
maintenance program will show a greater resilience at the occurrence of an extreme event, as shown
in Figure 5.8.

(1)
(2)

Figure 5.8 – Effects of maintenance actions in the resilience evaluation: (1) with intervention; (2)
without intervention.
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Effects of post-recovery interventions
The functionality Q(t) targeted by post-event interventions is a decisional parameter that may depend
on the importance of the structure, on the resources available and on time limitations. If the structure
plays a strategic role, it is preferable to restore the full functionality. However, there could be restrains
due to the availability of resources, implying a partial restoring of the functionality. Moreover,
limitation in time in order to minimize disruption could lead to an initial partial restoring rather than
a longer full restore of functionality.
Figure 5.9 shows the effectiveness of post-recovery actions, ranging from the restoring of the full
functionality and the restoring of the pre-event functionality taking into account the evolution of
system degradation. These two limit conditions will be indicated in the following as total recovery
and partial recovery.

(1)
(2)

Figure 5.9 – Effects of the post-recovery interventions in the resilience evaluation: (1) total restoring
of the initial functionality; (2) partial restoring of the pre-event functionality.
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2. The definition of functionality
In order to quantify the resilience of a system, a measure of functionality Q(t) and its evolution in
time have to be defined. The functionality Q(t) has been defined as a parameter ranging between 0%
and 100% representing the quality of network systems, infrastructures and communities (Bruneau et
al. 2003, Bruneau & Reinhorn 2004). Hence, the resilience with respect to a specific event can be
measured by the size of the expected degradation in quality, which is the probability of failure of the
system over the recovery time.
Chang & Shinozuka (2004) defined the functionality over time as the probability of a system or a
community of meeting both robustness and rapidity standards in an emergency scenario. The disaster
resilience of a community can be measured with respect to the network physical condition, the water
service, the population still living at home and the economic activity. In this sense, the functionality
of a system is declined in the technical, organizational, social and economic performance measure of
resilience.
Functionality is measured as a non-dimensional quantity and mathematically defined as a non
stochastic process (Bruneau & Reinhorn 2007, Cimellaro et al. 2006). Cimellaro et al. (2010b) provided
the following definition of functionality Q(t) as a function of time:

Qt   1  L( I , t )[H (t  t0 )  H (t  (t 0  t ))] f rec (t , t 0 , t )

(5.5)

where I is the intensity measure of the event, L(I, Δt) is the loss function, H is the Heaviside step
function, Δt is the recovery time of the event occurring a t time t0 and frec is the recovery function.
Though being clarifying about the concept of resilience, these approaches are more conceptual than
practical in the quantification of the functionality of a system. Since functionality cannot be defined
univocally due to the different parameters characterizing each system, the functionality of network
systems, critical facilities and structures has to be investigated separately in order to clarify its
quantitative evaluation.

2.1. Functionality of network systems
For geographically distributed systems designated to provide a service, such as a power grid or a water
distribution network, the quantification of functionality after an event is rather simple, being
kilowatts, liters or households provided with service quantifiable values. The definition of the
functionality of electric, hydraulic and road network system has been investigated by recent studies
and the proposed models have been applied to several case studies.
Çağnan et al. (2006) applied a restoration model to the post-earthquake electric power recovery in
Los Angeles after the 1994 Northridge earthquake by considering the number of customers restored
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over time under different scenarios. Shinozuka (2009) proposed a model to simulate the robustness
and resilience of a water and power system under a set of scenario earthquakes consistent with the
seismic hazard of Los Angeles area. The model is able to evaluate the performance of the systems
under different network damage scenarios in technical terms (power supplied in each service area),
societal (rate of customers without power supply), organizational (repair and restoration efficiency)
and economic (regional output or employment loss). The optimal post-earthquake restoration is the
one that minimizes the average time each customer is without power supply (Xu et al. 2006) or that
provides differential rationing of the available electricity in order to minimize total economic losses
(Rose et al. 1997).
Rose (2004) evaluated the economic resilience of the water system of Portland (Oregon, US) by
simulating the water input disruption for alternative combinations of earthquake types and mitigation
options. The role of water system as a critical infrastructure service supporting the urban economy
has been investigated also by Chang et al. (2002). In this approach, the severity of the water delivery
system disruption is evaluated in terms of consequent business closure, thus already taking into
account the economic losses.
For a road network, bridges are usually the key elements that assure the functionality of the system
after an extreme event. Therefore, resilience can be measured by the ability to recover the
serviceability of the bridges in a fast an efficient way in order to keep the connectivity between the
points of the network (Bocchini & Frangopol 2012a, 2012b). Depending on the bridge damage levels
and the bridge restoration activities in progress, the traffic flows on the network segments can be
assessed for a specific scenario and the network performance indicator is estimated as follows:

t  

1
 T TTT (t )   DTTD(t )

(5.6)

where TTT(t) is the total travel time, i.e. the sum of the time spent by all the users of the network to
reach their destination, TTD(t) is the total travel distance, γT is a balancing factor associated with the
time spent by the network users and γT is a similar factor associated with the distance traveled. The
total travel time depends on the time needed to cover each segment of the network, while the total
travel distance is related to the connectivity between the nodes of the network and the eventual
detouring. Eqn. 5.6 can be used to assess the performance of the network ranging between Γ100 where
all the bridges are in service and Γ0 where all are out of service. With these two limit cases, the
functionality of the road network Q(t) is computed as:

Qt  

(t )   0
100   0

(5.7)

The functionality Q(t) ranges between 0% and 100% as customary in literature and takes
simultaneously into account all the traffic flows of any complex network.
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The allowable traffic carrying capacity due to closure decisions and repair procedures is investigated
in Padgett & DesRoches (2007) basing on the data collected by a survey of US Department of
Transportation bridge inspectors and officials. This data is utilized to assess the probability of meeting
various damage states. The recovery of the functionality is then defined in the form of probability
matrices where the probability of the bridge closure for a certain time depends on the severity of the
damage suffered by each component of the bridge (damage at the approaches, at the expansion joints,
to columns…).

2.2. Functionality of critical facilities
The serviceability of critical facilities, such as hospitals or ports, in the aftermath of an extreme event
would significantly contribute to enhancing the seismic resilience of communities. However, the
definition of functionality is less immediate since there is no engineering unit to measure the
functionality of these facilities.
Several proposals have been formulated to this regard (Bruneau & Reinhorn 2004, 2007, Cimellaro
et al. 2010b). A first option is to quantify the functionality of the hospital system of a region by the
percentage of healthy population after an extreme event, normalized with respect to the total healthy
population before that event. A drop in population health would occur when individuals are killed
during an extreme event or deaths can occur after the event due to insufficient health care capacity.
A second option focuses on relating the resilience of facilities to the number of patients per day as a
measure of the treatment capacity of the health care facilities. As an alternative option, Cimellaro et
al. (2010b) defined the functionality of a single hospital as normalized waiting time distinguishing
between the waiting time before and after the critical condition, which corresponds to the maximum
capacity of the hospital.
Ports could have an important role in the community resilience as well. Chang (2000) investigated
the impact of the 1995 Kobe earthquake on the Port. The functionality of the Port is estimated by
the international container traffic, showing a decrease after the event in comparison with other ports,
thus implying significant economic losses for the city of Kobe.

2.3. Functionality of structures
A first attempt in the definition of the functionality of structural systems is proposed by Bruneau &
Reinhorn (2004, 2007), distinguishing between structural and non-structural components. Since great
uncertainties are inherent to the field of Structural Engineering and in particular of Seismic
Engineering, the quantification of seismic resilience has to be carried out in probabilistic terms
(Figure 5.10). Different limit states can be defined according to the loss in the structural integrity. A
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serviceability level is defined as a small loss of integrity, while the collapse level is defined as the
maximum loss prior to collapse. Moreover, a proportional coupling often exists between the time to
recovery and the initial loss of structural integrity. Every definition of the limit states is a random
variable, represented by the bell-curves in Figure 5.10.

Figure 5.10 – Probabilistic aspect of seismic resilience (after Bruneau & Reinhorn 2004, adapted).

In this approach, the functionality of the structure is evaluated in terms of “investment value” in the
structural/non structural systems. Even in the case of no structural loss, non-structural damage may
occur. The probable non-structural loss can be expresses by the product of the probability of
exceeding the performance limit state and of the value of replacing the damaged component versus
the initial investment. The drop of the resilience curve at time t0 can hence be evaluated, as well as
the time to recovery to pre-earthquake conditions depending on the severity of the damage. Similar
considerations can be done in the case of both structural and non-structural damage.
Moreover, Bruneau & Reinhorn (2007) observed that the financial investment needed to restore the
pre-event functionality correspond to the cost required to shift the fragility curve to lower
probabilities of failure. On the contrary, the lack of recovery actions could lead to increased
probabilities of failure of the system.
In this work, the system functionality Q of structure under seismic hazard is related to the seismic
capacity in terms of peak ground acceleration ag:

Q  Q(a g )

(5.8)

As a first assumption, a linear relationship can be assumed between structural functionality and
seismic capacity, considering the dualism “greater seismic capacity-greater structural functionality”
(Figure 5.11a). A minimum ag,min and a maximum ag,max corresponding to 0 and full functionality
respectively define the range of the functionality function Q(ag):

156

Seismic resilience of deteriorating structures

Q

a g  a g ,min
a g ,max  a g ,min

(5.9)

Another approach could be based on the definition of a stepwise relationship related to seismic
capacity thresholds and discrete functionality limit states (Figure 5.11b). This approach can be used
in post-earthquake assessments where the qualitative evaluation of the structure functionality is
performed identifying damage states by visual inspection. In this case, a drop in the functionality
function corresponds to a reduction of the seismic capacity of the damaged structure.

(a)

(b)
Figure 5.11 – (a) Linear relationship between system functionality and seismic capacity in the range
ag,min and ag,max; (b) Definition of discrete functionality limit states.

Further aspects have to be taken into account if the functionality of deteriorating systems is
considered. In fact, the seismic capacity ag  ag(t) is expected to vary over time due to deterioration
processes. The time evolution of the seismic capacity may be nonlinear (Figure 5.12a). Moreover, it
is possible to identify a range of peak ground accelerations between a minimum ag,min and a maximum
ag,max value that correspond to the minimum and maximum level of performance of the structure
respectively.
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In fact, the structural functionality is expected to vary over time as well depending on environmental
aggressiveness. The time evolution of the system functionality depends on the structural typology
and in general it is assumed to show a decrease as the seismic capacity reduces due to deterioration
processes. In this way, structures showing a seismic capacity higher than ag,max are assumed to satisfy
a prescribed limit state, while deteriorated structures with a seismic capacity lower than ag,min do not
assure the structural safety anymore (Figure 5.12b).
If the minimum seismic capacity corresponds to the maximum allowable functionality loss ag,min  0
and the maximum seismic capacity is set equal to the nominal capacity of the uncorroded structure
ag,max ag0,nom, the time-variant functionality can be expressed as the ratio between the actual and
original capacity. The peak ground acceleration ag(t) is then assumed as time-variant functionality
indicator as follows:

Qt  

a g (t )
a g 0,nom

(5.10)

where ag  ag(t) is the seismic capacity of the deteriorating system at time t and ag0,nom is the nominal
seismic capacity of the undamaged system at time t  0. Peak ground acceleration values ag(t)
associated to the reaching of prescribed limit states, from damage limitation up to collapse, can be
considered in the definition of the lifetime functionality Q(t) (Titi & Biondini 2013).

(a)

(b)
Figure 5.12 – (a) Qualitative time evolution of the seismic capacity of deteriorating structures and (b)
corresponding system functionality.
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Since the seismic capacity ag is proportional to the resisting base shear of a structure, in nonlinear
static analyses the functionality can be expressed as the ratio between the total base shear Fbase(t) at
different time instants and the nominal base shear capacity at the beginning of lifetime Fbase,nom,0:

Qt  

Fbase (t )
Fbase,nom,0

(5.11)
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3. The estimation of the losses
The evaluation of the losses is a key point in the definition of the resilience of a system. Losses are
evaluated by the difference between the initial (pre-event) functionality and the residual (post-event)
functionality. As for the functionality, losses depend on the type of system considered.
For an electric power plant, the losses correspond to electricity outage at the production site (Rose et
al. 1997) or to the damage to the transmission substations (Çağnan et al. 2006). For a water system,
losses are represented by the water outage pattern and by the consequences of the economic activities
due to the disruption of the service (Chang & Shinozuka 2004, Chang et al. 2002).
In any case, the quantification of the drop of functionality implies a certain uncertainty, thus losses
are considered as random variables in a probabilistic approach (Cimellaro et al. 2010b). In fact, the
estimation of the losses is related to the probabilities of damage and/or failure of the system, which
depend on the hazard considered. The risk analysis is usually carried out by the use of fragility curves,
which evaluate the probability of exceeding a certain damage limit state with respect to the intensity
measure chosen to characterize the extreme event. A methodology for loss estimation is proposed in
FEMA (2009), where the probability of damage is estimated for different structural typologies based
on post-event collected data. For bridges, the losses are measured by the reduced traffic capacity
related to the damage sustained by each bridge component, which is estimated on the basis of survey
results in the form of damage state probability matrices (Padgett & DesRoches 2007).
The evaluation of the damage suffered by the system implies the estimation of the repair costs and
of the economic losses (Alesch et al. 2003, Shinozuka 2009). The costs depend on the post-recovery
target functionality as well (Bocchini & Frangopol 2012a, 2012b). Bruneau & Reinhorn (2007)
proposed to measure the loss function as the ratio of the actual loss LLS(t0) (monetary, physical,
technological, informational) at an expected performance limit state in regard to the cost of
maintaining the full performance measure FP expressed in the same units of the loss, expressed as:

L(t 0 )   [ LLS , j (t 0 ) / FP ]PLS , j R j  LS j

(5.12)

j

where PLS(R≥LS) is the probability that the expectation R will exceed the performance limit state LS,
i.e. PLS(R≥LS) is the fragility function of a system damage state.
In order to get more detailed information about the functionality of the system, the losses should be
divided in structural losses LS and non-structural losses LNS (Cimellaro et al. 2005, 2006, 2010b). The
physical structural losses are expressed as ratio of building repair and replacement costs, taking into
account the depreciation annual rate in the time interval between the initial investment and the time
occurrence of the event. The non-structural losses should be further subdivided in:


direct economic losses LNS,DE: these losses are evaluated similarly to the structural losses and
usually refer to the contents losses;
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direct casualties losses LNS,DC: they are expressed as the ratio between the number of persons
injured over the total number of occupants;



indirect economic losses LNS,IE: these losses are related to different factors, such as business
interruptions, relocation expenses and rental income losses;



indirect casualties losses LNS,IC: they are expressed as the ratio between the number of
persons injured outside the building over the total population.

For deteriorating systems such as concrete structures exposed to aggressive environments, the loss
of functionality results to be time-dependent (Titi & Biondini 2013). In fact, since the structural
performance at the occurrence of the extreme event is different, and generally reduced in time, from
the original condition of the structure, the functionality loss may vary over time. In fact, an event of
the same magnitude could provoke a different loss of functionality if occurring at different time
instants. Therefore, the combined effect of seismic damage and deterioration processes has to be
taken into account in a life-cycle approach to the assessment of seismic resilience.
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4. Recovery models
After an extreme event, the functionality of a system should be restored by recovery interventions
aiming to a satisfying level of functionality. The functionality recovery profile varies depending on
the magnitude, type and location of the damage caused by an extreme event. Moreover, the rapidity
of the recovery interventions is related to the resources available and allocated after the event
(Bruneau & Reinhorn 2007). Besides material resources constraints, the effort that the community
puts to recover from damage usually depends on the strategic importance that the damaged
component has in the system.
For electric and water networks, the recovery curves can be evaluated as the restoration of the service
is provided to the customers (Çağnan et al. 2007, Chang & Shinozuka 2004, Chang et al. 2002, Rose
et al. 1997, Xu et al. 2007). For the particular case of health care facilities, the variables used to evaluate
the recovery profile could be the number of beds available, the number of operating rooms and the
number of surgeries per day (Cimellaro et al. 2010b, 2010c).
For structural systems, considering that in general limited available information does not allow any
more specific assumption regarding the shape of the recovery process, the most reasonable
assumption for the recovery profile is the linear model (Bocchini et al. 2012):

Q (t  t 0 )  Qr  H [t  t 0   i ]

Qt  Qr

r

(t  t 0   i )

(5.13)

where Qr is the residual functionality after the extreme event, H[-] represents the Heaviside unit step
function, Qt is the functionality reached after the recovery process, δr is the duration of the recovery
and δi is the idle time between the occurrence of the extreme event and the beginning of the recovery
process (Figure 5.13). In most cases, the model is further simplified by assuming δi  0:

Q (t  t 0 )  Q r 

Qt  Qr

r

(t  t 0 )

(5.14)

A key parameter in the definition of the recovery process is the so called “rapidity” r (Cimellaro et al.
2010b):

r

Qt  Qr

r

(5.15)

which represents the first derivative of the functionality during the restoration. Bocchini & Frangopol
(2012a) considered the slope θb of the damage profile function bounded between θmax and θmin. In
fact very slow interventions are certainly not convenient and too fast interventions are not realistic.
The value θmax can be evaluated by considering the maximum estimated damage and the minimum
time required, whereas θmin can be evaluated by considering the minimum estimated damage and the
maximum allowable time.
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Figure 5.13 – Definition of rapidity and functionality recovery profile (after Bocchini et al. 2012,
adapted).

Under the hypothesis of neglecting the idle time δi, the following recovery models are proposed in
literature:


trigonometric model:

Q(t  t 0 )  Qr 


Qt  Qr
2




1  cos  (t  t 0 ) 
 r



(5.16)

exponential model (Kafali & Grigoriou 2005), which is suitable for those systems where it is
possible to recover quickly most of the functionality but the complete recovery requires a
long time:


  k (t  t 0 )  
Q (t  t 0 )  Qr  1  exp 
 (Qt  Qr )

r




(5.17)

where k is a shape parameter;


Gaussian cumulative distribution function (FEMA 2009), where μ and σ are shape parameters
that depend on the recovery time (ATC 1985) and erf[-] is the error function:

  t  t0    
Q(t  t0 )  Qr  erf 
 (Qt  Qr )

r





(5.18)

stepwise functionality recovery function (Padgett & DesRoches 2007): this model is suitable
for infrastructure components which can be only in a discrete subset of functionality states,
such as bridges where the functionality depends on the number of lanes that are open:
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Qr
Q
 1
Q(t  t 0 )   
Q
 n
Qt

t 0  t  t1
t1  t  t 2


(5.19)

tn  t  t0   r
t  t0   r

where Q1, Q2, …, Qn are the discrete values of functionality between Qr and Qt achieved at
the time instants t1, t2, …, tn respectively.
A model that allows representing different shapes of the recovery profile based on the investigated
system and type of damage is proposed in Bocchini et al. (2012) and Decò et al. (2013). From an
analytical point of view, the proposed model is a generalization of the trigonometric model. The
variation of six random parameters allows to fit the shape of different recovery processes, ranging
from slight to extensive damage and from the cases where the functionality is restored almost entirely
at the beginning or at the end of the restoration activities. The parameters are the residual
functionality, the idle time, the recovery duration, the target functionality, the flex location and
amplitude of the sinusoidal function. The evaluation of the system functionality is performed in a
probabilistic approach for different earthquake scenarios.

Figure 5.14 – Definition of functionality recovery curves (k  10).

Finally, Titi & Biondini (2013) used the following recovery functions for the evaluation of the seismic
resilience of a structure (Figure 5.14):


positive-exponential:

Q(ti  t  t f )  e k (1t ti )
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sinusoidal:

Q(ti  t  t f ) 


1  cos[ (t  ti )]
2

(5.21)

negative-exponential

Q(ti  t  t f )  1  e k (1t ti )

(5.22)

where k is a shape parameter.
These recovery function can describe the case where the system functionality is restored mainly at
the end of the recovery process, gradually and quickly after the seismic event respectively.
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5. Application: seismic resilience of a concrete bridge exposed to
corrosion
The seismic resilience of the concrete bridge presented in Chapter 4, §4 is herein investigated. The
resilience of the deteriorating system is evaluated with respect to the structural functionality according
to different damage states. The structural performance of the bridge is related to the seismic capacity
in terms of total resisting base shear, as indicated in Eqn. 5.11. The damage states are associated with
the reaching of prescribed displacement limits, as listed in Chapter 4, Table 4.7. Both system
functionality and displacement limits are considered time-variant due to the deterioration process of
the concrete members.
First, a probabilistic parametric analysis of the resilience of the bridge is proposed to investigate the
effects of the loss of functionality, the target functionality and the adopted recovery function on timevariant resilience within a prescribed time horizon. The efficiency of both the recovery process and
the target functionality in improving system resilience is investigated by means of efficiency
coefficients. The interaction of seismic damage and environmental deterioration is finally investigated
in deterministic terms by nonlinear dynamic analyses to highlight that the residual structural
functionality depends on the time of occurrence of the seismic event. Finally the role of uncertainties
in a seismic resilience assessment is discussed basing on lifetime probabilistic nonlinear analyses,
referring both to the inherent uncertainties of the structural system, the randomness of the
deterioration process and the variability of the earthquake excitation.

5.1. Functionality and functionality limit states
The lifetime functionality Q(t) of the bridge is evaluated according to Eqn. 5.11 referring to the timeevolution of the total base shear Fbase(t) obtained in Chapter 4, §4.4 in probabilistic terms by means
of push-over analyses (Figure 4.28). By taking into account the local effects of corrosion damage on
the cross-sectional properties of the piers, the time-variant performance of the overall bridge has
been defined with respect to increasing system displacement limits, from the yielding displacement
up to collapse (Chapter 4, Table 4.7).
Each structural performance level corresponds to a damage state (DS) of the bridge occurring after
a seismic event of increasing magnitude. In Table 5.2, a possible failure mechanisms is associated to
each damage state, which implies a drop in the of functionality of the bridge system, as qualitatively
shown in Figure 5.11b. The probable consequent repair intervention and the outage of the bridge
functionality are estimated as well in Table 5.2.
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Table 5.2 – Damage states adapted from FEMA (2009) and predicted outage of bridge systems (after
Mander et al. 2007, adapted).
Damage
State
DS-1
DS-2
DS-3
DS-4
DS-5

Failure Mechanism

Repair Required

Outage

Pre-Yielding
Minor Spalling
Bar Buckling
Bar Fracture
Collapse

None
Inspect, Patch
Repair Components
Rebuild Components
Rebuild Structure

None
< 3 days
< 3 weeks
< 3 weeks
> 3 months

The lifetime functionality of the bridge is evaluated with respect to damage states of increasing
severity. For example, the evolution of the functionality for DS-5 is shown in Figure 5.15 over a 50
year lifetime, with indication of mean value μ and standard deviation σ. The distribution of the results
is truncated at Q(t) ≤ 1, since the functionality cannot exceed the value 100% by definition. The
scatter around the mean of the bridge functionality at time t  0 is related to the variability of the
actual seismic capacity of the bridge at the beginning of lifetime with respect to the nominal properties
of the structure. As it can be noticed, the uncertainties related to the deterioration process are added
over a 50 year lifetime, thus increasing the standard deviation around the mean functionality.

Figure 5.15 – Lifetime functionality of the bridge considering DS-5 (mean μ and standard deviation σ
from the mean).

Figure 5.15 highlights also that the functionality of the bridge with respect to the collapse damage
state varies significantly after 50 years, with a reduction of about 40%. This clearly indicates how the
functionality cannot be considered as a time-independent parameter in the resilience assessment of
deteriorating structures. The functionality of the structure referring to the other damage states shows
similar trends, as the total base shear corresponding to each structural performance level varies
similarly over lifetime (Chapter 4, Figure 4.28).
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5.2. Probabilistic assessment of seismic resilience
After the lifetime functionality has been assessed, the evaluation of the corresponding resilience
implies the definition of the functionality loss ΔQ(t0) at the occurrence of the seismic event and the
choice of both a functionality target Qt and a particular recovery function r(τ).
Probabilistic parametric analyses are carried out to investigate the effects of these parameters on timevariant resilience based on the following assumptions:


the loss of functionality ΔQ(t0) is imposed as a percentage κ (%)of the current functionality:

Q(t0 )  Q(t0 )

(5.23)

In this way the coupling between environmental and seismic damage is neglected but the
drop of functionality is however dependent on the current functionality. This assumption
will be removed to investigate the interaction between seismic damage and environmental
deterioration;


the idle time δi is neglected (δi  0), thus meaning that the time of occurrence of the seismic
event coincide with the initial time of the recovery process (t0  ti);



the recovery profile is fixed a priori assuming as recovery functions positive-exponential,
sinusoidal and negative-exponential curves (Eqns. 5.20-5.21-5.22), with a shape parameter k
 10; the recovery functions r(τ)  [0, 1] are defined over the time interval Δt by considering:




t  ti
t

 [0,1]

over the recovery period, the functionality Q(τ) is assumed to evolve as follows:

Q( )  Qr  H ( )r ( )(Qt  Qr )


(5.24)

(5.25)

a time horizon th  12 months is assumed between the occurrence of the seismic event and
the recovery of the target functionality: it has been observed that the lifetime seismic
resilience does not depend significantly on the recovery time interval, since the major
contribution is the loss of functionality ΔQ(t0) (Titi & Biondini 2013). Moreover, the
parameters involved in the definition of the recovery function r(τ) are independent on the
deterioration processes over lifetime;



the time horizon is assumed coincident with the reaching of the chosen target functionality
(th  tf);



the post-recover functionality Qt is targeted under the hypothesis of both partial recovery
and full recovery: the partial recovery restores the functionality of the system at the level that
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the structure had before the occurrence of the event, while the full recovery restores the
functionality level at time t  0.
Considering the lifetime properties of the structure in terms of time-variant total resisting base shear
Fbase(t) and varying the time of occurrence t0 of the seismic event, the resilience of the structure is
evaluated over a 50-year lifetime referring to the collapse damage state (DS-5, Table 5.2). The effects
of the loss of functionality, the recovery functions and the target functionality are considered
separately. The results shown in the following refer to the mean values of the probabilistic results for
sake of brevity.

Influence of the loss of functionality
Basing on Eqn. 5.23, the functionality loss ΔQ(t0) is dependent on the current system functionality at
the occurrence of the seismic event at time t  t0. The influence of the prescribed loss of functionality
ΔQ(t0) is shown in Figure 5.16, where ΔQ(t0) ranges between 0%Q(t0) and 100%Q(t0). A sinusoidal
recovery function and a partial restoring are assumed. The graph shows that the increase of the drop
of functionality results in a reduced resilience at the time of occurrence of the seismic event t  t0.
For example, if the seismic event occurs at the beginning of the lifetime (t0  0), the resilience of the
bridge drops from 0.96 to 0.48, in the case of no seismic damage and full seismic damage respectively.
It has to be noticed that the mean value of the resilience R(t0  0) with ΔQ(t0)  0 is not equal to 1
for the adopted definition of functionality with a truncated distribution at Q(t) ≤ 1.

Figure 5.16 –Time evolution of the seismic resilience R(t0) considering different levels of loss of
functionality ΔQ(t0)  κQ(t0), with κ  0%÷100%, Δκ  10%: sinusoidal recovery profile and partial
restoring.

The resilience curve corresponding to ΔQ(t0)  0 shows that the resilience of the bridge decreases
over time even without the occurrence of seismic damage due to the deterioration processes. If the
seismic damage is also considered, it can be noticed that the resilience decreases progressively from
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the curve ΔQ(t0)  0 to the curve ΔQ(t0)  Q(t0), thus indicating the mutual effects of seismic and
environmental damage on resilience.
However, the assumption of a prescribed loss of functionality, which is constant, in percentage with
respect to the current functionality, for each resilience curve in Figure 5.16 over the lifetime, seems
to be unrealistic. In fact, the functionality drop at the occurrence of the seismic event is dependent
on the current deterioration state of the structure related to the actual mechanical properties of the
concrete members (Titi & Biondini 2013).

Influence of the adopted recovery function
The functionality recovery profile r(τ) depends on many factors, including type of systems and
components, magnitude and location of damage and restoring techniques. In this study the recovery
curves positive-exponential, sinusoidal and negative-exponential indicated in Eqns. 5.20-5.21-5.22 are
adopted, with shape factor k  10 (Figure 5.14).
Figure 5.17 shows the time evolution of the seismic resilience considering a positive-exponential
profile and a negative-exponential profile. These can be considered limit cases of slow and fast initial
recovery respectively, while the above presented case of sinusoidal profile reproduces an intermediate
situation of gradual functionality recover (Figure 5.16).

(a)
(b)
Figure 5.17 – Time evolution of the seismic resilience R(t0) considering (a) a positive-exponential
and (b) a negative-exponential recovery profile: loss of functionality ΔQ(t0)  κQ(t0), with κ 
0%÷100%, Δκ  10% and partial restoring.

The resilience results to be lower in the case of a positive-exponential recovery profile (Figure 5.17a),
where functionality is restored mainly at the end of the recovery process. This may occur when few
resources are initially available to repair the structure or when the functionality restore of the structure
is not of critical importance among the post-earthquake emergency interventions. On the contrary,
the case of a negative-exponential recovery profile reproduces the case of a prompt intervention that
restores the greater part of the structural functionality soon after the seismic event. This may occur
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for strategic structures where first intervention actions are needed to assure the continuity of the
structural functionality.
A comparison between the lifetime resilience evaluated with different recovery profiles is provided
in Figure 5.18a. It can be noticed that the seismic resilience significantly depends on the adopted
function simulating the recovery process. However, the percentage decrease of resilience over time
does not significantly depend on the recovery profiles (Figure 5.18b), indicating that the role of
deterioration is not modified by the type of the recovery process. In fact, in all cases the resilience of
the structure reduces of about 40% after 50 years of lifetime due to the deterioration processes though
being independent on the adopted recovery function.

(a)
(b)
Figure 5.18 – (a) Time evolution of the seismic resilience R(t0) and (b) percentage decrease R(t0)/
R(0) considering partial restoring and ΔQ(t0)  50%Q(t0) for different recovery profiles.

The type of recovery profile is one of the most important factors to ensure suitable levels of lifetime
seismic resilience in a timely and efficient manner. In order to evaluate the efficiency of the negativeexponential recovery profile with respect to the positive-exponential recovery profile, the following
recovery function efficiency coefficient ηr is proposed:

r 

Rneg (t 0 , Q)  R pos (t 0 , Q)
Rneg (t 0  0, Q)

(5.26)

where Rneg(t0, ΔQ) and Rpos(t0, ΔQ) are the resilience values in case of negative-exponential and
positive-exponential recovery profiles respectively, which vary depending on both the time of
occurrence of the event and the extent of functionality loss. The value Rneg(t0  0, ΔQ) represents the
reference value of seismic resilience at the occurrence of the event at the beginning of the lifetime,
considering varying loss of functionality and a negative-exponential recovery profile.
Figure 5.19 shows the trend of the recovery function efficiency coefficient ηr which depends on both
the functionality loss ΔQ and the time of occurrence t0 of the seismic event. The recovery function
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efficiency is then evaluated by fixing the time of occurrence and varying the functionality loss (Figure
5.19a) and by imposing the functionality loss and varying the time of occurrence (Figure 5.19b).

(a)
(b)
Figure 5.19 – Recovery function efficiency ηr evaluated with respect to (a) the functionality loss
ΔQ(t0), Δt0  10 years, and (b) the time of occurrence t0 of the seismic event (ΔQ(t0)  κ ΔQ(t0), Δκ 
10%) for pre-yielding (DS-1) and collapse (DS-5) damage states.

The recovery function efficiency increases as the functionality loss increases from no damage to
complete damage (Figure 5.19a). This means that in case of severe seismic damage a prompt
intervention, which is modeled by a negative-exponential recovery profile, is more efficient and
improves the resilience of the structure.
On the other side, the efficiency of the recovery function decreases as the seismic event occurs after
several years of lifetime. This indicates that the gain in terms of resilience given by a rapid recovery
intervention is less since the structure is already deteriorated by aging. This is shown also in Figure
5.19b by the decreasing curves of the recovery function efficiency over lifetime, meaning that the
effectiveness of rapid recovery actions is inversely proportional to the deterioration of the structure.
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These considerations hold for all the considered damage states. In Figure 5.19 pre-yielding (DS-1)
and collapse (DS-5) damage states are indicated. It can be noticed that for major damage (DS-5) the
recovery function efficiency is lower, which is mainly due to the reduced resilience of the structure
associated to increasing levels of damage.

Influence of the target functionality
The functionality targeted Qt by post-event interventions is a decision-making parameter that may
depend on the importance of the structure, on the resources available and on time limitations. The
cases of total and partial functionality restoring are herein compared.

Figure 5.20 – Time evolution of the seismic resilience R(t0) considering ΔQ(t0)  50%Q(t0) and
sinusoidal recovery profile for different target functionalities Qt.

Higher values of resilience are associated with the total functionality recover (Figure 5.20), thus
indicating that a full functionality recovery implies the use of major resources then a partial restoring
given the same initial conditions of the system. In general, a full functionality recovery implies also a
longer recovery time, if the rapidity of the recovery process cannot speed up due to external
constraints. On the contrary, the partial restoring takes into account the evolution of system
degradation before the occurrence of the seismic event. The recovery interventions are then aimed
to restore the pre-event functionality without improving the resilience of the system to possible future
events. Moreover, Figure 5.20 shows that the difference between the recovery targets increases over
lifetime. This means that on a deteriorated structure the effect of a total recovery in improving the
resilience of the system is more significant.
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(b)
(a)
Figure 5.21 – Recovery target efficiency ηt evaluated with respect to (a) the functionality loss ΔQ(t0),
Δt  10 years, and (b) the time of occurrence t0 of the seismic event (ΔQ(t0)  κ ΔQ(t0), Δκ  10%) for
collapse (DS-5) damage state.

In this sense, the recovery target efficiency coefficient ηt is proposed as follows:

t 

Rtot (t 0 , Q)  R part (t 0 , Q)
Rtot (t 0  0, Q)

(5.27)

where Rtot(t0, ΔQ) and Rpart(t0, ΔQ) are the resilience values in the case of total and partial recovery
profiles respectively, which vary depending on both the time of occurrence of the event and the
extent of functionality loss. The value Rtot(t0  0, ΔQ) represents the reference value of seismic
resilience at the occurrence of the event at the beginning of the lifetime, considering varying loss of
functionality and a total recovery profile.
The effectiveness of the total recovery in increasing the seismic resilience is evident in Figure 5.21
with respect to both the functionality loss and the time of occurrence. This means that a total recovery
is more efficient as the structure is both more damaged by the seismic event and more deteriorated
by aging. However, it has to be considered that a total recovery process implies greater resources and
more significant maintenance interventions to restore the original functionality. The major costs
associated would be justified by the importance of the structure and by other economic evaluations.
In conclusion, the probabilistic results of the seismic resilience assessment of the bridge for the
collapse damage state are shown in terms of mean value μ and standard deviation σ by assuming a
functionality loss ΔQ(t0)  50%Q(t0), a sinusoidal recovery profile and a partial restoring (Figure 5.22).
The trend of the standard deviations is similar to that of functionality of the bridge as discussed for
Figure 5.15. Moreover, the trend of mean values μ and standard deviations σ is similar for each damage
state considered. It has been also observed that the standard deviations of the results of the
probabilistic analyses are not affected by the herein investigated parameter, i.e. the loss of
functionality, the recovery profile and the functionality target.

174

Seismic resilience of deteriorating structures

Figure 5.22 – Lifetime seismic resilience R(t0) with respect to collapse damage state (DS-5)
considering ΔQ(t0)  50%Q(t0), sinusoidal recovery profile and partial restoring based on system
functionality in Figure 5.15 (mean μ and standard deviation σ from the mean).

5.3. Interaction of seismic damage and environmental deterioration
In a seismic resilience analysis, the loss of functionality ΔQ(t0) is mainly due to the effects of seismic
damage. However, the effects of an earthquake event occurring at time t  t0 may vary over lifetime
due to the deterioration processes, which affect the mechanical properties of the structural members.
In fact, the functionality loss at the occurrence of a seismic event of same magnitude could be
different depending on the time-variant structural capacity related to the environmental exposure. As
a consequence, the residual functionality has to be considered a time-dependent parameter as Qr 
Qr(t0).
In order to investigate the interaction between environmental deterioration and seismic damage, timevariant nonlinear dynamic analyses of the aging bridge for the nominal configuration have been
carried out under ten prescribed ground motions (Chapter 4, Table 4.11) with increasing levels of
seismic intensity corresponding to mean PGA  0.2g-0.4g-0.6g by using OpenSees (Mazzoni et al.
2005). The time-variant residual functionality Qr(t0) of the damaged structure is then evaluated by
post-event nonlinear static analyses. The sequence of nonlinear dynamic and static analyses allows to
take directly into account the effects of seismic damage on the structure, which shows time-variant
mechanical properties at each time instant t  t0.
Environmental deterioration is accounted for by adopting time-variant moment curvature
relationships over a 50-year lifetime (Chapter 4, Figure 4.21a). These relationships, which correspond
to the pre-event bending capacity of the piers due to deterioration only, have been linearized as shown
in Chapter 4, Figure 4.21b. The quadrilinear stepwise curve is used to define a proper hysteretic rule

175

Lifetime performance and seismic resilience of concrete structures exposed to corrosion

implemented in OpenSees (Lowes et al. 2003, Mazzoni et al. 2005), which accounts for seismic damage
in terms of degradation of both stiffness and strength of the piers under cyclic loading.
Seismic damage is evaluated as a function of the load-deformation history under earthquake loading,
as proposed in Lowes et al. (2003) and Mazzoni et al. (2005). The hysteretic damage is simulated
through deterioration in unloading stiffness (Figure 5.23a), in reloading stiffness (Figure 5.23b) and
in strength (Figure 5.23c). In all the three cases, the damage is evaluated based on the damage index
proposed by Park & Ang (1985):
4
 ~
 Ei  
3
 
 i  1 ( max )   2 

 Emonotonic  

(5.28)




~
 max  max max,i ; min,i 
  u ,max  u ,min 

(5.29)

where:

Ei 

 dE

(5.30)

load history

In Eqns. 5.28, 5.29, 5.30 i refers to the current displacement increment; δi is the damage index, within
the range [0; 1] indicating no damage and complete damage respectively; α1-4 are the parameters used
to calibrate the damage rule; E is the hysteretic energy with Emonotonic equal to the energy required to
achieve failure under monotonic loading; Δu,max and Δu,min are the positive and negative deformations
at failure; Δmax and Δmin are the maximum and minimum deformation demand during load history.
In each cycle, degradation due to seismic damage is accounted for as follows:


unloading stiffness degradation

ki  k0 (1  ki )

(5.31)

where ki is the current unloading stiffness, k0 is the initial unloading stiffness in the undamaged
conditions, and δki is the current value of the stiffness damage index;


reloading stiffness degradation

 max,i   max, 0 (1   i )

(5.32)

where Δmax,i is the current deformation that defines the end of the reload cycle for increasing
deformation demand, Δmax,0 is the maximum historic deformation demand, and δΔi is the current
value of the reloading stiffness damage index;
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strength degradation

Fmax,i  Fmax, 0 (1  Fi )

(5.33)

where Fmax,i is the current envelope maximum strength, Fmax,0 is the initial envelope maximum
strength in the undamaged condition and δFi is the current value of the strength damage index.
Additional details of this damage model are available in Lowes et al. (2003).

(a)

(b)

(c)
Figure 5.23 – Seismic damage model: (a) Unloading stiffness degradation; (b) Reloading stiffness
degradation; (c) Strength degradation (after Lowes et al. 2003, adapted).

The seismic event is assumed to occur at each Δt0  10 years over a 50-year lifetime. Figure 5.24
shows the results of the post-event nonlinear static analyses in terms of base shear Fbase versus top
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displacement of the central pier Δc in mean values over the ten considered earthquakes scaled at PGA
 0.2g-0.4g-0.6g. These curves evaluate the residual capacity of the structure after the occurrence of
the seismic event, thus considering both seismic damage and environmental deterioration. As
expected, the post-event seismic capacity decreases at the increase of the PGA level for each time of
occurrence t0. While environmental deterioration is dominant over lifetime in case of a seismic event
of PGA  0.2g, an earthquake of PGA  0.6g causes a significant reduction in terms of residual
resisting base shear Fbase, which is added to the progressive decay of the seismic capacity over time.
This effect is emphasized after a 50-year lifetime, due to the increasing environmental deterioration
level.
Pre-event push-over curves at time instants t  0 and t  50 years are indicated in Figure 5.25 by
continuous lines. These curves show the effects that corrosion processes only have on the structure
over lifetime. The comparison between pre- and post-event (dashed lines) push-over curves
highlights the combined effect of deterioration and mechanical damage. In fact, at time t0  0 the
decrease of the seismic capacity is due to the seismic damage only, while at time t0  50 years the
increased effect of the mechanical damage on the deteriorated structure due to environmental
aggressiveness is remarkable, especially for the case of PGA  0.6g.
Moreover, the amplified effects of seismic and environmental damage depend also on the earthquake
record considered, due to the inherent variability of the seismic excitation. This is evident Figure 5.26,
where the pre-event push-over curves are compared to post-event push-over curves obtained for
each of the ten considered earthquake records. For increasing levels of PGA, the influence of a
specific earthquake record in reducing the residual seismic capacity is significant. This means that
both the seismic intensity level and the type of earthquake excitation affect the residual capacity of
the structure.
Based on these results, the residual functionality Qr(t0) corresponding to collapse limit state (DS5) is
evaluated (Figure 5.27a) with respect to the ten considered earthquake records (dashed lines) and
compared to the pre-event functionality Q(t) (continuous line). This clearly highlights the influence
of deterioration on the effects of seismic damage in the evaluation of the residual functionality Qr 
Qr(t0), which depends on both the seismic intensity level and the time of occurrence t0 of the event.
The variability in the seismic excitation is reflected by the different trend of functionality curves
referring to the ten earthquake records considered. It is worth noting that at the increase of the
seismic damage, observed at PGA  0.6g, the variability in the lifetime trend of the residual
functionality Qr(t0) for each earthquake record is emphasized. As assessed by the post-event pushover curves, different earthquakes of the same intensity may have different effects on the structure
in terms of residual functionality given the time of occurrence t0.
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Figure 5.24 –Residual push-over curves of the bridge considering the nominal structure and the
mean over ten earthquake records (Chapter 4, Table 4.11) scaled at PGA  0.2g-0.4g-0.6g over a 50year lifetime at time intervals Δt0  10 years.
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Figure 5.25 – Comparison between the push-over curves of the undamaged (continuous lines) and
damaged (dashed lines) structures at the time of occurrence t0  0 and t0  50 years. Mean values
over ten earthquake records (Chapter 4, Table 4.11) scaled at PGA  0.2g-0.4g-0.6g.
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Figure 5.26 – Comparison between pre-event and residual pushover curves (ten earthquake records,
Chapter 4, Table 4.11) of the bridge at time instants t  0 and t  50 years for increasing levels of
PGA  0.2g-0.4g-0.6g.
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(a)
(b)
Figure 5.27 – (a) Lifetime functionality Q(t) of the bridge subjected to environmental deterioration
(continuous line) and seismic damage Qr(t0) under ten earthquake records (dotted lines) with
respect to collapse damage state (DS5); (b) Time evolution of the seismic resilience R(t0) assuming
residual functionality Qr  Qr(t0), sinusoidal recovery profile and partial restoring, considering ten
earthquake records (Chapter4, Table 4.11).
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Table 5.3 – Values of residual functionality Qr(t0) and resilience R(t0) at time t0  0 and t0  50 for the
ten earthquake records (Chapter 4, Table 4.11) scaled at PGA  0.2g-0.4g-0.6g.

PGA  0.2g
Earthquake record

Qr(0)

Qr(50)

R(0)

R(50)

EQ1 - Loma Prieta
EQ2 - Loma Prieta
EQ3 - Landers
EQ4 - Landers
EQ5 - Cape Mendocino
EQ6 - Superstition Hills
EQ7 - Northridge
EQ8 - Northridge
EQ9 - Northridge
EQ10 - Northridge

0.978
0.979
0.960
0.948
0.960
0.967
0.954
0.979
0.975
0.971

0.549
0.551
0.532
0.527
0.537
0.542
0.532
0.551
0.548
0.547

0.989
0.990
0.980
0.974
0.980
0.983
0.977
0.990
0.988
0.985

0.570
0.571
0.561
0.559
0.564
0.567
0.562
0.571
0.570
0.569

PGA  0.4g
Earthquake record

Qr(0)

Qr(50)

R(0)

R(50)

EQ1 - Loma Prieta
EQ2 - Loma Prieta
EQ3 - Landers
EQ4 - Landers
EQ5 - Cape Mendocino
EQ6 - Superstition Hills
EQ7 - Northridge
EQ8 - Northridge
EQ9 - Northridge
EQ10 - Northridge

0.922
0.973
0.771
0.731
0.818
0.849
0.803
0.922
0.878
0.921

0.515
0.547
0.432
0.395
0.468
0.456
0.449
0.494
0.478
0.518

0.961
0.987
0.885
0.866
0.909
0.924
0.902
0.961
0.939
0.961

0.553
0.569
0.512
0.493
0.529
0.524
0.520
0.542
0.535
0.555

PGA  0.6g
Earthquake record

Qr(0)

Qr(50)

R(0)

R(50)

EQ1 - Loma Prieta
EQ2 - Loma Prieta
EQ3 - Landers
EQ4 - Landers
EQ5 - Cape Mendocino
EQ6 - Superstition Hills
EQ7 - Northridge
EQ8 - Northridge
EQ9 - Northridge
EQ10 - Northridge

0.873
0.957
0.614
0.543
0.711
0.728
0.717
0.817
0.781
0.887

0.479
0.536
0.361
0.292
0.419
0.365
0.383
0.444
0.415
0.502

0.937
0.979
0.807
0.772
0.856
0.864
0.859
0.909
0.891
0.943

0.535
0.563
0.476
0.442
0.505
0.478
0.487
0.517
0.503
0.546
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As a consequence, the seismic resilience R(t0) of the bridge depends on both the time of occurrence
of the seismic event t0 and the actual residual functionality Qr(t0). Figure 5.27b shows the ten resilience
curves referring to the ten earthquakes considered by assuming the occurrence of the seismic event
at Δt0  10 years over a 50-year lifetime. A sinusoidal recovery profile and a partial restoring are
assumed. These results can be compared to those in Figure 5.16, where a loss of functionality was
fixed a priori without considering the actual seismic damage. The updated results (Figure 5.27b)
highlight that the direct evaluation of the effects of seismic damage leads to higher values of resilience
at time t0  0, due to a lower loss of functionality, and to lower values of resilience at time t0  50
years, due to the increased level of deterioration of the structure.
This demonstrates the importance of considering the mutual effects of seismic damage and
deterioration processes in a lifetime resilience analysis. In particular, high PGA levels significantly
affect the resilience of the bridge over time. In fact, it can be noticed that for PGA  0.2g lifetime
resilience is mainly affected by the deterioration process, while for PGA  0.6g the role of seismic
damage becomes more important.
The values of residual functionality Qr(t0) and resilience R(t0) at time t0  0 and t0  50 for the ten
earthquake records (Chapter 4, Table 4.11) scaled at PGA  0.2g-0.4g-0.6g are listed in Table 5.3.
These values refer to functionality and resilience curves shown in Figure 5.27. It can be noticed that
the same earthquake record has an increased effect on both functionality and resilience at the increase
of the PGA level. In particular, EQ2 results to affect slightly the functionality of the bridge, while
EQ4 causes the major damage in terms of reduced functionality and resilience.
In conclusion, a proper evaluation of the interaction between deterioration and seismic damage can
be effectively achieved by means of the proposed approach, based on a sequence of nonlinear static
and dynamic analysis of pre- and post-event seismic performance. In this study, seismic damage has
been evaluated according to the model implemented in OpenSees (Mazzoni et al. 2003), in order to
demonstrate the practical applicability and effectiveness of the proposed methodology. Further
research is needed to formulate appropriate damage models specialized to the evaluation of postevent functionality assessment.
Finally, the above mentioned analyses aimed to assess the interaction between environmental
deterioration and seismic damage in the evaluation of the residual functionality Qr(t0) are herein
carried out in probabilistic terms, in order to investigate the role of uncertainties on seismic damage.
The sequence of a nonlinear dynamic analysis for each of the ten earthquake records (EQ, Chapter
4, Table 4.11) and a nonlinear static analysis is repeated for the sample size n  50,000. The lifetime
properties of the structure are based on the probabilistic cross-sectional analysis carried out in
Chapter 4, §4.1.
Figure 5.28 shows the mean values µ and standard deviation σ of both the functionality loss ΔQ(t0)
and resilience R(t0) depending on the time of occurrence t0 of the seismic event EQ5. Similar trends
are obtained also for the other earthquake records listed in Chapter 4, Table 4.11.
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(a)
(b)
Figure 5.28 – Probabilistic results of (a) functionality loss ΔQ(t0) and (b) seismic resilience R(t0)
with respect to collapse damage state (DS5), considering earthquake record EQ5 (Chapter 4, Table
4.11) scaled at levels of PGA  0.2g-0.4g -0.6g. (mean μ and standard deviation σ from the mean).
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6. Conclusions
In general terms, resilience is the ability to recover from shock or to resist being affected by
disturbance. This concept has been applied to various fields, including Civil Engineering as well. The
aspects of robustness, redundancy, rapidity and resourcefulness contribute to the definition of
resilience as the capacity of structures, infrastructure systems and entire communities to withstand
and recover efficiently from extreme events.
In this Chapter, the attention has been focused on structural resilience, though a broader investigation
on resilience should involve technical, organizational, social and economic aspects. Among these, the
technical aspect is the most pertinent to the performance and resilience of critical structural and
infrastructural systems, since it refers to the ability of physical systems to perform with acceptable
levels when subjected to an extreme event. In this study, earthquakes have been selected among the
extreme events that may affect the structures over the service life. In particular, the seismic resilience
of deteriorating concrete structures has been investigated. In fact, for such structures damage could
also arise progressively in time due to environmental aggressiveness. Therefore, resilience is
dependent on the time of occurrence of the seismic event, since the functionality of the structure
evolves over time due to deterioration processes.
A probabilistic methodology for lifetime assessment of seismic resilience of concrete structures has
been proposed and applied to a bridge structure exposed to both corrosion and seismic damage. A
comparison between system functionality, evaluated in terms of seismic capacity, has been carried
out by comparing the original state and a perturbed state, in which a mechanical and environmental
scenario is applied. It has been shown that lifetime seismic resilience depends on the deterioration
process and the combined effect of deterioration and seismic damage. This effect is emphasized at
the increase of the seismic intensity level. In fact, both the current functionality state at the occurrence
of a seismic event and the considered PGA level determine the loss of functionality of the structure.
The effectiveness of recovery interventions as well as the influence of the target functionality have
been investigated by means of efficiency coefficients. The type of recovery profile is one of the most
important factors to ensure suitable levels of lifetime seismic resilience in a timely and efficient
manner. Moreover, a total recovery of the original functionality leads to greater values of the
structural resilience, and its effectiveness is more evident as the structure is significantly damaged by
the seismic event and deteriorated by aging. Nevertheless, it has to be considered that a greater
investment of resources and/or significant maintenance interventions are needed to restore the
original functionality timely. Economic evaluations and other aspects, such as the importance of the
structure, should then be considered in the decision-making process aimed at selecting the optimal
recovery interventions.
The results highlight the need of a life-cycle approach to the probabilistic assessment of seismic
resilience of deteriorating structures under seismic and environmental hazards. In a perspective of
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risk mitigation, future research should address several issues. Nonlinear functionality indicators based
on seismic capacity thresholds, from operational state up to collapse, are needed in order to provide
a reliable evaluation of the lifetime resilience. The influence of recovery functions based on the type,
magnitude and location of damage should also be investigated. Moreover, the effects of preventive
maintenance and repair interventions, which may be planned to guarantee a satisfying resilience target
level over lifetime, need to be taken into account. Finally, a complete probabilistic framework for the
assessment of lifetime seismic resilience of concrete structures exposed to corrosion should also
include the uncertainties related to other parameters such as the idle time, the recovery time, the
target functionality and the investigated time horizon.
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CHAPTER 6

CONCLUSIONS
The Thesis presented a probabilistic approach to lifetime assessment of seismic performance and
resilience of concrete structures under corrosion. The present work is part of a broad research field
aimed to investigate the performance of structural systems under multiple hazards. The investigation
moved from the consideration that the combined effects of the deterioration processes affecting
concrete structures in aggressive environments and seismic hazard result to be of critical importance
in the evaluation of the long-term behavior of structural systems. In fact, huge stocks of existing
buildings, bridges and other infrastructure facilities are currently deteriorated showing structural
deficiencies, which affect the serviceability of the response of such structures under accidental actions
or extreme events. In particular, earthquakes may produce high losses and extensive community
disruption.
Among the damage mechanisms affecting concrete structures over time, the effects of chlorideinduced corrosion on both reinforcing steel and concrete have been investigated. A simplified onedimensional model for chloride diffusion has been adopted as a convenient mathematical tool for
most of practical applications as suggested by current design codes. Proper damage functions have
been adopted to model deterioration at material level. These models accounted for the reduction of
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reinforcing steel cross-section area and ultimate strain and degradation of concrete strength. These
effects, which depend on the type of corrosion process, have been effectively modeled by timevariant nonlinear stress-strain relationships in the analysis of corroded cross-section. The formulation
of a time-variant stiffness matrix accounted then for mechanical nonlinearity as well as material
deterioration. The effectiveness of this approach has been validated by comparison between
numerical and experimental results of tests carried out on corroded concrete members. Good
accuracy has been achieved by using both distributed and lumped plasticity models for the structural
analysis.
Lumped plasticity models have been selected for the probabilistic lifetime structural analysis, being
accurate though in general less computationally expensive. The structural effects of material
deterioration have been effectively modeled by time-variant bending moment versus curvature
relationships, which define the flexural behavior of the plastic hinge zones concentrated at beam
ends. A reduced structural performance has been observed depending on the corrosion level over
time. This is assessed by the time evolution of performance indicators such as the resistant bending
moment and curvature ductility at cross-sectional level. As a consequence, the bending capacity and
displacement ductility of deteriorated concrete elements has been proved to vary over time.
The structural behavior of deteriorating systems under earthquake loading has been investigated by
means of a probabilistic approach accounting for the interaction between environmental and seismic
hazard. The lifetime seismic capacity of the structures has been evaluated taking into account the
uncertainties related to the material and geometrical properties, the physical models of the
deterioration process, and the mechanical and environmental stressors. Randomness in the
earthquake events and increasing levels of seismic intensity have been considered as well. This
approach allowed a reliable analysis of concrete structures under deterioration. It has been shown
that the effects of the local deterioration on the overall seismic performance of concrete structures
over time depend on both the type of structure, the exposure scenario and the seismic hazard. The
effectiveness of the proposed procedure has been shown through applications, including a multistory building and a continuous bridge. The lifetime performance of such structures has been
investigated by means of nonlinear static and dynamic analyses.
The results obtained for both structures showed a significant reduction of shear strength and a
variation of displacement ductility in the overall response to seismic loading. In fact, the timeevolution of the cross-sectional behavior of the plastic hinge zones at the bottom of deteriorated
columns and piers has been proved to increase the vulnerability of the structural system to seismic
hazard over time. In fact, depending on the exposure of the concrete members and on the structural
scheme, the lifetime variation of strength and stiffness of the elements exposed to corrosion may
alter the resisting hierarchy and the energy-dissipating failure mode due to the redistribution of
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internal forces. In particular, the seismic capacity design criteria adopted for buildings may no longer
hold, and the selected collapse mechanism involving the maximum number of stories may not occur
after several year of lifetime. For integral bridges, a seismic design based on displacement limit states
may become unsatisfactory over time since the structural response under earthquake loading strictly
depends on the on the capacity of the piers under deterioration.
These results highlighted that design targeted to satisfy certain performance levels in terms of both
forces (over-strength factors) or displacements (drift limits), as stated by recent performance-based
design codes, are not sufficient for a reliable assessment of the seismic performance of structural
system in aggressive environments. Time-invariant seismic design criteria should hence be revised in
order to account for both seismic and environmental hazard by considering increasing seismic
intensity and varying exposure aggressiveness. To this aim, the evaluation of the residual capacity of
concrete members over time has to be carried out, as suggested in the proposed approach. A proper
calibration of limit states and over-strength factors is then needed to ensure suitable levels of
performance and safety in a life-cycle oriented design of durable structures. Moreover, proper repair
interventions should be planned to restore adequate functionality levels of structurally deficient
existing structures.
In a perspective of risk mitigation, the extension of the presented methodology to the assessment of
lifetime resilience highlighted the need to improve current resilience analysis procedures, by assuming
a time-variant system functionality. In fact, the functionality of deteriorating structural systems shows
a progressive decay in time due to aging and environmental aggressiveness. As a consequence, the
post-event functionality and seismic resilience resulted to be dependent on the current functionality
state of the system and on the seismic intensity level. The application of the procedure for the
assessment of lifetime resilience to the case study of the continuous bridge showed a time-variant
functionality loss depending on the time of occurrence of the seismic event of the structure for a
given exposure scenario. This effect is emphasized at both the increase of the PGA level and the
progress of deterioration over lifetime. This confirms the need of a direct evaluation of environmental
deterioration and seismic damage. Moreover, the investigation on efficiency coefficients for
evaluating the influence of repair actions and post-recovery target functionality showed the
effectiveness of prompt interventions and the importance of maintenance in enhancing the resilience
of the structure. The type of recovery profile and the post-recovery target functionality has been
proved to be important factors to ensure suitable levels of lifetime seismic resilience in a timely and
efficient manner.
The present work highlighted the need of incorporating life-cycle concepts in structural design codes
in the perspective of service life extension and contributed to a reliable resilience assessment of
concrete structures under seismic and environmental hazards. Further investigation about the
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interaction between seismic and corrosion hazards is however needed for a reliable time-dependent
structural analysis. Different exposure conditions should be considered in order to investigate the
effects of increasing environmental aggressiveness and/or localized exposure. A proper calibration
of the deterioration model based on experimental data is recommended. The possible recurrence of
seismic events should be taken into account as well. Different failure mechanisms, such as shear
failure, should by accounted for. Moreover, different structural typologies of frames and bridges
should be considered in order to investigate the effects of the structural scheme on the global lifetime
performance.
Future research should also address several issues regarding the assessment of seismic resilience of
deteriorating structures. Nonlinear functionality indicators based on seismic capacity thresholds
should be formulated and recovery functions based on the type, magnitude and location of damage
should be implemented. Moreover, the effects of preventive maintenance and repair, which may be
planned to guarantee a satisfying resilience target level over lifetime, need to be taken into account.
Uncertainties related to other parameters such as the idle time, the recovery time, the target
functionality and the investigated time horizon should also be considered in a complete probabilistic
framework.
These aspects could be implemented in the proposed general approach for lifetime seismic analysis
and resilience assessment of deteriorating structures. In fact, despite the need of further research, the
presented methodology has been proved to be a powerful and effective engineering tool aimed at
promoting and supporting a life-cycle oriented design to meet the need of resilient structures and
infrastructures under seismic and environmental hazards.
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